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FOREWORD

People of my age often have mixed emotions about
encyclopedias, probably because they conjure up mem-
ories of writing high-school term papers and reading
from 26-volume encyclopedias in the library. Those
individuals who came of age in the computer era may
not fully understand to what I am referring. As I have
grown older, I have rediscovered the usefulness of ency-
clopedias, especially those comprising only 1, 2, or 3
volumes. My favorite for general knowledge is the
Columbia Encyclopedia, which was first published in
1935 and is now in its fifth edition. I have used this
encyclopedia on many occasions. For example, while
developing a Grand Rounds lecture on celiac disease,
I discovered that the disease was described exceed-
ingly well in the second century ap. by Aretaeus the
Cappadocian. Where is Cappadocia? Is it an ancient
city of Greece? Knowing that someone would ask me
these questions, I consulted the Columbia Encyclopedia
and learned that Cappadocia was the ancient Hittite
state located in what is now central Turkey. Recently,
I was asked to be on the thesis committee of a young
doctoral candidate in our Institute for Medical Huma-
nities. His dissertation proposal referred to philosophies
(e.g., hermeneutics and phenomenology) that I had
never heard of. These topics were described in the
Columbia Encyclopedia in a brief capsule format that
did not overwhelm my untrained and uneducated
mind. Therefore, I have become a fan of small-volume
encyclopedias. They are quite useful.

Why, then, has a publisher not produced such ency-
clopedias for the fields of medicine and the biological
sciences? In fact, indeed one has. Elsevier has published
several such encyclopedias, including The Encyclopedia
of Cancer (now in its second edition), The Encyclopedia
of Hormones, and The Encyclopedia of Toxicology.
Now, under the leadership of Editor-in-Chief Leonard
R. Johnson, Ph.D., a respected gastrointestinal scientist,
educator, editor, and author, Elsevier has published
The Encyclopedia of Gastroenterology. Dr. Johnson has
assembled a cadre of 15 Associate Editors, each a highly
respected expert in one or more of the topics featured in
thebook. Theyhave broughttogether over 700 authorsto
write 477 separate articles, divided into three volumes.
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These articles go a long way toward covering the
entire gamut of gastroenterology and hepatology and
do so in an expert fashion. They cover gastrointestinal
and hepatic diseases, as well as syndromes, diagnostic
and treatment modalities, and physiological and patho-
logical processes. Where necessary, discussions of some
of the diseases are divided into separate articles describ-
ing the condition in pediatric patients and adult patients.
The articles are easy to read, yet comprehensive, and
usually encompass both the basic science and the clinical
aspects of that disease or process. Each article begins
with a glossary of terms that allows the uninitiated to
read the article by filling in gaps in understanding; a brief
abstract that gives a concise, but comprehensive, over-
view of the subject matter follows the glossary.

Modern gastroenterology and gastrointestinal
science lend themselves well to an encyclopedia format.
Gastroenterology is a broad clinical field comprising
issues that concern human behavior and psychology,
other disciplines that are useful for understanding func-
tional gastrointestinal diseases, such as dyspepsia and
irritable bowel syndrome, and very technical sciences
that encompass endoscopy as a diagnostic and thera-
peutic tool and often surgery as definitive treatment.
In the middle of the spectrum is classical internal med-
icine as it relates to the gastrointestinal tract and liver.
Furthermore, the behavioral, medical, endoscopic, and
surgical approaches may differ considerably for pedia-
tric patients versus adult patients.

As regards basic gastrointestinal science, the gastro-
intestinal tract does more than simply process and
assimilate nutrients and water through the action of
its digestive enzymes and secretory and absorptive
processes. Gastrointestinal science also encompasses
diverse fields such as endocrinology, immunology,
and the neurosciences. If all the endocrine cells of
the gastrointestinal tract were combined into one
organ, it would be the largest endocrine organ in the
human body. Similarly, the mucosal immune cells
and the gastrointestinal-associated lymphatic tissue
together constitute perhaps the largest organ of the
immune system in the body. Furthermore, this entire,
complex epithelial, secretory, absorptive, endocrine,
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and immunological organ is controlled by its own
intrinsic brain and nervous system, the enteric nervous
system.

Gastroenterology is made even more complicated by
the frequency with which diseases of this system occur
and by its close relationship to other disciplines. Gas-
trointestinal cancer is the second most common type of
cancer, if men and women are considered together. The
broad field of nutrition borders closely on and is inter-
twined with gastroenterology. Finally, the intestinal
tract is colonized by commensal microbiota that are
crucial for optimal health. Little is known about these
microorganisms, but it is beginning to be understood
that they may be a vehicle for the treatment or preven-
tion of disease through probiotics.

This broad view of gastroenterology and gastro-
intestinal science must have made it difficult for the
Editors to choose the individual articles that make up
these three volumes. However, I find the list to be fairly
complete and each article to be a good mixture of basic
knowledge and clinical information. If certain subject
areas are not represented as specific articles, they are
reasonably well covered in other articles that are in the
three volumes and can be located in the subject index at
the end of the third volume.

Who will use The Encyclopedia of Gastroenterology
and why? I believe that the range of potential users is
wide. For example, medical students often have diffi-
culty with medical textbooks. Either the textbooks are
too advanced and the various words and terms are not
explained, making it difficult for the student to compre-
hend the text, or else the content has been reduced to a
“mini” textbook version that often lacks substance.
I believe that many of the entries in this encyclopedia
are geared perfectly for medical students new to clinical
medicine. The glossary of terms at the beginning of each
article and the abstracts should be extremely helpful for
those who are medically naive. Furthermore, the articles
are well-crafted combinations of basic science and clin-
ical science and this is useful at the medical student level.

Physicians from other disciplines will undoubtedly
find The Encyclopedia of Gastroenterology to be a valu-
able reference work. The explosion of medical knowl-
edge has made it difficult, if not impossible, to keep up
with advancements in other areas of medicine. This
encyclopedia provides concise descriptions of the var-
ious gastrointestinal diseases that are easily readable,
complete, and up-to-date. This should be quite useful
for the primary care physician or a specialist in another
discipline who needs to know about some specific gas-
trointestinal disease or process.
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Basic scientists and nonphysician translational
research scientists would certainly benefit from this
encyclopedia also. For instance, the mixture of basic
science and clinical science information in each article
is precisely what the basic scientist needs as he or she
writes the Introduction or Discussion sections of pub-
lications or the Background section of grant applica-
tions. In addition, the encyclopedia would prove
quite valuable in rapidly bringing scientists up to date
in a specific area of gastrointestinal disease. In this era of
transgenic animals, it is not uncommon for the scientist
who has been conducting research in a specific field, for
example, immunology or rheumatology, to create a new
knockout mouse that presents with a gastrointestinal
phenotype rather than a rheumatological phenotype.
Thus, the scientist who has spent his or her career gain-
ing an understanding of rheumatologic disease will need
to quickly acquire a basic understanding of Crohn’s
disease and ulcerative colitis.

Finally, the gastroenterologist or gastrointestinal
scientist can certainly utilize this encyclopedia as well.
It is impossible to stay abreast of all areas of gastro-
enterology and gastrointestinal science and yet the
overlapping disciplines within gastroenterology may
demand a more detailed knowledge of an otherwise dis-
tant field of expertise. Thus, I look forward to having
these three volumes on my bookshelf. They will be help-
ful in my clinical practice of gastroenterology and also
helpful tome asascientistand to otherresearch scientists
in my laboratory.

In summary, the Editors should be proud of their
contribution to the knowledge base of gastroenterology.
They have found a niche in our field that has hitherto not
been occupied. There will continue to be a need for
more elementary dictionaries and for highly detailed,
advanced textbooks and monographs. The Encyclopedia
of Gastroenterology will play a role in the middle of this
spectrum and should be extremely valuable to a wide
range of users. I believe that the three volumes will
find their way onto the bookshelves of most medical
libraries, as well as those of individual practitioners
of medicine and active gastrointestinal investigators.
The Encyclopedia of Gastroenterology is an extremely
useful addition to our field.

DoN W. POWELL

Professor, Internal Medicine

Professor, Cellular Physiology and Molecular Biophysics
Associate Dean for Research

Interim Director, General Clinical Research Center



PREFACE

The Encyclopedia of Gastroenterology bridges basic
science and clinical gastroenterology in a way that
should appeal to the expert researching a topic outside
his or her field of expertise as well as to students and the
educated public. Although some articles on the basic
medical sciences stand alone, most integrate these
topics with areas of clinical medicine. These volumes
appear at a time when general interest in, and knowl-
edge of, the gastrointestinal tract is expanding at a rapid
rate. Research has led to new approaches in the treat-
ment of many gastrointestinal diseases and a plethora
of new drugs have been added to the pharmaceutical
armamentarium. Diagnostic procedures have advanced
remarkably over the past few years, leading to an
increased understanding of how diseases develop and
an improved ability to detect them.

The reader will find articles related to all areas of
gastroenterology. There are articles covering basic phy-
siology, pharmacology, anatomy, immunology, and
microbiology. Others relate these basic fields to specific
diseases. Many of these articles are entitled with the
name of a disease or pathological condition. When
appropriate, nutritional aspects of clinical conditions
are emphasized and several articles feature aspects of
nutrition. Areas of parasitology of special importance in
relation to the gastrointestinal tract are also covered.
Separate articles treat topics relating primarily to pedia-
tric gastroenterology and numerous entries are con-
cerned with radiology, endoscopy, and surgery.

The articles are written and organized to serve as
convenient, yet comprehensive sources of information.
Each of the 477 entries begins with a glossary of cross-
referenced terms followed by a brief abstract. Generous
use of primary and secondary headings allows the reader
to locate material rapidly. Tables and figures emphasize
important points and concepts. Each article presents
core knowledge, time-tested and generally accepted
within the field. As a result, there are no specific refer-
ences with the entries. Each contribution, however,
concludes with a list of references for further reading.
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Many of these are review articles with comprehensive
bibliographies.

This work began with the selection of a number of
general areas of coverage. A group of 15 Associate
Editors, each of whom is an expert in at least one of
these areas, was subsequently recruited. The entire
group, along with members of the Elsevier staff, then
met for two days in San Diego. That meeting resulted in
the refinement of the areas of coverage, selection of
individual article topics within those areas, and identi-
fication of potential authors. The Associate Editors and
believe that we have covered the important topics of
basic and clinical gastroenterology. Each article is writ-
ten to stand alone as a complete subject, so there is, no
doubt, a certain amount of overlap. This, however,
should make it easier for the reader to locate a specific
piece of information.

A product of this magnitude represents the knowl-
edge and efforts of a large number of individuals. More
than 600 authors contributed their expertise to the
individual articles. I am especially grateful to those
who produced articles on short notice, so that our dead-
line could be met. An outstanding group of 15 Associate
Editors was the foundation for this project. Due to their
great breadth of knowledge, they were able to propose
topics for articles and recommend the authors to write
them. They then recruited the authors and edited the
completed articles.

Finally, I acknowledge the contributions of the staff
at Elsevier. The Encyclopedia of Gastroenterology was
initiated and supported by Jasna Markovac, Sr. vice
President, Elsevier, Science and Technology. Nick
Panissidi, Senior Developmental Editor, was indispen-
sable as he contacted authors and kept up with all article
submissions. Pat Gonzalez served as Production Man-
ager, and Tari Paschall, Sr. Publishing Editor, and Judy
Meyer, Associate Publishing Editor, provided overall
management of the project.

LEONARD R. JOHNSON



Abdominal Aortic Aneurysm

GORAV AILAWADI AND GILBERT R. UPCHURCH, JR.

University of Michigan, Ann Arbor

abdominal aortic aneurysm Permanent dilation of the
abdominal aorta at least 50% greater than the expected
normal diameter.

arteriomegaly Diffuse arterial enlargement more than 50%
above normal.

dissecting aneurysm Type of aneurysm that dissects;
although aneurysms rarely dissect, a dissection may lead
to aneurysmal changes over time.

ectasia Arterial dilation less than 50% of expected normal
diameter.

false aneurysm (pseudoaneurysm) Type of aneurysm that
involves a disruption of the arterial wall with contain-
ment by surrounding tissue or hematoma.

fusiform aneurysm Spindle-shaped aneurysm.

infrarenal aortic aneurysm In the anatomic classification
scheme, limited to aorta below the renal arteries.

pararenal aortic aneurysm In the anatomic classification
scheme, comprising a juxtarenal aneurysm (near, but not
involving, the renal artery orifices) or a suprarenal
aneurysm (involving the renal arteries but not the
superior mesenteric artery).

saccular aneurysm Eccentrically shaped aneurysm.

thoracoabdominal aneurysm In the anatomic classification
scheme, involving the suprarenal mesenteric vessels;
may also involve the descending thoracic aorta in the
chest.

true aneurysm Type of aneurysm that involves all three
layers of arterial wall.

Abdominal aortic aneurysms are a disease primarily of
elderly, Caucasian males; rupture risk correlates with
aneurysm size. Elective repair is generally undertaken
in patients with an abdominal aortic aneurysm of
5—5.5 cm. Unexplained abdominal or back pain should
raise suspicion for aortic rupture. Aortic rupture carries a
significant mortality.

NATURAL HISTORY

Abdominal aortic aneurysms (AAAs) are the 15th lead-
ing cause of death in the United States. AAAshavea4:1
male : female predominance and are 3.5 times more
common in Caucasians than in African-Americans.
Nearly 90% of aortic aneurysms are infrarenal.
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A 5-cm aneurysm generally carries a 25—30% 5-year
rupture risk, and increasing aortic size carries substan-
tially higher risks of rupture. Ruptured AAAs result in
an overall mortality of greater than 75%, with nearly
one-half of these patients dying prior to reaching a
hospital. Risk factors for rupture include smoking,
hypertension, chronic obstructive pulmonary disease,
and aneurysm size. Current recommendations are con-
servative management until an AAA reaches 5—5.5 cm,
when the risk of rupture is greater than the risk of
elective repair.

SIGNS AND SYMPTOMS

The majority of patients with AAAs are asymptomatic,
and only approximately 50% of AAAs are detectable on
physical exam. Many are discovered incidentally during
workup for unrelated problems. The classic triad of a
ruptured AAA includes a palpable pulsatile abdominal
mass, hypotension, and abdominal or back pain.

SCREENING AND DIAGNOSIS

Ultrasound is an excellent screening test in an asymp-
tomatic patient suspected of having an AAA. In prepara-
tion for AAA repair, patients often undergo an
abdominal computer tomography (CT) scan with intra-
venous contrast to delineate the extent of the aneurysm.
In addition, a CT scan with three-dimensional recon-
structions may help to determine the feasibility of endo-
vascular AAA repair (Fig. 1). Patients with significant
azotemia may undergo magnetic resonance angiogra-
phy to avoid the risk of contrast nephropathy. An aor-
togram is performed when concurrent renal or
mesenteric disease is suspected.

AAA REPAIR

Charles DuBost performed the first aortic aneurysm
repair in 1951 using an aortic homograft. With their
contributions, DeBakey, Cooley, and Crawford
improved outcomes of modern AAA repair. Despite
improved survival with elective AAA repair, emergent

Copyright 2004, Elsevier (USA). All rights reserved.
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FIGURE 1 Three-dimensional CT scan of aorta in a patient
being evaluated for endovascular AAA repair, showing the prox-
imal aneurysm extent, involvement of the iliac arteries, and other
anatomic landmarks important during repair of an AAA, such as
excessive aortic thrombus (T) or calcification.

ruptured AAA repair is still associated with a high mor-
tality rate. Endovascular treatment with aortic stent
grafts, first performed in 1991, has become an option
in patients who meet specific anatomic criteria.

POSTOPERATIVE COMPLICATIONS

Myocardial infarction and pulmonary failure may occur
following AAA repair. Postoperative complications

ABDOMINAL AORTIC ANEURYSM

specific to the gastrointestinal system include ischemic
colitis and aortoduodenal fistula. Early postoperative
signs of abdominal pain, distension, or bloody stools
should prompt immediate evaluation with flexible sig-
moidoscopy. Aortoduodenal fistula is a late complica-
tion following AAA repair and is mainly due to erosion
of the proximal aortic suture line into the duodenum.
Hematemesis or hematochezia should prompt upper
endoscopy in any patient with an AAA or a history of
AAA repair.

See Also the Following Articles
Computed Tomography (CT) e Ultrasonography
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Achalasia

JACKIE D. WooOD

The Ohio State University College of Medicine and Public Health

achalasia Failure of the smooth muscle of the digestive tract
to relax.

gastrointestinal sphincter A ring of circular muscle that
contracts continuously and closes the lumen of the
alimentary canal.

lower esophageal sphincter A ring of circular muscle that
closes the orifice between the esophagus and the
stomach.

sphincter of Oddi A ring of circular muscle that closes the
entry of the bile duct into the small intestine.

The term achalasia is derived from the Greek word
chalasis, which in English translates to relaxation.
Achalasia is defined as failure of relaxation of the smooth
muscle in any region of the digestive tract. It is most
commonly applied to describe failure of relaxation in
the various sphincters in the gut. Sphincters are regions
where the circular muscle coat normally persists in a
continuous state of contraction that produces a ring-
like closure of the lumen. Sphincters function to prevent
the back flux of lumenal contents from one digestive com-
partment to another. Prevention of the backward move-
ment of the acidic contents of the stomach into the
esophagus is an example of sphincteric function.

A nervous mechanism relaxes the sphincters with
appropriate timing to open the lumenal orifice and
permit passage from one compartment to the next.
Relaxation is transient, with contraction and closure
occurring after passage of the material through the
sphincter. During a swallow, the lower esophageal
sphincter relaxes to permit passage into the stomach.
Emptying of the stomach occurs during transient
relaxation of the sphincter located at the junction
with the small intestine. Delivery of bile from the
gallbladder to the small intestine occurs during relaxa-
tion of the sphincter of Oddi located at the opening of
the bile duct into the small intestine. Passage of con-
tents from the small intestine into the large intestine
takes place during relaxation and opening of the
sphincter that separates the two dissimilar compart-
ments. The internal anal sphincter relaxes to permit
passage of feces during defecation and then closes to
prevent inopportune release of the contents of the
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large intestine. An obvious consequence of achalasia
in any of these sphincters is obstruction of the forward
passage of lumenal contents from one compartment to
another.

PHYSIOLOGY

The specialized physiology of the sphincteric circular
muscle coat accounts for the ability of the muscle to
sustain contraction. The contractile apparatus of
these smooth muscles consists of the two proteins
actin and myosin. Contraction occurs during formation
of cross-bridges between actin and myosin filaments.
Contractile tension is maintained by a “catch” mechan-
ism that latches the cross-bridges in place without
expenditure of additional energy. Input from the ner-
vous system leads to uncoupling of the cross-bridges,
relaxation of contractile tension, and opening of the
sphincter. The nervous input involves the release of
chemical neurotransmittersat neuromuscular junctions.

Sphincteric muscles are innervated by motor neu-
rons in the enteric nervous system. Most of the
motor neurons to the sphincters are inhibitory
motor neurons. Firing of nerve impulses by the inhi-
bitory motor neurons releases inhibitory neurotrans-
mitters at their junctions with the smooth muscle
fibers of the sphincter. Two important inhibitory
neurotransmitters are vasoactive intestinal polypep-
tide and nitric oxide. These neurotransmitters act
to inhibit contraction of the smooth muscle and
open the sphincter. Decisions as to when to open
a sphincter are made by integrative neural networks
located either in the central nervous system or in the
gut itself. The neural networks control the firing of
the inhibitory motor neurons. The inhibitory motor
neurons are silent most of the time and the contrac-
tile behavior inherent in the muscle holds the
sphincter in a closed state. Activation of the inhibi-
tory motor neurons releases contractile tension in the
muscle and the sphincter opens. Contractile tension
redevelops and the sphincter closes coincident with
cessation of motor neuronal firing.

Copyright 2004, Elsevier (USA). All rights reserved.



PATHOGENESIS

Sphincteric physiology predicts that loss of the inhibi-
tory motor innervation will result in achalasia. The
inherent contractility of the sphincteric musculature
keeps the sphincter closed and opening cannot occur
when the inhibitory innervation is missing. The patho-
physiologic result is an obstruction to passage of the
lumenal contents through the sphincter. Material accu-
mulates and dilates the digestive canal proximal to the
sphincter because propulsive motility generally moves
lumenal contents in the direction from mouth to anus.
Achalasia in the sphincter between esophagus and sto-
mach (i.e., the lower esophageal sphincter) canlead to a
gross dilation of the esophagus described as a mega-
esophagus. Likewise, achalasia in the internal anal
sphincter obstructs the passage of feces and can lead
to a megacolon. Achalasia in the sphincter of Oddi
obstructs the delivery of bile to the small intestine
and can lead to overdistension of the biliary tree that
is experienced as pain in the right upper abdominal
quadrant.

Loss of the inhibitory innervation occurs in parallel
with generalized dystrophy in the enteric nervous sys-
tem that may be acquired or congenital. The most com-
monly acquired form reflects an autoimmune attack on
the enteric nervous system that may be related to the
presence of a tumor elsewhere in the body, may be
related to an infectious agent, or may be idiopathic in
nature. Autoimmune attack on the enteric nervous sys-
tem occurs in association with small cell carcinoma of
the lung. This is called paraneoplastic syndrome and
occurs when the immune system attacks antigens on

ACHALASIA

the surfaces of enteric neurons that are similar to
antigens expressed by the tumor cells. Tests in patients
with lower esophageal sphincter achalasia indicate that
a significant proportion of these patients have circulat-
ing antibodies that react with enteric neurons. Achalasia
in Chagas’ disease is similar to paraneoplastic syndome
in that antigenic epitopes expressed by the blood-borne
parasite Trypanosoma crugi are sufficiently similar to
antigens on enteric neurons that an immune response
to enteric neurons follows the response to the parasite.

Congenital absence of enteric neurons, including
inhibitory motor neurons, occurs in Hirschsprung’s dis-
ease. Mutations in Ret and endothelin genes prevent the
fetal development of the enteric nervous system in a
variable length of large intestine including the internal
anal sphincter. The internal anal sphincter is achalastic
and presents an obstruction to the passage of feces. A
megacolon develops as feces accumulates proximal to
the neurally deficient segment.

See Also the Following Articles

Anal Sphincter e Chagas’ Disease o Paraneoplastic Syndrome
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Aging
MAKAU LEE
University of Mississippi Medical Center

aging Postmaturational changes occurring between middle
age and old age, resulting in reduction of the functional
capacity of the physiological systems and increase of the
vulnerability of an organism to challenges and diseases.

digestive system Organ system responsible for digestion and
absorption.

Aging, the postmaturational changes occurring between
middle age and old age, reduces the functional capacity of
the physiological systems and increases the vulnerability
of an organism to challenges and diseases, thereby
increasing the likelihood of death.

PHYSIOLOGY OF AGING

There are numerous theories of aging; and they can be
classified into two main categories: the “programmed”
theories, which view aging as the result of a predeter-
mined genetic blueprint, and the “wear and tear” the-
ories, which view aging as the consequence of continual
stress and injuries. Although none of the theories of
aging can singularly explain the aging process, available
dataindicate that the ultimate mechanism of aging is that
of molecular changes: all of the changes involve both
informational molecules (such as DNA and RNA) and
structural molecules (such as lipids, carbohydrates, and
proteins) in a process that is determined genetically
and epigenetically.

Both clinical and basic investigations have demon-
strated that aging is associated with specific physiolo-
gical and structural changes in the digestive system.
These age-related changes in the digestive system
may contribute to the development of various digestive
disorders that are more common among the elderly. In
the clinical setting, when symptoms and signs occur in
elderly patients, the physician must differentiate age-
associated physiological changes from the conse-
quences of diseases.

AGING AND OROPHARYNGEAL
STRUCTURES

Age-related physiological changes in oropharyngeal
structures include structural alterations (such as
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thinning of the tongue, involving both mucosa and
muscles, and weakening of muscles of the mouth and
pharynx) and functional changes (such as alterations in
pharyngeal sensation, proprioception, and taste acuity;
discoordination of masticatory muscles, resulting in
prolonged swallowing; and altered peristaltic response
after deglutition). Manometric studies have shown that
upper esophageal pressure is decreased and upper eso-
phageal sphincter relaxation after deglutition is delayed
in the elderly. Salivary output and flow remain
unchanged in the elderly.

Clinically, these age-related changes in oro-
pharyngeal structures may affect the elderly patient’s
ability to swallow liquids and may lead to reduced
food intake. Reduced food intake and malnutrition
in the elderly can also occur for various reasons, includ-
ing endogenous or medication-induced depres-
sion, anorexia, social isolation, physical handicaps
that interfere with the elderly person’s ability to
prepare food, dental problems or ill-fitting dentures,
and forgetfulness and failure to eat as the result of
diseases of the central nervous system. Furthermore,
structural lesions (such as Zenker’s diverticulum) and
upper esophageal sphincter dysfunction (such as crico-
pharyngeal achalasia) occur more frequently in the
elderly.

AGING AND THE ESOPHAGUS

Manometric studies have demonstrated minor to mild
changes in esophageal motility with aging. For instance,
there are reductions in contractile velocity and ampli-
tude, increases in synchronous contractions, polyphasic
waves and tertiary contractions, upward displacement
of lower esophageal sphincter, incomplete lower eso-
phageal sphincter relaxation, and failure of contractions
after deglutition in the distal esophagus. Radiographic
evaluations frequently reveal dilatation of the esopha-
gus and increases in synchronous and tertiary contrac-
tions in the elderly. Presbyesophagus (or corkscrew
esophagus), which denotes the increase in tertiary con-
tractions detected radiographically, has no known
pathophysiologic consequence. Available data suggest

Copyright 2004, Elsevier (USA). All rights reserved.



that most esophageal motility problems in the elderly
are due to other concomitant medical problems
and to the intake of numerous drugs. Clinically, gastro-
esophageal reflux disease, achalasia (a motility disor-
der), and esophageal cancer occur more frequently in
the elderly.

AGING AND THE STOMACH

The majority of healthy elderly individuals have normal
gastric acid secretion. Clinical studies have demon-
strated that there are modest reductions in pepsin out-
putand significant decreases in gastroduodenal mucosal
prostaglandin biosynthesis in the elderly. Although gas-
tric emptying of solids in healthy, elderly individuals
remains unchanged, gastric emptying of liquids may be
impaired.

Clinically, peptic ulcer disease and its complica-
tions are more common among the elderly. Potential
explanations for the higher peptic ulcer incidence in
the elderly include an age-related increase in the
prevalence of Helicobacter pylori infection and the
increasing use of nonsteroidal antiinflammatory drugs
(NSAIDs) by older individuals. Moreover, both clinical
and basic investigations have shown that age-related
reductions in gastroduodenal mucosal protective
factors (such as gastroduodenal prostaglandin synth-
esis, gastroduodenal bicarbonate secretion, and expres-
sion of mucosal protective growth factors) may
predispose the elderly to the development of peptic
ulcer disease.

Whereas at least 75% of healthy elderly persons
have normal gastric acid production, up to 25% of
elderly persons have acid hyposecretion (or hypochlor-
hydria) because of atrophic gastritis. Gastric hypochlor-
hydria leads to an increase in the luminal pH of the
stomach and proximal intestine and may predispose
these older individuals to various enteric infections
(such as typhoid, Salmonella, cholera, and Giardia),
because a low intragastric pH is a known defense
mechanism against bacteria introduced into the upper
digestive tract. Gastric hypochlorhydria may also con-
tribute to the development of malabsorption of iron,
folic acid, vitamin B¢ and vitamin By,, calcium carbo-
nate, and various trace minerals in the elderly. Finally,
epidemiological studies have suggested that chronic
gastritis and associated hypochlorhydria from H. pylori
infection may lead to the progressive development of
atrophic gastritis, gastric metaplasia, and adenocarcino-
mas of the stomach, which occur primarily in the
elderly.
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AGING AND THE INTESTINES

Due to the tremendous functional reserve that the intes-
tine possesses, digestion and absorption are well pre-
served in the elderly. Data from animal and human
studies have shown that with increasing age, there are
modest changes in digestive enzyme secretion, subtle
decreases in carbohydrate absorptive capacity, and
altered calcium absorption. There are no significant
structural differences in the proximal intestinal epithe-
lium between the young and the old. Despite few
changes in overall intestinal absorption with increasing
age, clinical malabsorption syndrome occurs more fre-
quently in the elderly. Common causes of malabsorp-
tion in patients older than 65 years of age include
pancreatic insufficiency, celiac sprue, mesenteric ische-
mia, and bacterial overgrowth syndrome associated
with small bowel diverticulosis, intestinal strictures,
and postgastrectomy states.

Studies with radio-opaque markers have shown that
bowel transit time does not differ between healthy young
and old volunteers. However, delays in rectal evacuation
and other anorectal dysfunctions (such as reduction in
rectal wall elasticity and a blunting of rectal sensation)
are frequently detected in elderly patients who complain
of constipation. Clinically, aging is associated with an
increased incidence of constipation, fecal impaction,
fecal incontinence, megacolon, cecal volvulus, pseudo-
obstruction (including Ogilvie’s syndrome), diverticu-
lar disease, ischemic bowel disease, and colorectal
cancer.

AGING AND THE LIVER

Due to the enormous reserve capacity of the liver, age-
related changes in liver functions are not clinically sig-
nificant. Both clinical and basic investigations have
shown that there are modest reductions in liver size,
blood flow and perfusion, and dynamic liver functions
with increasing age. Animal studies have also shown
that although the rate and time course of hepatic regen-
eration after partial hepatectomy are slightly delayed
with aging, regeneration of the liver in old animals is
as complete as in young animals. These observations
have led to the important decision to raise the age
limit for potential liver donors, resulting in an increased
use of older donor livers for hepatic transplantation.
Although the clinical course of liver diseases in the
elderly does not differ from that in the young, autoim-
mune liver diseases (such as primary biliary cirrhosis),
covert alcoholism, and hepatocellular carcinoma occur
more frequently in the elderly.
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AGING AND THE GALLBLADDER AND
BILIARY TRACT

Age-related changes in the biliary tract include gradual
narrowing of the distal common bile duct and increased
incidence of juxtapapillary duodenal diverticula. Aging
is also associated with an increased incidence of gall-
stones, reflecting the formation of more lithogenic bile
(due to elevated biliary cholesterol secretion, reduced
bile acid synthesis, and resultant supersaturation of bile
with cholesterol) and less forceful gallbladder contrac-
tions (the gallbladder becomes more distensible with
age). Consequently, gallstone disease and its complica-
tions (such as cholecystitis, choledocholithiasis, and
cholangitis), biliary tract diseases, cholangiocarcinoma,
and cancer of the gallbladder occur more frequently in
the elderly.

AGING AND THE PANCREAS

Age-related changes in the pancreas include modest
reduction in pancreatic size and weight, minor atrophic
or fibrotic changes, symmetrical dilatation of the inter-
lobular and intralobular ducts, and an increased inci-
dence of pancreatic duct stones. Basal and stimulated
exocrine pancreatic secretion changes little with
increasing age. Because only 10—20% of the maximal
pancreatic exocrine output is needed for normal diges-
tive function, minor declines in pancreatic enzyme out-
put with aging are not clinically significant. Clinically,
pancreatic malignancies occur primarily in older
individuals.

AGING, GASTROINTESTINAL
PROLIFERATION, AND
CARCINOGENESIS

The gastrointestinal tract is an epithelial organ with
constant cell turnover and rapid mucosal proliferation.
Both animal and human studies have shown that aging is
associated with increases in gastrointestinal mucosal
proliferation, impaired proliferative response to muco-
salinjury or to feeding, reduced capacity to repair muco-
sal injury and oxidative damage to key cellular

molecules (such as DNA, proteins, and lipids), and
altered expression of various growth factors in response
to injury. In experimental models, dietary (or calorie)
restriction, which is a proved antiaging intervention,
retards the development of age-related hyperprolifera-
tive changes in the gastrointestinal tract and reduces
carcinogen-induced gastrointestinal tumors. These
observations suggest that age-associated increases in
gastrointestinal proliferation may contribute to a higher
risk of tumor formation, because various malignancies
of the digestive tract occur primarily in the elderly.
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cholangiopathy Any disease process involving the biliary
system.

cholestasis Stoppage or suppression of the flow of bile due to
either intrahepatic or extrahepatic causes.

endoscopic retrograde cholangiopancreatogram A proce-
dure performed by cannulation of the common bile duct
and pancreatic duct by means of a flexible endoscope
and retrograde injection of radiopaque contrast media in
order to demonstrate all portions of the biliary tree and
pancreatic ducts.

magnetic resonance cholangiopancreatogram A noninvasive,
radiological procedure performed by magnetic resonance
technology that provides images of the biliary tree and
pancreatic ducts.

papillary stenosis Narrowing or stricture of the papilla of
Vater, the common exit site of fluid passing through the
common bile and pancreatic ducts.

sclerosing cholangitis Inflammation of the bile ducts leading
to fibrotic/stenotic changes.

sphincterotomy Division of a sphincter; in the case of AIDS
cholangiopathy, refers to endoscopic cutting of the
papilla of Vater in order to relieve biliary obstruction.

AIDS (acquired immune deficiency syndrome) cholangio-
pathy is a clinical condition characterized by right upper
quadrant pain, fever, marked elevation in serum alkaline
phosphatase levels, nausea, and vomiting. Typically,
these patients do not have jaundice. The underlying
pathology includes acalculous cholecystitis, papillary ste-
nosis, and sclerosing cholangitis, conditions that often
occur concomitantly. This type of biliary disease takes
place only in the presence of significant immunosuppres-
sion as the typical CD4 count in these patients is less than
200/mm”>. One must keep in mind, however, that although
patients with AIDS are uniquely susceptible to this type of
cholangiopathy, more common conditions such as gall-
stone disease should still be considered in the differential
diagnosis.

INTRODUCTION

Diseases of the biliary tract and gallbladder in patients
with AIDS (acquired immune deficiency syndrome)
have been well described. Prior to 1981, when AIDS

Encyclopedia of Gastroenterology

was first recognized, there were no reports of cholan-
giopathy associated with opportunistic pathogens
such as cryptosporidia, cytomegalovirus (CMV), or
microsporidia. In 1983, the first cases of biliary tract
disease associated with AIDS were published as human
cryptosporidial infections of the bile ducts associated
with biliary tract obstruction. These first patients, as
well as those that followed, tended to be homosexual
men with low CD4 counts and a history of other oppor-
tunistic infections. Investigation by endoscopic retro-
grade cholangiopancreatogram (ERCP) frequently
demonstrated intra- and/or extrahepatic biliary changes
characteristic of sclerosing cholangitis, often associated
with papillary stenosis. Culture of the bile and
biopsy of the immediately surrounding duodenal tissue
often demonstrated the previously mentioned opportu-
nistic organisms. Antimicrobial and endoscopic treat-
ments were attempted, but subsequent studies
demonstrated that whereas the latter led to substantial
pain relief, the former did little to alter the patients’
clinical course.

The prevalence of AIDS cholangiopathy is
unknown. Most studies focusing on this disease have
been either case reports or series. One study suggested
that, at least prior to the highly active antiretroviral
therapy (HAART) era, as many as 30% of patients
with AIDS-associated refractory diarrhea may have
had AIDS cholangiopathy. It is unknown what effect
HAART has had on this disease, though one would pos-
tulate that it has been beneficial due to the resultant
increase in the CD4 count.

ETIOLOGY

The exact cause of AIDS cholangiopathy is unclear.
Many investigators favor an infectious etiology as
different opportunistic organisms, most commonly
Cryptosporidium parvum, microsporidia species, and
CMV (see Table I), have been cultured from the bile
and surrounding duodenal mucosa. Antimicrobials
aimed specifically at eradicating these pathogens, how-
ever, have neither reversed the underlying disease

Copyright 2004, Elsevier (USA). All rights reserved.
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TABLE 1 Pathogens That Are Associated with Cholan-
giopathy and Cholecystitis in Patients with AIDS

Cryptosporidium parvum
Microsporidia
Enterocytozoon bieneusi
Encephalitozoon intestinalis
Encephalitozoon cuniculi
Cytomegalovirus
Mycobacterium avium complex
Cyclospora cayetanesis
Isospora belli
Salmonella enteritidis
Salmonella typhimurium
Enterobacter cloacae
Campylobacter fetus
Candida albicans

process nor prevented its progression. It is unclear
whether these pathogens serve as inciting factors or
are merely incidentally found in an environment void
of the typical immunologic defenses.

Regardless of whether it is these opportunistic
organisms, human immunodeficiency virus, or another
causative factor that initiates the process leading to
AIDS cholangiopathy, what develops is an inflammatory
reaction of the bile duct epithelium leading to the hall-
mark cholangiographic changes. Microscopic examina-
tion of the bile duct epithelium demonstrates that the
inflammatory changes are different from those seen in
primary sclerosing cholangitis (PSC). In PSC, the dis-
eased bile ducts are surrounded by T4 lymphocytes, the
cell population that is depleted in AIDS patients.
Instead, others have noted the presence of squamous
metaplasia of the bile ducts and pancreatic ducts asso-
ciated with cryptosporidial infection. Though detection
of a single organism in the biliary tree has been most
commonly documented, multiple organisms in indivi-
dual patients have been noted also. Earlier studies
reported a significant number of patients with no iden-
tifiable organism, but these investigations were con-
ducted prior to the discovery of the presence of
microsporidia in the bile ducts.

Although infection by opportunistic organisms is
associated with most cases, bile duct infiltration with
neoplasms such as Kaposi’s sarcoma (KS) and Burkitt’s
lymphoma of the bile ducts may present in a similar
fashion. In addition, pancreatic disorders resulting in
disease of the distal common bile duct (CBD) may
mimic an infectious or neoplastic process. Differentiat-
ing among these possible causes of cholangiopathic
changes is important as there are potentially beneficial
treatments available for some, but not others.

CLINICAL PRESENTATION

The clinical presentation of patients with AIDS cholan-
giopathy is variable, ranging from asymptomatic eleva-
tion in serum alkaline phosphatase to cholangitis with
right upper quadrant (RUQ) pain, fever, and chills (see
Table I1). Patients in case series tended to be homosex-
ual, middle-aged men who had AIDS for over 1 year. Itis
unknown whether an individual's sexual practice
increases the likelihood of developing cholangiopathy
or whether this finding is due to homosexual men, as a
group, being affected and seeking medical attention ear-
lier in the AIDS epidemic. Due to their low CD4 count,
these patients often have had other opportunistic infec-
tions prior to presenting with cholangiopathy. Diarrhea
commonly occurs in these patients as the organisms that
have been associated with this cholangiopathy are also
known to cause diarrhea by infecting the small bowel.
Jaundice is uncommon and its presence should initiate
the search for other coexisting disease processes.

DIAGNOSIS
Laboratory Tests

Abnormal liver tests are commonly seen in AIDS
patients. The etiology of these abnormalities is varied
and often multifactorial (e.g., medications, infections).
Patients with AIDS cholangiopathy most commonly
present with anicteric cholestasis (i.e., markedly ele-
vated serum alkaline phosphatase levels with normal
bilirubin levels). Significantly elevated bilirubin levels
are uncommon (<5%). Transaminase levels may be
mildly elevated, but are usually not markedly so unless
there is a coexisting disease process. Other cholestatic
conditions that should be considered include granulo-
matous hepatitis, drugs, viral hepatitis, and intrahepatic
lymphoma.

TABLE II Cardinal Features of AIDS Cholangiopathy

RUQ pain

Marked elevation in serum alkaline phosphatase levels

No or minimal elevations in transaminase and bilirubin levels
Low CD#4 count (<200/mm”)

History of opportunistic infections

Diarrhea

Nausea

Vomiting

No jaundice

Fever
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Imaging
Ultrasound

Abdominal ultrasound (US) and ERCP should be con-
sidered complementary tests for the diagnosis of this
condition. The most effective initial imaging test for AIDS
patients with RUQ pain and abnormal liver tests remains
theabdominal ultrasound. The typical findingsin patients
with AIDS cholangiopathy are dilated intra- and/or extra-
hepatic bile ducts with focal strictures. Biliary ductal
wall thickening also supports the presence of disease.
Although ERCP is considered the gold standard, ultra-
sound has a sensitivity of 75—87%. US, however, is super-
ior to ERCP in demonstrating ductal wall thickening,
which suggests pericholangitis. In one series, a normal
ultrasound was found in 25% of patients with ERCP-con-
firmed AIDS cholangiopathy. Therefore, ERCP should
still be performed in patients with a strong clinical suspi-
cion for cholangiopathy despite a normal ultrasound.

US findings of thickened gallbladder walls and peri-
cholecystic fluid suggest the presence of cholecystitis. In
patients without gallstones, a hydroxyiminodiazetic
acid (HIDA) scan should be performed to diagnose acal-
culous cholecystitis. In these cases, HIDA scan will
demonstrate an absence of gallbladder filling despite
imaging of the CBD.

Computed Tomography Scan

CT (computed tomography) scans do not usually
contribute much additional information beyond that
gained by a good-quality abdominal US in patients
who have only AIDS cholangiopathy. However, CT
scans may provide additional insight for patients in
whom an US was technically difficult (e.g., due to obe-
sity) or who are jaundiced and are suspected of having
other pathology, such as mass lesions.

AIDS, BILIARY MANIFESTATIONS OF

ERCP

ERCP is the gold-standard diagnostic test for AIDS
cholangiopathy. With the improving technological
advances of magnetic resonance cholangiopancreato-
gram, however, it is conceivable that this noninvasive
test will replace ERCP for diagnosis. ERCP should be
performed only on symptomatic patients with RUQ
pain, since only then would a sphincterotomy benefit
the patient.

Typically, ERCP demonstrates distal CBD tapering
with dilation of the larger intrahepatic ducts, proximal
CBD, and common hepatic ducts. Focal intraductal de-
bris is present as is beading of the mucosa to suggest
intramural submucosal infiltration and edema. These
sclerotic changes occur more commonly in the leftintra-
hepatic system. These findings initially suggested a con-
dition similar to PSC; however, there are some
differences (see Table III). In PSC, the entire CBD
and the larger intrahepatic ducts are ordinarily sclerotic
with minimal focal dilations. Extrahepatic strictures
rarely exceed 4—5 mm and saccular deformities involve
the intra- and extrahepatic ducts. Isolated strictures of
the CBD are rarely due to AIDS cholangiopathy and may
be due to primary CBD lymphoma, external compres-
sion of the CBD by nodes enlarged by lymphoma, or
pancreatic disease caused by chronic pancreatitis, infec-
tions, or neoplasms.

Four different cholangiographic patterns of disease
have been described. These include sclerosing cholan-
gitis with papillary stenosis, papillary stenosis alone,
sclerosing cholangitis without papillary stenosis, and
long bile duct strictures (see Table IV). It is unknown
whether these patterns represent a progression of dis-
ease, but the detection of papillary stenosis is meaning-
ful as sphincterotomy in these patients can lead to
substantial symptom relief.

TABLE III Comparative ERCP Findings of AIDS Cholangiopathy versus Primary Sclerosing Cholangitis

AIDS cholangiopathy

Primary sclerosing cholangitis

Distal CBD tapering

Larger intrahepatic bile ducts, proximal CBD, and
common hepatic ducts are, in general, dilated

Irregular dilation of the intra- and extrahepatic
biliary system

Beading of the mucosa

Focal intraductal debris

Disproportionately distorted left intrahepatic ducts

Intrahepatic irregular focal sacculations and dilations

Pruning of the smaller intrahepatic bile ducts

Extrahepatic strictures rarely exceeding 4—5 mm

Sclerotic extrahepatic biliary system and larger
intrahepatic ducts with minimal focal dilation

Entire CBD involved with irregular strictures

No beading of the mucosa

No intraductal debris

Equal distribution of deformities between right and left systems
Saccular deformities involving the intra- and extrahepatic ducts
Paucity of intrahepatic ducts
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TABLE IV Cholangiographic Patterns of AIDS Cholangiopathies

Type Description

Percentage of total cases

Papillary stenosis (PS)

CBD diameter greater than 8 mm with tapering of

7% (0—15)"

the distal 2—4 mm with marked retention of

contrast beyond 30 min
Focal strictures and dilations of the intra- and

Sclerosing cholangitis (SC)

without PS extrahepatic bile ducts
PS and intra- and extra- As above
hepatic SC

Long, extrahepatic bile
duct strictures

Strictures with lengths in excess of 1—2cm in
patients without prior CBD exploration or

31% (20—88)
54% (13—73)

8% (0—15)

documented chronic pancreatitis

“Numbers in parentheses are the percentage ranges seen in different studies.

TREATMENT
Endoscopic

Endoscopic treatment is the most effective interven-
tion for symptomatic patients who are found to have
papillary stenosis on ERCP. Sphincterotomy results in
prompt and sustained pain relief. However, this proce-
dure does not alter the course of the disease. Patients’
alkaline phosphatase levels continue to increase, sug-
gesting progression of the underlying disease process.
Studies evaluating repeat ERCP have demonstrated pro-
gressive intrahepatic sclerosing cholangitis in some
patients despite symptom relief after endoscopic treat-
ment. Sphincterotomy should be viewed as an effective
method of improving these patients’ quality of life. Due
to the good response to sphincterotomy, the pain has
been postulated to be due to sphincter of Oddi dysfunc-
tion incited by infection and/or inflammation rather
than to biliary obstruction.

Medical

Effective treatment is lacking for patients who are
found not to have papillary stenosis. Medical treatments
aimed at eradicating the underlying infection have been
attempted. Studies utilizing paromomycin for cryptos-
poridiosis and gancyclovir for CMV infections have
improved neither symptoms nor disease progression.
Other studies have tried ursodeoxycholic acid, but
there are no large prospective trials demonstrating effi-
cacy. In addition, there have been no published reports
describing the effect of HAART. It is plausible that
HAART may improve symptoms or at least hinder dis-
ease onset or progression, but this has not been proven.
In patients discovered to have KS or lymphoma, che-
motherapy should be considered as there was a case
report of cholangiopathy secondary to disseminated

non-Hodgkin’s lymphoma that resolved after treatment
with chemotherapy.

Surgery

Surgical intervention has no role in AIDS cholangio-
pathy limited to ductal disease. However, in patients
with cholecystitis, whether due to stones or infection,
surgery can be both beneficial and curative.

PROGNOSIS

The prognosis in patients diagnosed with AIDS cholan-
giopathy is poor. This condition is rarely fatal by itself,
however. Other opportunistic infections and progres-
sion of the underlying immunodeficiency are usually the
more immediate causes of death. Different studies have
reported a 1-year survival rate of 14—40% (median sur-
vival time being 10 months). The likelihood of survival
is affected by neither the level of the liver tests nor the
degree of ERCP abnormalities. Rather, the patient’s CD4
count provides the best prognostic value. It is unknown
whether HAART improves prognosis in patients with
AIDS cholangiopathy as most studies were conducted
prior to the introduction of this treatment.
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highly active antiretroviral therapy Combination antiretro-
viral therapy used to treat HIV. Initial therapy usually
includes one or two protease inhibitors together with
two nucleoside analogues, or a nonnucleoside reverse
transcriptase inhibitor (NNRTI) with two nucleoside
analogues. Since the introduction of highly active
antiretroviral therapy, there has been a marked reduc-
tion in mortality, incidence of opportunistic infections,
and hospitalizations in patients on therapy.

immune reconstitution Immune-specific responses that can
be transiently associated with unusual manifestations of
opportunistic infections, such as Mycobacterium avium
complex lymphadenitis. This occurs several weeks to
months after highly active antiretroviral therapy is
initiated, as CD4 lymphocytes expand. Supportive
therapy is administered and highly active antiretroviral
therapy is not usually discontinued.

nonnucleoside reverse transcriptase inhibitor One of the
classes of drugs used in combination as highly active
antiretroviral therapy to treat HIV disease. Examples in
this class include efavirenz and nevirapine, which are
both highly potent medications.

nucleoside reverse transcriptase inhibitor One of the first
classes of drugs used to treat HIV. Examples in this class
include zidovudine and stavudine.

protease inhibitor Introduced in 1995, drugs in this class
allowed for the first time the use of effective combination
therapy against HIV. Examples include indinavir and
nelfinavir. Most recently, there has been widespread use
of ritonavir-boosted regimens (lower dose ritonavir in
conjunction with another protease inhibitor), which
exploit the fact that ritonavir is a potent inhibitor of the
P450 enzyme pathway.
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Gastrointestinal manifestations are common in the
human immunodeficiency virus (HIV)-positive popula-
tion, occurring in up to 93% of patients in studies prior
to the widespread use of highly active antiretroviral ther-
apy (HAART). Despite the advances in the therapeutic
arsenal, gastrointestinal complaints are still a major
source of morbidity and mortality in this population.
The use of HAART has changed the spectrum of gastro-
intestinal involvement in HIV disease, treating or prevent-
ing the occurrence of opportunistic infections, but at the
same time, contributing to a significant cause of drug-
related toxicity. Furthermore, as the life expectancy of
individuals living longer with autoimmune deficiency
syndrome (AIDS) is increased because of HAART,
other gastrointestinal-specific causes of morbidity, such
as chronic hepatitis C virus, have become increasingly
important.

APPROACH TO THE HIV-POSITIVE
PATIENT WITH A GASTROINTESTINAL
COMPLAINT

An approach to an HIV-positive patient with gastroin-
testinal (GI) symptoms classically depends on the
degree of immunosuppression. Symptoms are varied
and include dysphagia and odynophagia, nausea, vomit-
ing, abdominal pain, GI bleeding, diarrhea, and
anorectal tenderness. Signs such as jaundice and hepa-
tomegaly are common. Because symptoms can be
protean and mnonspecific, the decision to pursue a

Copyright 2004, Elsevier (USA). All rights reserved.
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definitive etiology must be carefully assessed by both
provider and patient, based on the impact of the symp-
toms on quality of life and on the invasiveness of the
recommended procedure. If a patient is on HAART, it is
important to carefully obtain a drug history. Many GI
symptoms in individuals on HAART can be ascribed to
the medicines being taken.

ESOPHAGEAL DISEASE

Although a wide range of infectious and noninfectious
etiologies are possible, Candida albicans, found in two-
thirds of patients with AIDS, causes the most disease.
Patients with esophageal candidiasis usually complain
of dysphagia and odynophagia. This is often a clinical
diagnosis, particularly if there is oral thrush present
and CD4+ cell count is <200/pl. Endoscopy provides
the definitive diagnosis and is usually pursued only if
symptoms persist despite at least a week of empiric
therapy. Multiple yellow—white, friable plaques are
visualized. Treatment is fluconazole (100—400 mg/
day). Fluconazole can be used as maintenance ther-
apy, but only if there are frequent or severe recur-
rences. Resistance may develop, however.

Cytomegalovirus (CMV), herpes simplex virus
(HSV), and aphthous ulcers can also cause esophageal
symptoms. Compared to esophageal candidiasis,
patients with CMV, HSV, or aphthous ulcers typically
have more odynophagia and less dysphagia. Fever is
common with CMV. Extensive, deep ulcerations on
endoscopy suggest these diagnoses, but biopsies are
required. CMV is treated with ganciclovir (5mg/kg,
intravenously twice/day), foscarnet, or cidofovir for
2—3 weeks. Relapses may necessitate retreatment fol-
lowed by maintenance therapy. Esophageal ulcers due
to HSV are treated with acyclovir for 2—3 weeks and the
more common aphthous ulcers can be treated with
prednisone over 4 weeks or with thalidomide, observing
careful precautions to avoid use in patients who are or
might become pregnant.

Other less common infectious etiologies include
Mycobacterium avium, tuberculosis, cryptosporidia,
Pneumocystis carinii, histoplasmosis, and primary HIV
infection. Neoplasms such as Kaposi’s sarcoma and lym-
phoma may present with esophageal manifestations.
Drug-induced dysphagia may be due to use of zidovu-
dine (AZT) or didanosine (ddI).

GASTRIC DISEASE AND
ABDOMINAL PAIN

Symptomatic gastric infections are rare in patients
with AIDS and usually present as part of systemic
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and disseminated infections. CMV is the most com-
mon opportunistic infection in the stomach and is
sometimes associated with gastrointestinal bleeding.
Abdominal pain is a common complaint in HIV-
positive patients, and can involve a variety of organs.
A similar approach can be taken as for a patient with-
out AIDS. Many of these specific etiologies are covered
elsewhere in this article.

INTESTINAL DISEASE AND DIARRHEA

Diarrhea was reported to occur in as many as 90% of
patients with AIDS prior to the introduction of HAART.
With effective HIV medicines, diarrhea is still common
but the etiologic agents responsible now include a high
proportion of adverse drug effects and infections that
are not HIV specific. The differential diagnosis is large
but can be narrowed based on acuity, clinical presenta-
tion, and CD4+ lymphocyte count. As with HIV-
negative patients, a careful history must first be obtained
to exclude lactose or other food intolerance. Many of the
causes of acute diarrhea mimic those seen in nonimmu-
nocompromised patients. These include Salmonella,
Shigella, Campylobacter jejuni, and Clostridium difficile.
However, in patients with AIDS, enteric bacteria such as
Salmonella are often associated with bacteremia and are
more virulent. In up to 30% of HIV-infected individuals,
enteric viruses (adenoviruses, picobirnaviruses, astro-
viruses, and caliciviruses) may predominate. Although
most of these will resolve with only supportive therapy,
up to one-third of patients will progress to chronic
diarrhea.

The spectrum of organisms that predominate in
chronic diarrhea is different. Protozoa such as cryptos-
poridia, microsporidia, Cyclospora, and Isospora are
commonly identified, because many are unresponsive
to medical therapy and cause chronic diarrhea, particu-
larly in patients with CD4+- cell counts < 200/pl. Cryp-
tosporidia can cause clinically significant disease and
associated weight loss. Large-volume, watery diarrhea
occurs. Diagnosis is made by demonstrating oocysts
similar in size to erythrocytes in an acid-fast stain of
the stool. Therapeutic options only have marginal effi-
cacy and include paromomycin and octreotide. The best
response has been seen with HAART. Microsporidia are
common in some series of AIDS patients with chronic
diarrhea and have a similar presentation to cryptos-
poridia. These organisms are extremely small and elec-
tron microscopy is often needed for diagnosis.
Albendazole can be effective for Enterocytozoon
intestinalis but mnot Enterocytozoon bieneusi, and
HAART is probably the best current therapeutic option.
Cyclospora and Isospora belli are less common protozoa,
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probably because both are responsive to trimetho-
prim—sulfamethoxazole, which is used widely for
Pneumocystis carinii prophylaxis in the same at-risk
populations. The protozoa Giardia lamblia and
Entamoeba histolytica can also cause diarrhea in nonim-
munocompromised hosts, but probably do not occur
more frequently in patients with AIDS.

CMYV is the most common viral cause of chronic
diarrhea in patients with AIDS, particularly in those
with CD4+ cell counts <50/pl. The most common
presentation is chronic watery diarrhea in association
with abdominal cramps. Diagnosis is typically made by
the identification of intranuclear inclusion bodies with
associated inflammation on biopsy. Treatment can be
effective in about 75% of cases and options include
ganciclovir or foscarnet intravenously.

Mycobacteria such as M. avium have been demon-
strated to be a common cause of chronic diarrhea in
individuals with CD4+ cell counts <50/ul. Patients
can present with diffuse abdominal pain, watery diar-
rhea, and wasting. Diagnosis can be made by blood
cultures or by acid-fast organisms in biopsy speci-
mens. Treatment is chronic with clarithromycin and
ethambutol. Rifampin is sometimes added. HAART
can increase the CD4+ cell count and allows the dis-
continuation of therapy if immune function is
regained. Mycobacterium tuberculosis presents less
commonly with chronic diarrhea, although other
extrapulmonary manifestations are common in AIDS
patients.

In patients with no identifiable pathogen (up to 30%
in some series), enteric HIV infection is thought to
cause small bowel malabsorption via mucosal atrophy.
Symptomatic treatments with bulking and antidiarrheal
agents have had variable success, and HAART has been
associated with some improvement. In patients with
persistent large-volume diarrhea without an identifiable
pathogen, Kaposi’s sarcoma and lymphoma must be
ruled out.

HEPATOBILIARY DISEASE

Patients with HIV disease commonly have liver disease
that can be specific to AIDS or associated with therapy
used to treat it. The clinical spectrum of disease is large,
from isolated liver test abnormalities to liver failure, and
varies by degree of immunosuppression. For organiza-
tional purposes, liver parenchymal disease and biliary
disease can be considered separately.

Drug-induced liver disease, infection, and neoplasm
are the principal etiologies of hepatic parenchymal dis-
ease. With the use of multiple potent antiretrovirals
and antibiotics, medication-related hepatotoxicity has
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become quite common. Usual implicated agents include
sulfonamides, zidovudine, nevirapine, and many in the
protease inhibitor class, including ritonavir. HAART-
related immune reconstitution is sometimes associated
with an exacerbation of underlying hepatitis. Hepatic
steatosis in conjunction with lactic acidosis has been
observed in association with nucleoside reverse tran-
scriptase inhibitors such as stavudine and zidovudine.
Pancreatitis, myopathy, and peripheral neuropathy may
coexist. Providers must be vigilant and discontinue
medicines if necessary, because this syndrome has
been linked to several deaths.

Hepatic infections continue to be a significant
cause of morbidity and mortality in AIDS patients.
Hepatitis B, D, and C viruses interact with HIV in
distinct ways. Coinfection with hepatitis B virus and
HIV has been associated with increased hepatitis B
DNA polymerase, reappearance of hepatitis B surface
antigen (HBsAg), loss of anti-HBs, and increased pre-
valence of hepatitis B e antigen expression. Despite an
increase in the chronic carrier state, there is an
attenuation of histologic and chemical hepatitis in
most of these coinfected patients with more advanced
immunosuppression. The institution of HAART in
hepatitis B virus chronic carriers may be disastrous;
immune activation can lead to hepatitis flares and
even fulminant liver failure. Hepatitis D virus and
hepatitis B virus act similarly in the HIV-positive
patient. Unlike hepatitis B and D viruses, infection
with hepatitis C virus appears to worsen with
increased immune suppression in HIV-positive
patients. The prevalence of cirrhosis and hepatic fail-
ure is higher, and there is a more accelerated course.
The effect of HAART on hepatitis C virus disease is
variable, but because patients live longer, there may be
an increased risk of complications such as hepatocel-
lular carcinoma. The role of hepatitis C virus combi-
nation therapy with interferon o and ribavirin in
HIV-coinfected patients is being carefully evaluated
in randomized controlled trials, and initial reports
look promising. Mycobacterium avium-related hepatic
disease is a common diagnosis in individuals with
CD4+ cell counts <50/ul. Extrapulmonary tubercu-
losis is common in HIV-positive patients and hepatic
tuberculosis can occur at all CD44 cell counts.
Although CMV inclusion bodies in the liver are com-
monly found in autopsy studies, CMV hepatitis is
rarely diagnosed clinically. Bartonella spp., P. carinii,
histoplasmosis, Cryptococcus, and Candida are rare
causes of hepatic disease in patients with AIDS.
Neoplasms such as Kaposi’'s sarcoma and non-
Hodgkin’s lymphoma (NHL) can have significant
hepatic involvement in patients infected with HIV.
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Prognosis of NHL is related to the degree of
immunosuppression.

Infectious cholangitis and neoplasm are AIDS-
specific causes of biliary disease. AIDS cholangiopathy
is pathologically similar to sclerosing cholangitis with
papillary stenosis, and is clinically indistinguishable,
with right upper quadrant abdominal pain and an
alkaline phosphatase elevated out of proportion to bilir-
ubin, aspartate transaminase (AST), and alanine trans-
aminase (ALT). This entity is thought to have an
infectious etiology because Cryptosporidium, Micro-
sporidium, and CMV have been isolated in biliary epithe-
lium and bile. Ultrasound or CT may be diagnostic, and
sphincterotomy may provide symptomatic relief.
Kaposi’s sarcoma, primary bile duct lymphoma, and
lymph node obstruction may also manifest as biliary
disease in patients with AIDS.

RECTAL AND ANAL DISEASE

Patients with AIDS have a high prevalence of anorectal
disease, including anal fistulas, perirectal abscesses, and
idiopathic ulcers. Proctitis can be caused by a host of
infectious agents, including Chlamydia trachomatis,
Neisseria gonorrhoeae, and herpes simplex. CMV can
cause ulcers. Human papillomavirus is a common sexu-
ally transmitted infection that causes a high prevalence
of anal intraepithelial neoplasia in HIV-positive men
and women. There is a corresponding high prevalence
of anal cancer in certain populations at risk, such as
HIV-positive men who have sex with men. Other neo-
plasms such as lymphoma and Kaposi’s sarcoma have
anorectal manifestations. Although HAART has resulted
in a decrease in lymphoma and Kaposi’s sarcoma, there
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has been no reduction in the incidence of anal cancer or
its precursors in HIV-positive men and women.
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B symptoms Fever, weight loss, and night sweats; associated
with worse prognosis in patients with lymphoma.

highly active anti-retroviral therapy Combination of differ-
ent anti-human immunodeficiency virus (HIV) drugs
that have markedly increased the prognosis for patients
with HIV.

silver stain Special stain used to detect fungal organisms not
seen by regular microscopy.

YMDD mutation A mutation in the hepatitis B virus
polymerase gene in which methionine is replaced by
serine; associated with lamivudine therapy and drug
resistance.

Liver disease in patients with human immunodeficiency
virus and acquired immunodeficiency syndrome (AIDS)
is a common, often complex, problem. The clinical pre-
sentations of liver disease in this population are highly
variable, ranging from asymptomatic liver enzyme
abnormalities to fulminant hepatic failure. Infections,
medication toxicity, and malignancies are the most com-
mon causes of liver disease in patients with AIDS and will
be the main focus of discussion in this article.

INTRODUCTION

The hepatic manifestations of acquired immunodefi-
ciency syndrome (AIDS) often correlate with the degree
of immunosuppression, success of medical therapy, and
socioeconomic status of the human immunodeficiency
virus (HIV)-infected individual. Patients with normal or
near-normal immune function are typically susceptible
to liver diseases that affect the immunocompetent popu-
lation, with the exception of hepatic toxicity from highly
active anti-retroviral therapy. Hepatitis B virus (HBV)-
or hepatitis C virus (HCV)-related liver diseases are
leading causes of morbidity and mortality in HIV
patients, even in well-controlled HIV. In patients with
AIDS and severe immunosuppression, the liver is often
affected by opportunistic infections and neoplasms,
such as Kaposi’s sarcoma and lymphoma. This article
will examine the general approach to liver disease in an
HIV-positive patient and then specifically discuss the
most common causes of liver disease in this population.

Encyclopedia of Gastroenterology
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APPROACH TO THE PATIENT

When liver disease is suspected in an HIV-positive
patient, a rational and focused diagnostic approach
should be utilized to narrow the broad differential diag-
nosis (Table I). The most important initial step is a
complete history and physical to search for possible
risk factors or evidence of hepatic disease. The clinician
should inquire about intravenous drug abuse and blood
transfusions, use of hepatotoxic medications, recent tra-
vel, exposure to opportunistic infections or sick
acquaintances, sexual practices, and alcohol use. Symp-
toms that may reveal clues to the presence or cause of
liver disease include fever, weight loss, night sweats,
jaundice, right upper quadrant abdominal pain, biliru-
binuria, acholic stools, and skin lesions. Physical exam-
ination should focus on searching for signs of liver
disease, such as jaundice, hepatomegaly, spider angio-
mata, gynecomastia, testicular atrophy, and proximal
muscle wasting.

If liver disease is suspected, a complete hepatic func-
tion panel, complete blood count with platelets, coagu-
lation profile, and CD4 count should be obtained. The
CD4 count is probably the most important test in for-
mulating a differential diagnosis. A patient with abnor-
mal liver tests and a normal CD4 count is unlikely to
have an opportunistic infection of the liver. However,
the clinician should initially focus on ruling out oppor-
tunistic infections of the liver in patients with CD4
counts of less than 200. Other chronic liver diseases
that affect the healthy population should also be
considered.

The pattern of liver test abnormalities is often
helpful in determining the cause of liver disease in
HIV-positive patients. Elevation in transaminases out
of proportion to alkaline phosphatase suggests hepato-
cellular injury. Chronic viral hepatitis, alcohol, medica-
tions, immunologic, and metabolic diseases should be
considered. Elevations in alkaline phosphatase, direct
bilirubin, and y-glutamyl transpeptidase suggest chole-
static liver disease, commonly caused by granulomatous
infiltration or biliary obstruction. If a diagnosis cannot
be made with laboratory testing, the next step should be

Copyright 2004, Elsevier (USA). All rights reserved.
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TABLE I Etiologies of Hepatic Disease in HIV Infection

Mycobacterial infections
Mycobacterium avium complex
Mycobacterium tuberculosis

Fungal infections
Cryptococcus neoformans
Histoplasma capsulatum
Coccidioides immitis
Candida albicans
Pneumocystis carinii
Aspergillus fumigatus

Protozoal infections
Cryptosporidia
Leishmania donovani
Encephalitozon cuniculi
Schistosoma ssp.
Toxoplasma gondii

Bacillary peliosis hepatitis

Viral infections
Cytomegalovirus
Herpes simplex virus
Epstein—Barr virus
Adenovirus
Varicella—zoster virus
Hepatitis A—E

AIDS cholangiopathy

Neoplasms
Kaposi’s sarcoma
Non-Hodgkin’s lymphoma
Hodgkin’s lymphoma
Hepatocellular carcinoma
Leiomyoma
Leiomyosarcoma
Cholangiocarcinoma

Hepatotoxic drugs
Anti-retrovirals
Antimicrobials
Anticonvulsants
Anti-emetics
Ethanol
Herbal medications

Miscellaneous
HIV infection
Malnutrition
Total parenteral nutrition
Amyloid

an ultrasound and/or a computerized tomography (CT)
scan of the abdomen. CT is superior to ultrasound
for delineation of hepatic lesions, lymphadenopathy,
cirrhosis, and splenomegaly, whereas ultrasound is
more sensitive for gallbladder and biliary tract disease.
Since neither test is highly specific or sensitive, liver
biopsy may be required to determine the etiology or
evaluate the extent and severity of liver disease.
Although a specific diagnosis can be made in the major-
ity of patients, liver biopsy should be performed only if
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other diagnostic measures, including cultures and less
invasive procedures such as skin or bone marrow
biopsy, have failed to determine an etiology.

ETIOLOGIES AND TREATMENT
Opportunistic Infections

Mycobacterium avium complex (MAC) is the most
common opportunistic pathogen of the liver and can be
seen in 20—55% of autopsies of patients with AIDS.
Patients usually present with fever, weight loss, and
diarrhea. The CD4 count is almost always <100 in
these patients. Initial workup often reveals an elevated
alkaline phosphatase and liver biopsy may show poorly
formed noncaseating granulomas; however, with
advanced immunosuppression, tissue reaction and
granulomas are often absent. Cultures or special stains
are required for diagnosis in patients with suspected
MAC and inconclusive histopathology. Treatment
requires a 6- to 12-month course of a multiple drug
regimen, including either clarithromycin or azithromy-
cin and either two or three of the following: rifampin,
ethambutol, or ciprofloxicin.

Mycobacterium tuberculosis (MTB) infection pre-
sents with fever, weight loss, and cough. Unlike MAC,
patients may develop pulmonary or extrapulmonary
MTB with any CD4 count. Liver biopsy may show gran-
ulomas and occasional hepatic abscesses. Similar to
MAC, patients with low CD4 counts may not have classic
histopathology on liver biopsy. Only culture can differ-
entiate between MAC and MTB. Patients are placed ona
multidrug regimen of isoniazid, rifampin, ethambutol,
and pyrazinamide for 9 to 12 months, unless there is
evidence of drug resistance.

Fungal infections such as Cryptococcus neoformans,
Histoplasma capsulatum, and Pneumocystis carinii (PCP)
may affect the liver. Cryptococcal liver involvement is
usually asymptomatic. Organisms may be seen on
biopsy with silver stain as small round glassy structures.
The treatment of Cryptococcus is intravenous (iv)
amphotericin B £ oral flucytosine. Disseminated histo-
plasmosis may cause severe constitutional symptoms
and systemic disease even though hepatic involvement
is usually asymptomatic. Detection of the polysacchar-
ide antigen in the blood is used for diagnosis, and liver
biopsy with silver stain reveals round organisms with
occasional budding, mild inflammation, and rarely
granulomas. The treatment for histoplasmosis is iv
amphotericin or itraconazole.

Disseminated PCP is associated with moderate
elevations in transaminases and alkaline phosphatase.
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Foamy periportal or diffuse nodules containing cysts on
silver stain are typical of hepatic involvement and are
usually detected only at autopsy. Disseminated PCP is
found primarily in patients who receive aerosolized
pentamidine. Treatment is usually with trimethoprim-
sulfamethoxazole + prednisone. Other less common
hepatic fungal infections include Coccidioides immitis,
Candida albicans, and Aspergillus fumigatus. Protozoal
infections are also rare in the liver and include schisto-
somiasis, Leishmania donovani, Encephalitozon cuniculi,
and Toxoplasma gondii.

Bacillary peliosis hepatitis has been associated
with Bartonella quintana or Bartonella henselae. Peliosis
lesions are blood-filled cavities distributed through-
out the liver parenchyma. Gross inspection reveals
gray or hemorrhagic nodules, whereas granulation
tissue intermixed with neutrophils and eosinophilic
material is seen on histopathology. Any macrolide
antibiotic or doxycyline should be given for at least 4
months.

Cytomegalovirus (CMV) of the liver is present in
33—44% of AIDS autopsy cases, usually in patients
with widespread organ involvement. Most patients
who have hepatic CMV infection are asymptomatic
and rarely present with fever and hepatomegaly. Trans-
aminases are often only mildly elevated. CMV infection
can be detected via polymerase chain reaction (PCR),
antigen assays, and blood cultures; definitive CMV
involvement of the liver is determined via biopsy.
Microabscesses and CMV inclusions in hepatocytes,
Kupffer cells, bile duct epithelium, and endothelial
cells are characteristic but not always present. Immu-
nohistochemical techniques and culture of tissue speci-
mens increase the sensitivity of diagnosis. CMV can also
cause mass lesions, granulomatous disease, or biliary
tract disease and obstruction. Treatment options
include ganciclovir, foscarnet, valganciclovir, and cido-
fovir. Other opportunistic viral infections of the liver in
AIDS include herpes simplex virus, Epstein—Barr virus,
adenovirus, and varicella-zoster virus.

CMV and other infections, such as cryptosporidia,
may cause inflammation and fibrosis of the biliary tract
known as AIDS cholangiopathy. Patients present with
fever, jaundice, and right upper quadrant pain. The
alkaline phosphatase is typically twofold higher than
transaminases. Significant obstruction is associated
with hyperbilirubinemia. Papillary stenosis, long extra-
hepatic strictures, or intrahepatic and extrahepatic
sclerosing lesions resembling primary sclerosing cho-
langitis are seen with cholangiography. Endoscopic
sphincterotomy is the treatment of choice for papillary
stenosis and stenting or balloon dilation has been used
for dominant strictures.
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Other Hepatotrophic Viruses

With advances in antiretroviral therapy and
improved life expectancy in HIV patients, chronic
HCV infection has become a leading cause of morbidity
and death in this population. Because of similar risk
factors for transmission, it is estimated that 30—50%
of patients with HIV are co-infected with HCV. Several
studies suggest that HIV increases HCV replication and
accelerates the progression to cirrhosis. AIl HIV patients
should be screened for HCV with antibody testing and
confirmed with either the recombinant immunoblot
assay or HCV-RNA PCR. HCV in patients with advanced
immunosuppression can often be diagnosed only by
measurement of RNA levels. HCV infection is usually
asymptomatic and liver enzymes are often normal early
in the course of disease. Liver biopsy establishes the
degree of necroinflammatory activity and fibrosis and
should be performed if treatment is considered. In gen-
eral, treatment of HIV with anti-retroviral therapy is
initiated first, especially if the CD4 count is low. For
patients with stable HIV disease, combination therapy
with pegylated interferon and ribavirin can be adminis-
tered, although safety and efficacy data in this popula-
tion have been reported only in small series.

Co-infection with HIV and HBV increases the rate of
HBV replication and risk of a chronic carrier state; how-
ever, the inflammatory response in the liver is generally
milder in HIV-HBV co-infected patients than in
patients infected with HBV alone. Reactivation of quies-
cent HBV may occur with progression of HIV and can
lead to fulminant liver failure in patients with co-infec-
tion. Indications for treatment include evidence of
ongoing viral replication, elevated liver enzymes, and
histological confirmation of active or progressive dis-
ease. Lamivudine is often used as a first-line agent as it
has activity against both HIV and HBV. HBV resistance
in the form of the YMDD mutation occurs in patients
treated with lamivudine and may respond to another
nucleoside analogue, such as entecavir or adefovir.

Patients with HIV exposed to hepatitis A virus do not
have more severe disease than immunocompetent
patients. Hepatitis D virus requires concurrent infection
with HBV and can cause severe liver disease in immu-
nosuppressed patients. Hepatitis E virus, a fecal—orally
transmitted virus found almost exclusively in poor
countries, usually causes an acute self-limited disease.

Neoplasms

Kaposi’s sarcoma (KS) and non-Hodgkin’s lym-
phoma (NHL) are the most common hepatic neoplasms
in HIV patients. KS is a multicentric neoplasm derived
from lymphatic endothelial cells and is predominantly
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seen in homosexual men. Hepatic KS is found in 8.6% of
patients with AIDS but is rarely diagnosed prior to the
development of cutaneous disease. Patients are usually
asymptomatic, but may occasionally present with hepa-
tomegaly and an elevated alkaline phosphatase. KS
lesions are often too small to delineate by ultrasonogra-
phy, but may enhance with iv contrast on CT imaging.
Gross pathology reveals multifocal purple-brown soft
nodules composed of vascular endothelial cells forming
slit-like spaces, extravasated red blood cells, and central
necrosis. Since hepatic KS does not appear to shorten life
expectancy, only symptomatic patients require treat-
ment with chemotherapy (liposomal anthracyclines,
paclitaxel, or vinorelbine).

NHL is a known complication of HIV infection. The
majority are high- or intermediate-grade B-cell tumors
and extranodal presentation in common. Hepatic
masses are often asymptomatic, but may cause hepato-
megaly and jaundice due to hepatic infiltration or biliary
tract compression. B symptoms are nonspecific in AIDS
patients. CT typically shows hypodense masses with rim
enhancement surrounded by normal hepatic parench-
yma. Biopsy may reveal lymphomatous infiltration of
the portal tracts or lobules. Diffuse portal infiltrates
may be seen in infiltrating lymphomas. The median
survival for patients with AIDS and lymphoma is
under 6 months despite chemotherapy. Other hepatic
neoplasms found in HIV patients include Hodgkin’s
lymphoma, hepatocellular carcinoma, smooth muscle
tumors, and cholangiocarcinoma. Hodgkin’s lymphoma
involving the liver is uncommon in HIV patients and is
almost exclusively of the mixed cellularity or nodular
sclerosis subtype. Hepatocellular carcinoma in HBV or
HCV co-infected individuals occurs at a younger age
and is more aggressive than in patients without HIV
infection. Cholangiocarcinoma and hepatic leiomyoma
or leiomyosarcoma are less commonly described.

Drugs

Patients with AIDS may develop a spectrum of liver
problems with HIV medications, from mild liver test
abnormalities to fulminant hepatic failure. Nucleoside
reverse transcriptase inhibitors, such as zidovudine,
have been implicated in a rare but potentially fatal mito-
chondrial hepatopathy. Patients usually present with
nonspecific symptoms, but have severe microvesicular
steatosis on liver biopsy. Mortality due to refractory
lactic acidosis or hepatic failure can approach 60%.
Early discontinuation of nucleoside reverse transcrip-
tase inhibitors may improve clinical outcome, but there
are reported cases of progressive acidosis despite their
discontinuation. Nutritional therapy is the mainstay of
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treatment, although prognosis is poor. Nevirapine, a
common nonnucleoside reverse transcriptase inhibitor,
can cause a hypersensitivity hepatitis. Ritonavir, a pro-
tease inhibitor, is associated with toxicity via inhibition
of the cytochrome P450 system. Pentamindine and sulfa
drugs are often associated with hepatic granulomas and
elevations of alkaline phophatase. Ethanol, antifungals,
antivirals, herbal medications, and nonprescription
drugs may also contribute to hepatic disease.

Miscellaneous

Nonspecific histopathologic findings are described
in nearly one-third of biopsy specimens in patients with
HIV. Possible causes include malnutrition with or with-
out use of total parenteral nutrition, amyloid deposition,
and HIV infection itself. HIV has been found within
hepatocytes and Kupffer cells; however, the direct rela-
tionship between HIV and liver disease has not been
clearly delineated.

CONCLUSION

Patients with HIV and/or AIDS can have a spectrum of
liver diseases, from isolated abnormal liver enzymes to
fulminant hepatic failure. Instead of considering all of
the possible causes, the clinician should narrow the
differential diagnosis based on the history, physical
exam, pattern of abnormal liver tests, and degree of
immunosuppression. The least invasive approach to
diagnosis is usually the most appropriate initially.
The most common causes of liver disease in HIV patients
are opportunistic infections, neoplasms, and medica-
tions. Treatment should be based upon the most likely
diagnosis.
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Alagille syndrome A disease caused by mutations in the
Jaggedl gene, resulting in variable manifestations in the
liver, heart, spine, eyes, kidneys, face, and other systems.

cholestasis Decrease in bile flow, typically associated with
increased bilirubin, increased bile salts, or both. Eleva-
tions typically result in the visible signs of jaundice.

embryotoxon, posterior A finding in the anterior chamber of
the eye, sometimes visible as a discrete line, due to a
prominent Schwalbe’s ring, seen in Alagille syndrome, in
some other genetic disorders, and in approximately 10%
of normal individuals.

hepatitis, neonatal Term used to define a large and diverse
group of structural and metabolic disorders unique to
the neonatal period, resulting in hepatic disease and
cholestasis.

hepatomegaly Increase in the size of the liver. In children,
normal size varies with age.

hyperbilirubinemia Increase in the level of bilirubin
(unconjugated, indirect  hyperbilirubinemia)  or
conjugates of bilirubin (conjugated, direct hyperbiliru-
binemia).

Jaggedl mutation A defect in a gene encoding a primary
ligand for the NOTCH signaling pathway, resulting in
Alagille syndrome.

jaundice Eevation of bilirubin, typically conjugated bilir-
ubin, to the point that it is visible in the eyes or skin as a
yellowish pigmentation.

paucity, bile duct Decrease in the number of bile ducts
present in a portal tract, defined as a ratio of bile ducts to
portal tracts averaging less than 0.9.

splenomegaly Increase in size of the spleen. In children,
normal size varies with age.

xanthoma, Alagille syndrome Nodular or plaque-like lipid
deposits in the skin that occur commonly in Alagille
syndrome when the cholesterol level exceeds 500 mg/dl.
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Alagille syndrome (AGS) is a complex dominantly inher-
ited multisystem disorder involving predominantly the
liver, heart, eyes, face, and skeleton. The main clinical
manifestations of AGS are cholestasis, characterized by
bile duct paucity on liver biopsy; congenital cardiac
defects, primarily involving the pulmonary arteries; pos-
terior embryotoxon in the eye; typical facial dysmorph-
ism; and butterfly vertebrae. Renal and central nervous
abnormalities have also been described. A classic feature
of the syndrome is highly variable expressivity of the
clinical features, even within families. Jaggedl (JAG1),
a ligand in the evolutionary conserved Notch signaling
pathway, has been identified as the AGS gene.

DIAGNOSIS OF ALAGILLE SYNDROME

Alagille originally defined the syndrome by bile duct
paucity in association with at least three of five major
criteria: cholestasis, characteristic facies, vertebral
abnormalities, ocular anomalies, and a heart murmur.
Since that time, a wide range of manifestations in many
organ systems have been associated with Alagille syn-
drome (AGS). Renal disease, pancreatic disease, and
intracranial vascular events are recognized to be signif-
icant manifestations of AGS.

Bile duct paucity on liver biopsy has been considered
to the most important and constant feature of AGS. This
paucity, however, is not present in infancy in many
patients ultimately shown to have AGS. Overall, paucity
is present in approximately 89% of patients. Several
studies of serial liver biopsies have demonstrated that

Copyright 2004, Elsevier (USA). All rights reserved.
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clinical features, even within families. Jaggedl (JAG1),
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DIAGNOSIS OF ALAGILLE SYNDROME

Alagille originally defined the syndrome by bile duct
paucity in association with at least three of five major
criteria: cholestasis, characteristic facies, vertebral
abnormalities, ocular anomalies, and a heart murmur.
Since that time, a wide range of manifestations in many
organ systems have been associated with Alagille syn-
drome (AGS). Renal disease, pancreatic disease, and
intracranial vascular events are recognized to be signif-
icant manifestations of AGS.

Bile duct paucity on liver biopsy has been considered
to the most important and constant feature of AGS. This
paucity, however, is not present in infancy in many
patients ultimately shown to have AGS. Overall, paucity
is present in approximately 89% of patients. Several
studies of serial liver biopsies have demonstrated that
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paucity is more common later in infancy and childhood.
Ductular proliferation is present in a small number of
infants with AGS, leading to potential diagnostic con-
fusion and misdiagnoses of biliary atresia.

Diagnosis of the syndrome is also hindered by highly
variable expressivity of the clinical manifestations.
Large series of patients reported by different groups
have demonstrated differing frequencies of the manifes-
tations of AGS. Diagnosis can also be difficult because
several of the characteristic features are seen in normal
individuals.

The identification of the disease gene in AGS and the
availability of molecular testing have assisted in the
confirmation of the diagnosis in affected individuals.
However, it has also provided a tool for identifying
individuals with few or only one feature of AGS who
carry a mutation in Jaggedl (JAGI). It remains to be
clarified whether these individuals who carry mutations
in JAGI but are without overt clinical disease should be
classified as having AGS or merely as carriers of a gene
defect with minimal expression. Since the transmission
risk for progeny is high, the designation of a diagnosis of
AGS seems appropriate.

Based on these considerations, the diagnostic cri-
teria for AGS can be modified significantly. A revised
list of diagnostic criteria is proposed in Table I.

CLINICAL FEATURES AND
COMPLICATIONS OF
ALAGILLE SYNDROME

Hepatic Manifestations

The hepatic manifestations of AGS vary from mild to
severe cholestasis. The majority of symptomatic
patients present in the first year of life. Hepatitis is pre-
sent in many infants, but is generally less important than
the cholestasis. Synthetic liver failure is extremely
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uncommon under the age of 1 year. Hepatomegaly is
recognized in 93—100% of AGS patients and is common
in infancy. Splenomegaly is unusual early in the course
of the disease, but is eventually found in up to 70% of
patients. Jaundice is present in the majority of sympto-
matic patients and typically presents as a conjugated
hyperbilirubinemia in the neonatal period. In half of
these infants, it is persistent, resolving only in later
childhood. The magnitude of the hyperbilirubinemia
is typically less than the degree of cholestasis and
pruritus. The pruritus is among the most severe of
any chronic liver disease. It rarely is present before 3
to 5 months of age, but is seen in most children by the
third year of life, even in some who are anicteric.

Multiple xanthomas are common sequelae of severe
cholestasis. The formation of xanthomas correlates with
serum cholesterol greater than 500 mg/dl. They typi-
cally form on the extensor surfaces of the fingers, the
palmar creases, nape of the neck, the ears, the popliteal
fossa, the buttocks, and around the inguinal creases.
These xanthomas increase in number over the first
few years of life and then may disappear subsequently
as cholestasis improves.

The most striking laboratory abnormalities are in
the measures of cholestasis and bile duct damage. Ele-
vations of bilirubin up to 30 times normal and bile salt
elevations of 100 times normal are not uncommon. Bile
salt elevations are common, even when the bilirubin is
normal. Markers of bile duct damage, including
v-glutamyl transferase and alkaline phosphatase, are
usually markedly elevated. Likewise, other substances
typically excreted in bile are increased in blood. Cho-
lesterol levels may exceed 1—2000 mg/dl. The amino-
transferases are typically elevated 3- to 10-fold, but may
be normal in some patients with cholestasis. Hepatic
synthetic function is usually well preserved.

Liver transplantation is eventually necessary in
21-50% of patients. Indications for transplantation

TABLE I Revised Diagnostic Criteria for the Diagnosis of Alagille Syndrome

AGS family history Paucity JAG1 defect Criteria needed

None (proband) Present Not identified 3 or more features®
None (proband) Absent Not identified 4 or more features
None (proband) Absent Identified 1 or more features
Present Present Not identified 1 or more features
Present Unknown Not identified 1 or more features
Present Absent Identified Any or no features

Note. Major clinical criteria include consistent (1) cardiac, (2) ocular disease, (3) butterfly vertebrae, (4) characteristic “Alagille” facies, or

(5) renal disease.

“ A number of index cases with two criteria or even 1 criterion will ultimately be shown to have AGS by molecular testing, but two criteria should

be considered insulfficient to establish the diagnosis in a proband.



22

include synthetic dysfunction, intractable portal hyper-
tension, bone fractures, pruritus, xanthomata, and
growth failure. The survival of AGS patients undergoing
liver transplantation has been comparable to other
pediatric patients undergoing liver transplantation;
however, survival may be limited in patients with sig-
nificant cardiac or renal complications of AGS.

Cardiac Manifestations

The presence of a heart murmur is the most common
manifestation of AGS. The majority of these murmurs
are due to stenosis at some level in the pulmonary out-
flow tract or peripheral pulmonic vessels. Peripheral
pulmonic stenosis may occur in isolation or in combi-
nation with structural intracardiac disease. The most
common congenital defect is Tetralogy of Fallot,
which occurs in 7—11% of patients. Other cardiovascu-
lar lesions include truncus arteriosus, ventricular septal
defect complex, atrial septal defect, ventricular septal
defect, and isolated pulmonic stenosis.

Cardiac disease accounts for nearly all the early mor-
tality in AGS. Patients with intracardiac disease have
approximately 40% survival to 6 years of life compared
to 95% survival in AGS patients without intracardiac
lesions. The operative mortality for cardiac surgery in
AGS patients is greater than for those without AGS.
Cardiovascular disease has also been implicated in
the increased posttransplantation mortality seen in
some series.

Ocular Anomalies

A large and varied number of ocular abnormalities
have been described in AGS. A few of the abnormalities
are secondary to chronic vitamin deficiencies. Of the
primary ocular abnormalities, posterior embryotoxon
is the most important diagnostically. Posterior embry-
otoxon is a prominent, centrally positioned Schwalbe’s
ring (or line), at the point where the corneal endothe-
lium and the uveal trabecular meshwork join. Posterior
embryotoxon occurs in 56—95% of patients with AGS,
but also occurs in 8—15% of normal eyes. Axenfeld
anomaly, seen in 13% of AGS patients, is a prominent
Schwalbe’s ring with attached iris strands and is asso-
ciated with glaucoma. Numerous other ocular anoma-
lies have also been described, most of which have no
functional significance.

Facial Features

The characteristic facial features of AGS include a
prominent forehead, deep-set eyes with moderate
hypertelorism, a pointed chin, and a saddle or straight
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nose with a bulbous tip. The combination of these fea-
tures gives the face a triangular appearance (see Fig. 1).
Other facial characteristics include a flat appearance of
the face in profile and prominent ears. Additional
abnormalities include large ears, recurrent sinusitis,
recurrent otitis, and a high-pitched voice. The facies
of an adult with AGS do not resemble the childhood
features; the forehead becomes less prominent and the
chin is more protuberant, making the face less triangular
in appearance.

It has been suggested that the facies are due to the
effects of chronic cholestasis, but they are not seen in
other diseases with severe cholestasis. It is likely that

FIGURE 1 (a and b) Typical facies seen in a 4-year-old girl
with Alagille syndrome.
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the facial bone formation is directly affected by muta-
tions in JAGI.

Skeletal Manifestations

The most characteristic skeletal finding in AGSis the
sagittal cleft or butterfly vertebrae, which is found in
33—-87% of patients (see Fig. 2). This anomaly may
occur in normal individuals. The affected vertebral
bodies are split sagittally into paired hemivertebrae,
due to a failure of the fusion of the anterior arches of
the vertebrae. Generally, these are asymptomatic and of
no structural significance.

Other associated skeletal abnormalities include,
among others, an abnormal narrowing of the adjusted
interpedicular space in the lumbar spine, fusion of the
adjacent vertebrae, hemivertebrae, and the presence of a
bony connection between ribs. The fingers may seem
short, with broad thumbs. Supernumerary digital
flexion creases are also seen.

FIGURE 2 Butterfly vertebrae with variable degrees of clefting
in the thoracic spine of an infant with Alagille syndrome.
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Severe metabolic bone disease with osteoporosis and
pathologic fractures is common in AGS. A number of
factors may contribute to osteopenia and fractures,
including severe chronic malnutrition, vitamin D and
K deficiency, chronic hepatic and renal disease, magne-
sium deficiency, and pancreatic insufficiency.

Central Nervous System Manifestations

Intracranial bleeding is the most important neuro-
logic complication of AGS and a significant cause of
morbidity and mortality. It occurs in approximately
15% of patients and in 30—50% of these events the
hemorrhage is fatal. The intracranial bleeding varies
significantly in location and severity. The majority of
this bleeding occurs in the absence of significant coa-
gulopathy. Head trauma, typically of a minor degree, has
been associated with the bleeding in a number of cases.
The majority of cases of bleeding are spontaneous, how-
ever, with no clear risk factors. Structural vascular
abnormalities have been identified in only some of
the patients with bleeding episodes.

Renal Manifestations

Renal disease is an important feature of AGS. Struc-
tural and functional renal abnormalities occur in
40—50% of patients with AGS. These include solitary
kidney, ectopic kidney, bifid pelvis, reduplicated
ureters, and multicystic and dysplastic kidneys. Renal
artery stenosis is a cause of systemic hypertension in
AGS. Tubulointerstitial nephropathy, renal tubular
acidosis, a characteristic “lipidosis” of the glomeruli,
and adult-onset renal insufficiency may also occur.

Additional Manifestations

Severe growth retardation is common in patients
with AGS, particularly in the first 4 years of life. Mal-
nutrition due to malabsorption is a major factor in this
failure to thrive. There appear to be limitations in linear
growth even when protein-calorie malnutrition is not
evident.

Intrinsic pancreatic disease may also occur in AGS.
Clinically, the identification of pancreatic insufficiency
is important, as therapy with enzyme supplementation
is available.

MORBIDITY, MORTALITY, AND
OUTCOME IN ALAGILLE SYNDROME

Diseases of the cardiac, hepatic, and central nervous
systems account for the majority of morbidity and mor-
tality in AGS. The presence of complex intracardiac
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disease at diagnosis is the only predictor of excessive
early mortality. Hepatic complications account for most
of the later mortality, although recent series document
significant mortality from intracranial bleeding. The
20-year survival has been estimated to be 75% overall.

THERAPY FOR ALAGILLE SYNDROME

Patients with AGS present significant management
challenges. Cholestasis is commonly profound. Bile
flow may be stimulated with the choleretic ursodeoxy-
cholic acid, but in many patients the pruritus continues
unabated. Care should be taken to keep the skin
hydrated with emollients and fingernails should be
trimmed. Therapy with antihistamines may provide
some relief, but many patients require additional ther-
apy with agents such as rifampin or naltrexone. Biliary
diversion has been successful in a limited number of
patients, but intractable pruritus continues to be an
indication for transplantation in refractory patients.

Malnutrition and growth failure should be treated
with aggressive nutritional therapy. There will be sig-
nificant malabsorption of long-chain fat and therefore
formulas supplemented with medium-chain triglycer-
ides have some nutritional advantage. Fat-soluble vita-
min deficiency is present to a variable degree in most
patients. Multivitamin preparations may not provide the
correct ratio of fat-soluble vitamins and thus vitamins
are best administered as individual supplements.

GENETICS OF ALAGILLE SYNDROME

AGS is inherited in autosomal dominant fashion with
highly variable expressivity ranging from subclinical
features to severely affected individuals. It is one of
the most common genetic causes of cholestasis in
infancy, with an estimated frequency of 1 in 70,000
live births.

The site of the gene responsible for AGS was first
suggested by the identification of cytogenetically visible
deletions on the long arm of chromosome 20 in multiple
AGS patients. In 1997, mutations in JAG1 were shown to
be the cause of AGS. Molecular analysis has demon-
strated JAG] mutations in approximately 70% of
patients.

JAGL1 is a cell surface protein that functions as a
ligand for the Notch transmembrane receptors, which
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are part of the evolutionarily conserved Notch signaling
pathway. The Notch pathway regulates cell fate deter-
mination in many different cell types throughout devel-
opment. Approximately 50% of AGS patients have
protein truncating (frameshift or nonsense) mutations.
The mutations are distributed widely over the entire
coding region. Fifty to 70% of mutations are de novo.
Mutations in JAGI are thought to cause disease by hap-
loinsufficiency whereby there is a decrease in the
amount of the normal protein.

Although the AGS phenotype is highly variable,
there is no apparent genotype—phenotype correlation.
No phenotypic differences have been identified based
on type or location of mutation. Furthermore, the
extreme variability of the AGS phenotype within
families suggests that other genetic or environmental
factors contribute significantly to the clinical manifesta-
tions of the disease.

Genetic evaluation for JAG] mutations is currently
available on a research basis. Current methods cannot
identify a mutation in approximately 30% of clearly
affected probands. Prenatal testing is available, but
only if the mutation is identified in the proband. Mole-
cular testing has also aided in the diagnosis of AGS for
patients with minor or atypical manifestations and has
expanded the spectrum of AGS manifestations.

The identification of JAGI as the cause of AGS has
opened a window on human development, which will
surely lead to an enhanced understanding of embryo-
genesis and multisystem diseases of humans.
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are typical primary physical signs of cirrhosis. Second-
ary phenomena include portal hypertension with
splenomegaly, edema, and ascites; encephalopathy; and
gastrointestinal hemorrhage from bursting esophageal
or gastric varices, and bleeding tendencies due to clot-
ting factor deficiencies resulting from hepatocyte mal-
function. Tertiary complications include spontaneous
peritonitis caused by anaerobic bacteria.

Typically, blood tests reveal a decrease in serum
albumin with increased and abnormal globulins.
Serum transaminases and bilirubin are usually only
mildly elevated, with more striking increases in the
end stages. As previously discussed, the outcome is
often dismal, with a 1-year mortality of 50% or more
in patients over the age of 60 years.
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cytosol The fluid component of cytoplasm, excluding
organelles.

endoplasmic reticnlum The membrane network in cyto-
plasm that is composed of tubules or cisternae. Some
membranes carry ribosomes on their surfaces (rough
endoplasmic reticulum) and others are smooth.

free radicals (1) An uncharged atom or group of atoms
having at least one unpaired electron, which makes it
highly reactive. (2) An organic compound having some
unpaired valence electrons; a normal by-product of
oxidation reactions in metabolism.

microsomes Small particles in the cytoplasm of a cell,
typically consisting of fragmented endoplasmic reticu-
lum to which ribosomes are attached.

mitochondrion A spherical or elongated organelle in the
cytoplasm of the cell, containing genetic material and
many enzymes important for cell metabolism, including
those responsible for the conversion of food to usable
energy. It consists of two membranes: an outer smooth
membrane and an inner membrane arranged to form
cristae.
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peroxisomes Cell organelles containing enzymes, such as
catalase and oxidase, that catalyze the production and
breakdown of hydrogen peroxide.

Ethanol (also called alcohol or ethyl alcohol) is the most
commonly abused psychoactive drug, yet it is legal in
most countries. Its metabolism is the cause of a vast
array of pathologic manifestations.

INTRODUCTION

Ethanol is readily absorbed from the gastrointestinal
tract but only 2 to 10% is eliminated through the kidneys
and lungs; the rest is metabolized in the body. Many
tissues contain enzymes capable of ethanol oxidation or
nonoxidative metabolism, but significant activity occurs
only in the liver (Fig. 1) and, to a lesser extent, in the
stomach. Accordingly, medical consequences are

Copyright 2004, Elsevier (USA). All rights reserved.
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FIGURE 1 Schematic illustration of the main pathways
of ethanol disposition in stomach and liver. Metabolic and
drug interactions may affect conjugation, microsomal cytochrome
P450-dependent pathways (CYT P450), alcohol dehydrogenase
(ADH), and acetaldehyde dehydrogenase (ALDH). Reprinted from
Lieber (1997), © Lippincott Williams & Wilkins, with permission.

predominant in these organs and thus these two sites of
ethanol metabolism are the focus of this article.

HEPATIC METABOLISM OF ETHANOL
AND ITS CONSEQUENCES

The hepatocyte contains three main pathways for etha-
nol metabolism, each located in a different subcellular
compartment: (1) the alcohol dehydrogenase (ADH)
pathway of the cytosol (the soluble fraction of the
cell); (2) the microsomal ethanol-oxidizing system,
located in the endoplasmic reticulum; and (3) catalase,
located in the peroxisomes. Each of these pathways
produces specific metabolic or toxic disturbances
and all three generate acetaldehyde, a highly toxic
metabolite.

The ADH Pathway

This is the main pathway of alcohol metabolism.

Multiple Forms of ADH

Human ADH is a zinc metalloenzyme with five
classes of molecular forms that arise from the associa-
tion of eight different types of subunits (o, f1, B2, 3, v1,
v2, m, and ) into active dimeric molecules. A genetic
model accounts for this multiplicity as products of seven
gene loci, ADH1 through ADH7.

Metabolic Disorders Associated with
the ADH Pathway

In ADH-mediated oxidation of alcohol, hydrogen
is transferred from the substrate to the cofactor
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nicotinamide adenine dinucleotide (NAD), converting
it to its reduced form (NADH), and acetaldehyde is
produced (Fig. 1). Thus, the first step in this oxidation
of alcohol generates an excess of reducing equivalents in
the cytosol, primarily as NADH, with a marked shift in
the redox potential of the cytosol. The altered redox
state, in turn, is responsible for a variety of metabolic
abnormalities, including hyperlactacidemia, which con-
tributes to the acidosis and also reduces the capacity of
the kidneys to excrete uric acid, leading to secondary
hyperuricemia. Hyperuricemia explains the common
clinical observation that excessive consumption of alco-
holic beverages frequently aggravates or precipitates
gouty attacks.

Short-term alcohol intoxication occasionally causes
severe hypoglycemia, which can result in sudden death.
Hypoglycemia is due, in part, to the block of hepatic
gluconeogenesis by ethanol, again as a consequence of
the increased NADH/NAD ratio in subjects whose
glycogen stores are already depleted by starvation or
who have preexisting abnormalities in carbohydrate
metabolism.

The reducing equivalents can also be transferred to
NADPH, and the increased NADPH can be utilized for
synthetic pathways in the cytosol and in the micro-
somes. Some of the hydrogen equivalents are transferred
from the cytosol into mitochondria. The mitochondrial
membrane is impermeable to NADH and the reducing
equivalents are thought to enter the mitochondria via
shuttle mechanisms such as the malate cycle (quantita-
tively, probably the most important), the fatty acid
elongation cycle, and the a-glycerophosphate cycle.
Normally, fatty acids are oxidized via B-oxidation in
the citric acid cycle of the mitochondria, which serves
as a “hydrogen donor” for the mitochondrial electron
transport chain. When alcohol is oxidized, the gener-
ated hydrogen equivalents, which are shuttled into
mitochondria, supplant the citric acid cycle as a source
of hydrogen. The activity of the citric acid cycle is actu-
ally depressed, partly because of a slowing of the reac-
tions of the cycle that depend on the NAD/NADH ratio.
Consequently, the mitochondria will use the hydrogen
equivalents originating from ethanol rather than those
derived from the oxidation of fatty acids that normally
serve as the main energy source of the liver. This substi-
tution of alcohol for fat favors hepatic fat accumulation.

Microsomal Ethanol-Oxidizing System (MEOS)

Characterization of the MEOS and
Its Role in Ethanol Metabolism

Although recognized only three decades ago, this
new pathway is still the subject of extensive research,
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reviewed in detail elsewhere. The first indication of an
interaction of ethanol with the microsomal fraction of
the hepatocyte was provided by the morphologic obser-
vation that alcohol feeding results in a proliferation of
the smooth endoplasmic reticulum (SER), both in ani-
mals and in human. This increase in SER resembles that
seen after the administration of a wide variety of hepa-
totoxins, therapeutic agents, and some food additives.
Since most of the substances that induce a proliferation
of the SER are metabolized, at least in part, by the cyto-
chrome P450 enzyme system that is located on the SER,
the possibility that alcohol may also be metabolized by
similar enzymes was raised. Such a system was indeed
demonstrated in liver microsomes in vitro and found to
be inducible by chronic alcohol feeding in vivo and was
named the microsomal ethanol-oxidizing system. Its
distinct nature was shown by (1) isolation of a P450-
containing fraction from liver microsomes that,
although devoid of any ADH or catalase activity,
could still oxidize ethanol as well as higher aliphatic
alcohols (e.g., butanol, which is not a substrate for cat-
alase) and (2) reconstitution of ethanol-oxidizing activ-
ity using NADPH-cytochrome P450 reductase,
phospholipid, and either partially purified or highly
purified microsomal P450. The purified human protein
(now called CYP2E1) was obtained in a catalytically
active form, with a high turnover rate of ethanol and
other specific substrates. MEOS has a relatively high K,
for ethanol (8—10mM, compared to 0.2—2mM for
hepatic ADH) but, contrasting with hepatic ADH,
which is not inducible in primates as well as most
other animal species, enhanced levels of both hepatic
CYP2E1 protein and its mRNA were found in actively
drinking patients.

The presence of CYP2E1 was also shown in extra-
hepatic tissues and in nonparenchymal cells of the liver,
including Kupffer, but not stellate, cells. In rats, ethanol
treatment caused a sevenfold increase in CYP2E1 con-
tent of the Kupffer cells.

Increased Xenobiotic Toxicity and
Carcinogenicity; Oxidative Stress

Much of the medical significance of the MEOS (and
its ethanol-inducible CYP2E1) results not only from the
oxidation of ethanol but also from the unusual and
unique capacity of CYP2EL1 to generate reactive oxygen
intermediates, such as superoxide radicals. Indeed,
there is increased evidence that ethanol toxicity may
be associated with an increased production of reac-
tive oxygen intermediates. Increased generation of oxy-
gen- and ethanol-derived free radicals occurs at the
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microsomal level, especially through the intervention
of the ethanol-inducible CYP2E1. This induction is
accompanied by increased oxidation of NADPH with
resulting H,O, generation. There is also increased
superoxide radical production. This oxidative stress
contributes to the lipid peroxidation associated with
alcoholic liver injury. Lipid peroxidation correlates
with the amount of CYP2ELI in liver microsomal pre-
parations and it can be inhibited by antibodies against
CYP2E].

CYP2E] also activates many xenobiotic compounds
to their toxic metabolites, often free radicals. This per-
tains, for instance, to carbon tetrachloride and other
industrial solvents such as bromobenzene and vinyli-
dene chloride as well as anesthetics such as enflurane
and halothane. Ethanol abuse also markedly increases
the activity of microsomal benzene-metabolizing
enzymes and aggravates the hematopoietic toxicity of
benzene. In addition, enhanced metabolism (and toxi-
city) pertains to a variety of prescribed drugs, including
isoniazid and phenylbutazone and some over-the-
counter medications such as acetaminophen (paraceta-
mol or Tylenol), all of which are substrates for, or
inducers of, CYP2E1. Therapeutic amounts of acetami-
nophen (2.5 to 4 g per day) can cause hepatic injury in
alcoholics. In animals given ethanol for long periods,
hepatotoxic effects peaked after withdrawal when etha-
nol was no longer competing for the microsomal path-
way but levels of the toxic metabolites were at their
highest. Thus, alcoholics are most vulnerable to the
toxic effects of acetaminophen shortly after cessation
of chronic drinking. In fact, such patients hospitalized
with acetaminophen toxicity related to accidental mis-
use had higher rates of morbidity and mortality than
those who attempted suicide, even though the latter had
taken more acetaminophen.

There is an association between alcohol misuse and
an increased incidence of upper alimentary and respira-
tory tract cancers. Many factors have been incriminated,
one of which is the effect of ethanol on enzyme systems
involving activation of carcinogens by CYP2EL.

Alcoholics are also commonly heavy smokers, and
the synergistic effects of alcohol consumption and
smoking on cancer development are striking, with a
44-fold increase of esophageal cancer in human.

Most importantly, induction of the MEOS results in
interaction with many nutrients, as reviewed elsewhere,
and in enhanced acetaldehyde production (Fig. 2),
which, in turn, aggravates the oxidative stress directly
as well as indirectly by impairing defense systems
against it. Acetaldehyde is a major cause of complica-
tions (Fig. 2) that contribute to the development of liver
injury.
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FIGURE 2 Hepatic, nutritional and metabolic abnormalities after ethanol abuse. Malnutrition,
whether primary or secondary, has been differentiated from direct toxicity of ethanol. The latter
results from redox changes, effects secondary to microsomal induction, the generation of acetalde-
hyde, direct membrane alterations, and/or hypoxia.

The Catalase Pathway

Catalase is capable of oxidizing alcohol in vitro in the
presence of an H,O,-generating system and its interac-
tion with H,O, in the intact liver was demonstrated.
However, its role is limited by the small amount of H,0,
generated and, under physiological conditions, catalase
appears to play no major role in ethanol oxidation.

The catalase contribution might be enhanced if sig-
nificant amounts of H,O, become available through
B-oxidation of fatty acids in peroxisomes. Indeed,
long-term ethanol consumption is associated with
increases in the content of a specific cytochrome
(CYP4A1) that promotes microsomal ®-hydroxylation
of fatty acids, which may compensate, at least in part, for
the deficit in fatty acid oxidation due to the ethanol-
induced injury of the mitochondria. Products of m-oxi-
dation also increase liver cytosolic fatty acid-binding
protein and peroxisomal B-oxidation, an alternate but
modest pathway for fatty acid disposition.

OXIDATION OF ETHANOL IN THE
STOMACH: GENDER AND ETHNIC
DIFFERENCES

Alcohol was known to disappear from the stomach and
this was considered to be part of its “absorption” from

the gastrointestinal tract (Fig. 1). It is now apparent
that some of this absorbed ethanol is in fact metabolized
in the gastric wall. As a result, when alcohol is taken
orally, blood levels achieved are generally lower than
those obtained after administration of the same dose
intravenously, so-called first-pass metabolism (FPM).
Indeed, the gastric mucosa contains the same diversity
in isozymes of ADH (except for m) as the liver (vide
supra). However, in addition, it has a class IV ADH
(called o-ADH) that is not present in the liver. This
enzyme has now been purified, its full-length cDNA
has been obtained, and the complete amino acid
sequence has been deduced. Furthermore, the gene
(ADH7) was cloned and localized to chromosome 4
by Yokoyama et al. in 1996. The upstream structure
of the human ADH7 gene and the organ distribution
of its expression were also defined. 6-ADH was found
to have a high capacity for ethanol oxidation, greater
than that of the other isozymes. Its affinity for
ethanol is relatively low, with a K;,, of approximately
30mM, but this is not a drawback in the stomach,
where ethanol is commonly present at much higher
concentrations.

In vitro, gastric ADH was found to be responsible for
a large fraction of the ethanol metabolism observed in
cultured rat and human gastric cells. Thus, FPM reflects,
at least in part, gastric metabolism.
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The concept of a significant ethanol metabolism in
the stomach was also supported indirectly by the obser-
vation that commonly used drugs, such as aspirin, and
some histamine-2 blockers, which decrease the activity
of gastric ADH and/or accelerate gastric emptying, also
increase blood alcohol levels in vivo. This was particu-
larly apparent after the repeated intake of low alcohol
doses, mimicking social drinking. Although questioned
at first, such increases in blood levels have now been
widely confirmed. The blood level achieved by each
single administration of a low dose is small, but social
drinking is usually characterized by repetitive con-
sumption of small doses. Under those conditions, the
effect of the drug is cumulative, and the increase in
blood alcohol becomes sufficient to reach levels
known to impair cognitive and fine motor functions.

Some ethnic differences also support the concept of
the role of gastric ADH in FPM of ethanol. Indeed, o-
ADH is absent or markedly decreased in activity in a
large percentage of Japanese subjects. Their FPM is cor-
respondingly reduced.

Gender differences have also been described: In
Caucasians, gastric ADH activity is lower in women
than in men, at least below the age of 50 years, a differ-
ence mainly due to lower y-ADH activity in women.
This is associated with higher blood alcohol levels, an
effect more striking in alcoholic women than in non-
alcoholic women because FPM is partly lost in the alco-
holic, together with decreased gastric ADH activity.
Furthermore, in women, the alcohol consumed is dis-
tributed in a 12% smaller water space because of a dif-
ference in body composition (more fat and less water).
The larger proportion of ethanol that enters the systemic
circulation in women than in men may contribute to
their greater vulnerability to alcohol, not only in terms
of central nervous system manifestations but also for
liver disease, especially since women have less effective
defense mechanisms against alcoholic liver injury
than men.

The magnitude of FPM also depends on the concen-
tration of the alcoholic beverages used. Indeed, gastric
ADH isozymes require a relatively high ethanol concen-
tration for optimal activity. Therefore, the concentra-
tion of alcoholic beverages affects the amount
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metabolized, with lesser gastric FPM (and hence
more alcohol reaching the blood) after weak beverages
(such as beer) than for equivalent amounts of ethanol
consumed in strong beverages (such as whiskey). Fast-
ing also strikingly decreases FPM, most likely because of
accelerated gastric emptying, resulting in shortened
exposure of ethanol to gastric ADH and its more
rapid intestinal absorption.

In summary, gastric FPM of ethanol represents a
useful barrier against excess penetration of ethanol
into the body.
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ascites Accumulation of fluid in the peritoneal cavity.

cholestasis Arrest in the flow of bile.

collagen Fibrous protein constituent of bone, cartilage,
tendon, and scar tissue.

edema Accumulation of excessive watery fluid in tissues, or
serous cavities.

encephalopathy Any of various diseases of the brain.

endoplasmic reticullum Membrane network in cytoplasm
composed of tubules or cisternae. Some membranes
carry ribosomes on their surfaces (rough endoplasmic
reticulum), whereas others are smooth.

fenestration Opening in the surface of a structure, as in a
membrane.

hemochromatosis Hereditary disorder of iron metabolism
characterized by excessive accumulation of iron in tissues.

hepatocellular carcinoma Cancer derived from parenchymal
cells in the liver.

hepatocyte Main liver cell.

necrosis Death of cells or tissues through injury or disease.

peritonitis Inflammation of the lining of the abdominal
cavity.

polymorphonuclear leukocyte White blood cell, usually
neutrophilic, having a nucleus that is divided into lobes.

steatosis Accumulation of fat within the cells of an organ,
such as the liver, resulting in diminished functioning.

ultrastructural Visible under the electron microscope.

Liver disease in the alcoholic patient has long been
believed to be due exclusively to malnutrition, but at
present, the additional role of ethanol hepatotoxicity is
well established. In the absence of dietary deficiencies,
and even in the presence of protein-, vitamin-, and
mineral-enriched diets, ethanol produces a fatty liver
with striking ultrastructural lesions, both in rats and in
human volunteers, and scarring or fibrosis with cirrhosis
in nonhuman primates. In humans, there is a clear link
between the amount of alcohol consumed and the inci-
dence of cirrhosis, associated with deadly complications.

INTRODUCTION

The clinical course and ultimate outcome of alcoholic
liver disease is dismal. In a prospective survey of 280
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patients with alcoholic liver injury, Chedid and co-
workers found that, within 48 months of followup,
30% of those with a fatty liver, more than half of
those with cirrhosis, and two-thirds of those with cir-
rhosis plus alcoholic hepatitis died. This outcome is
more severe than that of many cancers, yetitis attracting
much less concern, both among the public and the med-
ical profession. This may be due, at least in part, to a
prevailing and pervasive perception that not much can
be done about this major public health issue. Pathogenic
concepts of alcoholic liver disease, however, are evol-
ving, and elucidation of the biochemical effects of etha-
nol allows for a more optimistic outlook in terms of
diagnosis and treatment.

NATURAL COURSE OF ALCOHOLIC
LIVER DISEASE

Fatty Liver

Fat accumulation in the liver cells is the earliest and
most common response to alcohol metabolism in the
liver. The normal liver weighs about 1.5 kg, whereas the
alcoholic fatty liver weighs 2.0—2.5kg. Macroscopi-
cally, on hematoxylin- and eosin-stained sections, par-
enchymal accumulation of lipid is seen as clear
intracytoplasmic vacuoles, or as black or red globules
with various Sudan stains. In massive steatosis (Fig. 1),
the hepatocytes are uniformly filled by larger fat dro-
plets. The cell nucleus may be eccentrically placed, and
when the cell membranes between adjacent hepatocytes
rupture, fatty cysts are formed. Increased hepatic lipid
accumulation (involving mainly a 3- to 10-fold rise in
triglycerides) can be demonstrated by biochemical mea-
surements before it becomes histologically apparent.
Evidence of necrosis is usually sparse but sometimes
the hepatocytes are surrounded by a mild accumulation
of inflammatory cells. When pronounced, these forma-
tions are called “lipogranulomas.”

Ultrastructural changes reveal enlarged and dis-
torted mitochondria with shortened cristae, sometimes

Copyright 2004, Elsevier (USA). All rights reserved.
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FIGURE 1 Severe fatty liver of an alcoholic. The hepatocytes
are uniformly filled by large fat droplets and nuclei are eccentri-
cally placed. TV, Terminal venule. Hematoxylin and eosin stain-
ing, x250. Reproduced with permission from Lieber (1992).

containing crystalline inclusions. The endoplasmic reti-
culum shows vacuolar dilatation and proliferation.
Despite adequate nutrition, alcohol was found to induce
these alterations in rats and baboons (Fig. 2) and in
alcoholic human volunteers.

FIGURE 2  Uluastructural changes in a baboon liver following
prolonged ethanol ingestion. Note the prominence of the smooth
endoplasmic reticulum (ser). Mitochondrial changes include
swelling, shortening of the cristae, and some giant forms (GM).
Some normal-sized mitochondria (m) are still present. Disrup-
tions of mitochondrial membranes are common. BC, Bile
canaliculus. Uranyl acetate and lead staining, x9500. Repro-
duced with permission from Lieber (1992).

The clinical spectrum of alcoholic fatty liver may
extend from silent, nonsymptomatic hepatomegaly to
severe hepatocellular failure with cholestasis and
impaired blood flow through the liver. Most of the
patients with simple fatty liver are virtually asympto-
matic. Hepatomegaly is the commonest clinical sign,
present on physical examination in 75% of patients.
In more advanced cases, hepatic tenderness, anorexia,
nausea, emesis, jaundice, and even fluid accumulation
in the abdomen (ascites) are present. Severe forms of
fatty liver may present a clinical picture mimicking
extrahepatic obstructive jaundice, especially if asso-
ciated with dark urine and light-colored stools. Typical
abnormalities in laboratory tests are slightly or moder-
ately elevated y-glutamyl transferase (GGT) and serum
(alanine and aspartate) transaminases (AST and ALT).
In contrast to more advanced alcoholic liver injury, all
the abnormalities of the laboratory tests tend to return to
normal within the first days of abstinence.

Perivenular Fibrosis

Although it can occur anywhere in the liver, the
earliest deposition of fibrous tissue is generally seen
around the central veins and venules—now called term-
inal hepatic venules. Fibrosis around these veins has
been described in alcoholic hepatitis and is often asso-
ciated with a necrotizing process called sclerosing hya-
line necrosis. When intensive, it may obliterate the
terminal hepatic veins and lead to postsinusoidal portal
hypertension with ascites prior to the development of
cirrhosis. Itis important to note that perivenular fibrosis
can be seen in the absence of, or prior to, widespread
inflammation and necrosis, in association with what
pathologists would label as “simple” fatty liver.

Once perivenular fibrosis has developed, it indicates
that the patient has already entered the fibrotic process
and that, on continuation of drinking, he or she will
rapidly develop more severe stages, including cirrhosis.
Thus, this lesion can be considered as a marker of vul-
nerability to the development of subsequent cirrhosis
and therefore can be used as an indication for active
intervention.

Alcoholic Hepatitis

This stage is characterized by the appearance of
necrosis with an inflammatory reaction, including poly-
morphonuclear cells. Although the incidence of fatty
liver in alcoholics is very common, alcoholic hepatitis
develops in only a fraction of heavy drinkers. Histolo-
gical characteristics of alcoholic hepatitis are ballooning
and a great disarray of hepatocytes (predominantly in
perivenular areas) with disseminated infiltration by
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polymorphonuclear inflammatory cells and varying
degrees of steatosis, necrosis, fibrosis, and cholestasis.
Mallory’s alcoholic hyaline (irregular cytoplasmic
bodies) can be considered as a diagnostic hallmark,
but it is not always present. Ultrastructural changes
in alcoholic hepatitis are similar but are more severe
than the ones seen in fatty liver. Collagen fibers may
surround the liver cells and interfere with their expo-
sure to the blood.

The clinical spectrum of alcoholic hepatitis may thus
range from mild hepatomegaly to fatal disease with
jaundice, ascites, liver coma, gastrointestinal hemor-
rhage, and with all the complications of severe hepatic
insufficiency. In general, there is a correlation between
the severity of the histological features of alcoholic
hepatitis (hepatocellular necrosis, leukocytic infiltra-
tion, frequency of alcoholic hyaline) and the degree
of hepatomegaly, leukocytosis, and elevations of
serum transaminases and the intensity of symptoms.

Among the laboratory abnormalities, an AST/ALT
ratio greater than 2.0 is considered indicative for alco-
holic liver injury. However, this ratio may be less helpful
in the presence of cirrhosis. The depression of serum
albumin and the prolongation of the prothrombin time
have been shown to correlate with the severity of the
histological lesions. Other common laboratory findings
include serum bilirubin elevations (in 90% of patients).
It should, however, be remembered that serum bilirubin
may also be increased in the absence of alcoholic hepa-
titis (for instance, because of red cell destruction or
pancreatitis, an inflammation of the pancreas).

Cirrhosis

Macroscopically, the early cirrhotic liver is golden
yellow with fine uniform nodules (from 1 to 5mm) on
the surface. Traditionally, this type of cirrhosis is called
micronodular, or Laennec’s, cirrhosis. The size of the
liver varies, depending on the degree of fibrosis, inflam-
mation, and steatosis, from a small, shrunken, and hard
liver to a large organ weighing up to 4 kg.

Microscopically, scar tissue distorts the normal
architecture of the liver by forming bands of connective
tissue joining portal and central zones (Fig. 3). At first,
nodules are regular in size and shape. In more advanced
cirrhosis, some nodules become larger and irregular.

One of the most characteristic features of cirrhosis is
the change in the hepatic blood circulation. Inflamma-
tion and perivenular fibrosis (vide supra) may impair
blood flow and the regenerative nodules may also com-
press the hepatic veins, resulting in localized increased
blood pressure. With the progression of the fibrosis, the
blood flow is further depressed. In addition, the total

FIGURE 3  Section of liver from an alcoholic patient, showing
cirrhosis. The normal liver parenchyma is replaced by nodules
surrounded by abundant bands of fibrotic tissue. Hematoxylin and
eosin staining, x50. Reproduced with permission from Lieber
(1992).

blood flow through the cirrhotic liver decreases. This
results from extrahepatic shunts bypassing the scarred
liver. These shunts further isolate the hepatocytes from
their blood supply. As a result, marked deterioration in
hepatic functions occurs.

In addition to fibrosis, fat, inflammatory reactions,
cholestasis, and histologically stainable iron deposits
are common in cirrhotic livers, especially in alcoholic
subjects. But total iron stores are very seldom increased
and never exceed 179 mmol (10 g). The differentiation
from primary hemochromatosis is possible by measur-
ing the total hepatic iron content from liver biopsies.

Hepatocellular carcinoma (HCC) has become a rela-
tively frequent finding in liver cirrhosis, presumably
because of improved management and prolonged sur-
vival. Pathogenetically, it has been traditionally related
to cirrhosis, but possible carcinogenic properties of
alcohol must also be considered, because primary hepa-
tocellular carcinoma can complicate noncirrhotic alco-
holic liver disease. Furthermore, at least in some
patients, there is a significant interaction between alco-
hol and viral hepatitis, especially hepatitis C, in hepa-
tocarcinogenesis.

Most patients are diagnosed when they seek treat-
ment for complications. Autopsy studies show that cir-
rhosis may remain unrecognized antemortem in 40% of
the patients, and it is discovered fortuitously in about
20% of patients on routine examination or during the
evaluation of some other, unrelated, disease.

Low-grade and continuous fever is also common in
decompensated cirrhosis. Jaundice and hepatomegaly



28

are typical primary physical signs of cirrhosis. Second-
ary phenomena include portal hypertension with
splenomegaly, edema, and ascites; encephalopathy; and
gastrointestinal hemorrhage from bursting esophageal
or gastric varices, and bleeding tendencies due to clot-
ting factor deficiencies resulting from hepatocyte mal-
function. Tertiary complications include spontaneous
peritonitis caused by anaerobic bacteria.

Typically, blood tests reveal a decrease in serum
albumin with increased and abnormal globulins.
Serum transaminases and bilirubin are usually only
mildly elevated, with more striking increases in the
end stages. As previously discussed, the outcome is
often dismal, with a 1-year mortality of 50% or more
in patients over the age of 60 years.
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cytosol The fluid component of cytoplasm, excluding
organelles.

endoplasmic reticnlum The membrane network in cyto-
plasm that is composed of tubules or cisternae. Some
membranes carry ribosomes on their surfaces (rough
endoplasmic reticulum) and others are smooth.

free radicals (1) An uncharged atom or group of atoms
having at least one unpaired electron, which makes it
highly reactive. (2) An organic compound having some
unpaired valence electrons; a normal by-product of
oxidation reactions in metabolism.

microsomes Small particles in the cytoplasm of a cell,
typically consisting of fragmented endoplasmic reticu-
lum to which ribosomes are attached.

mitochondrion A spherical or elongated organelle in the
cytoplasm of the cell, containing genetic material and
many enzymes important for cell metabolism, including
those responsible for the conversion of food to usable
energy. It consists of two membranes: an outer smooth
membrane and an inner membrane arranged to form
cristae.
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peroxisomes Cell organelles containing enzymes, such as
catalase and oxidase, that catalyze the production and
breakdown of hydrogen peroxide.

Ethanol (also called alcohol or ethyl alcohol) is the most
commonly abused psychoactive drug, yet it is legal in
most countries. Its metabolism is the cause of a vast
array of pathologic manifestations.

INTRODUCTION

Ethanol is readily absorbed from the gastrointestinal
tract but only 2 to 10% is eliminated through the kidneys
and lungs; the rest is metabolized in the body. Many
tissues contain enzymes capable of ethanol oxidation or
nonoxidative metabolism, but significant activity occurs
only in the liver (Fig. 1) and, to a lesser extent, in the
stomach. Accordingly, medical consequences are

Copyright 2004, Elsevier (USA). All rights reserved.
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gadolinium chelate Magnetic resonance intravenous contrast
agent that produces T1 shortening of adjacent water
molecules, resulting in tissue brightening.

inflammatory bowel disease Group of idiopathic bowel
disorders characterized by inflammation. The most
common types of inflammatory bowel disease are
Crohn’s disease and ulcerative colitis.

magnetic resonance imaging Technique that is based on the
interaction between an external magnetic field and a
nucleus that possesses spin. The patient is exposed to
energy at a specific, correct frequency; this energy is
absorbed and a short time later is released, at which time
it can be detected and processed to yield images.

T1-weighted images Precontrast, provide information on
abnormally increased fluid content or fibrous tissue
content (e.g., low signal intensity) and information on
the presence of subacute blood or concentrated protein
(e.g., high signal intensity). The addition of fat suppres-
sion allows blood to be distinguished from fat. Post-Gd
images increase the conspicuity of disease processes.

T2-weighted images Provide information about the presence
of increased fluid in diseased tissue (e.g., high signal
intensity) and the presence of chronic fibrotic tissue or
iron deposition (e.g., low signal intensity).

Alimentary tract magnetic resonance imaging is an impor-
tant and well-established tool for colon cancer and inflam-
matory bowel disease evaluation. Many more applications
are emerging as higher gradients and faster imaging tech-
niques allow for noninvasive, real-time evaluation of the
gastrointestinal system.

INTRODUCTION

Hardware and software advancements have expanded
the role of magnetic resonance imaging (MRI) of the
alimentary tract. Breath-hold imaging (T1-weighted
fat-suppressed spoiled gradient echo and T2-weighted
single-shot fast spin) combined with intravenous gado-
linium (Gd) chelates will result in reproducible, high-
quality images that arrest bowel motion, decrease
susceptibility artifacts, remove the competing high sig-
nal intensity of intraabdominal fat, expand the dynamic
range of signal intensities, and facilitate distinction of
bowel wall from intraluminal contents. The role of oral
contrast agents remains controversial and their use is
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not routine. Established and evolving applications of
alimentary tract MRIs include colon carcinoma evalua-
tion (screening, staging, and distinguishing recurrent
tumors from radiation therapy changes) and inflamma-
tory bowel disease evaluation (type and severity).

TECHNIQUE

To limit peristalsis, patients should fast 4—6 hours prior
to the examination; alternatively, intravenous antiper-
istaltics (1 mg glucagon) may be given prior to imaging.
Imaging is optimized with the use of a torso-phased
array coil. A standard protocol involves orthogonal
T1l-weighted spoiled gradient echo (T1-W SGE)
sequences (with and without fat suppression), orthogo-
nal T2-W single-shot fast spin echo sequences (T2-W
SSESE) (Fig. 1), and orthogonal post-Gd (0.1 mmol /kg)
fat-suppressed T1-W SGE sequences. High-resolution
(512 matrix) T2-W fast spin echo (T2-W FSE)
sequences are reserved for imaging the rectum. This
is because the rectum is relatively fixed in position
and therefore refractory to blurring artifacts associated
with bowel motion. The rectum may also be imaged with
an endoluminal coil. This coil optimizes spatial resolu-
tion and improves conspicuity of the different rectal
wall layers, sphincter complex, and disease states. Mag-
netic resonance (MR) colonography has been gaining
momentum and involves distending the large bowel
with a 2-liter solution of water spiked (20ml) with
gadolinium chelate (0.5 mol/liter) and obtaining coro-
nal three-dimensional (3D) spoiled gradient echo volu-
metric slabs and two-dimensional (2D) T2-W SSFSE
images. The 3D data sets are then postprocessed
using commercially available software (Fig. 2).

COLON CARCINOMA
Screening

Colon cancers predilect the rectosigmoid colon.
Tumorsmay be polypoid, circumferential, or plaquelike.
There is ongoing controversy concerning the most
appropriate screening program (hemoccultstool testing,
conventional colonoscopy, barium enema, and, most

Copyright 2004, Elsevier (USA). All rights reserved.
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FIGURE 1 Normal bowel. T2-W SSFSE of normal bowel. Coronal (a, b) images highlight normal small (arrows, a) and large (arrow, b)
bowel anatomy. The junction of the common bile duct and pancreatic duct at the major papilla (arrowhead, a) is easily visible, as are the
valvulae conniventes in the fluid-filled small intestine. From Semelka et al. (2002), Gastrointestinal tract. In “Abdominal-Pelvic MRIL.”
Copyright 2002 John Wiley. This material is used by permission of John Wiley & Sons, Inc.

recently, virtual colonography/colonoscopy). The diag-
nostic performance of MR colonoscopyisdirectlyrelated
to lesion size. For example, the sensitivity, specificity,
positive predictive value, and negative predictive value
for detecting polyps 10 mm or greater are 93,99, 93, and

99%, respectively (Fig. 3). This falls to 75, 92, 72, and
93%, respectively, when using a lesion cutoff value of
7 mm. The performance of MR colonography is expected
to improve with optimization of spatial resolution
associated with advances in receiver coil technology,

FIGURE 2 MR colonoscopy (sigmoid cancer). The MR colonoscopy images and corresponding
endoscopic image show an apple-core lesion in the sigmoid colon. The MR colonoscopy was per-
formed by distending the colon with Gd-doped water. Images courtesy of Dr. Jorg Debatin, Germany.
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FIGURE 3 MR colonoscopy (12-mm pedunculated polyp). The MR colonoscopy and correspond-
ing endoscopic image demonstrate a polyp. The sensitivity, specificity, and positive and negative
predictive values for MR colonoscopy are maximal for polyps equal to or greater than 10 mm. Images

courtesy of Dr. Jorg Debatin, Germany.

faster gradients systems, and more efficient pulse
sequences.

Preoperative Staging

Once colon cancer is diagnosed, MRI is useful in
staging, especially when the tumor involves the rec-
tum. Specifically, for locoregional spread, there is
good correlation between MRI techniques and surgical
specimens for tumor size, wall involvement, peritu-
moral invasion, and lymph node involvement. For
distant metastases (e.g., liver metastases), a dynamic
contrast-enhanced scan of the abdomen is often done
at the time of pelvic imaging. Colon cancer is staged
according to the TNM classification (T, tumor size
assessment; N, degree lymph node involvement;
M, degree of metastasis).

Primary colon tumors are often heterogeneous in
signal intensity on T2-W images. Also, though
many tumors have moderately high signal intensity com-
ponents, these may be difficult to appreciate on T2-W
SSFSE and FSE sequences, where the surrounding fat is
alsohighinsignalintensity—though thisphenomenonis
usually less problematic on standard T2-W FSE
sequences. Tumors with a shaggy outer margin and
loss of the normal low signal intensity outer bowel mus-
cularis propria suggest lymphovascular invasion. Colon
cancers enhance following the administration of con-
trast. Similarly, peritumoral extension, lymph node
metastases, and peritoneal seeding all enhance on fat-
suppressed Gd T1-W SGE imaging (Fig. 4). Lymph
node metastases are common with alimentary tract

malignancies and may be present in “nonpathologically”
enlarged nodes; their presence may be inferred, however,
when noting greater than five lymph nodes measuring
<10 mminshortaxisinaregional distributionrelated to
the primary tumor. Liver metastases are well depicted
on MRIs and tend to have irregular borders.

There have been no large randomized clinical trials
to compare the staging accuracy of state-of-the-art MR
and multidetector computer tomography (CT) for
patients with colon cancer. Summarizing older litera-
ture, the overall staging accuracy of these two modalities
is equivalent, approximately 70%. And though the
report from the Radiology Diagnostic Oncology
Group (RDOG) 1I found that CT was more accurate
in detection of tumor penetration of the muscularis
propria; current MR techniques (e.g., breath-hold ima-
ging and contrast-enhanced fat-suppressed imaging)
render the RDOG findings obsolete.

Recurrent Tumor versus Radiation Fibrosis

Rectosigmoid cancers recur at a rate of 8—50%. This
range reflects differences in the stage of primary tumor
at presentation. Local recurrences are most common
and, if diagnosed early, are amenable to curative resec-
tion. Recurrent rectal carcinomas are best imaged in the
sagittal plane. One study reported 93.3% accuracy in
detecting recurrent rectal cancers using T1-W, T2-W,
and Gd T1-W sequences. Others have shown MRI to be
superior to conventional CT and transrectal ultrasound
(US) for identifying recurrent disease. Data on multi-
detector CT are at present, unknown.
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FIGURE 4 Rectal cancer. Sagittal (a) and axial (b) T2-W FSE and sagittal (c) and axial (d) fat-suppressed Gd T1-W SGE
images in a patient with advanced rectal cancer. The sagittal image demonstrates the craniocaudad extent of the tumor
(arrows, a). Extension to the anal verge (arrow, b) is confirmed on the axial images. On the T2-W sequences, the tumor’s
shaggy border suggests lymphovascular involvement that is confirmed on the contrast-enhanced images (arrows, c, d).
Similarly, presacral spread of tumor is more conspicuous following gadolinium (open arrows, ¢). From Semelka et al. (2002).
Gastrointestinal tract. In “Abdominal-Pelvic MRI.” Copyright 2002 John Wiley. This material is used by permission of John Wiley &
Sons, Inc.

A recurrent tumor is often low in signal intensity on
T1-W techniques and enhances less than primary
tumors following the administration of gadolinium
chelates. On T2-W images, recurrences are often
moderately high in signal intensity, but, as with primary
tumors, this may not be conspicuous on T2-W SSFSE
sequences. Recurrent tumors tend to be more nodular
and “masslike” compared to postradiation fibrosis;
though the two entities may coexist.

Following 1 year of treatment, radiation fibrosis is
often low in signal intensity on both T1-W and T2-W
sequences and has negligible enhancement (Fig. 5).
Unfortunately, associated granulation tissue may
also demonstrate high signal intensity for up to 3
years posttreatment. This phenomenon is most pro-
nounced with patients who have received >45 mGy.
Similarly, overlap in signal intensity between recurrent
disease and fibrosis on T2-W SSFSE can occur when
normal high-signal-intensity fat is admixed with low-

signal-intensity fibrosis (Fig. 6). And, though radia-
tion fibrosis is morphologically a plaquelike process,
recurrent tumor with desmoplastic features may
mimic these radiation-induced changes. Because recur-
rent carcinoma and radiation changes share many ima-
ging features, interpretation should be performed with
appropriate clinical correlation [e.g., rising carcino-
genic embryonic antigen (CEA) levels].

INFLAMMATORY BOWEL DISEASE

MRI is robust for evaluating patients with inflammatory
bowel disease (IBD). It correlates well with clinical
indices, endoscopy, and histology. Furthermore, MRI
may aid in diagnosing the type of IBD (Crohn’s disease
vs. ulcerative colitis), establishing a baseline of involve-
ment and monitoring treatment response—all without
exposing a patient to ionizing radiation. It is even
useful for imaging complications associated with IBD
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FIGURE 5 Posttreatment fibrosis. Axial high-resolution T2-W
FSE image in a patient after surgery. The low signal intensity in the
surgical bed (asterisk) is consistent with fibrosis. Its plaquelike
morphology favors postradiation change, whereas recurrent
tumor tends to be more nodular. From Semelka et al. (2002). Gas-
trointestinal tract. In “Abdominal-Pelvic MRIL.” Copyright 2002 John
Wiley. This material is used by permission of John Wiley & Sons, Inc.

(e.g., abscess, fistulae, strictures/obstruction, and toxic
megacolon).

Crohn’s Disease

For patients with Crohn’s disease, T2-W SSFSE and
fat-suppressed Gd T1-W SGE sequences demonstrate
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classic findings: transmural involvement, skip lesions,
and mesenteric inflammation. The terminal ileum,
alone or in conjunction with other regions of the ali-
mentary tract, is involved in approximately 70% of
cases; whereas isolated Crohn’s colitis occurs in about
25% of cases. MRI correlates of clinical disease activity
have been worked out. Severity of disease (mild, mod-
erate, or severe) is based on wall thickness, length of
diseased segment, and percent bowel wall enhancement
(Table I) (Fig. 7). MR assessment is performed on the
nondependent bowel surface. For mural enhancement,
qualitative assessment is performed by comparing
bowel wall enhancement to renal parenchyma. Specifi-
cally, bowel should never enhance to the same degree as
renal cortex on either the initial capillary phase or the
interstitial phase images. For quantitative analysis,
the abnormal segment is measured 2.5 minutes after
injection. Imaging at this time (interstitial phase)
reflects capillary leakage and impaired venous egress
in the inflamed segment. Acute-on-chronic disease
may deviate from expected MR findings: there is
often marked enhancement of the mucosa of the
involved loop of thickened bowel, with minimal
enhancement of its outer layer.

Fistulae are common complications of Crohn’s dis-
ease and MR images them well. Depending on their
contents, they may have high signal intensity on
T2-W images (e.g., fluid filled); alternatively, they
may be signal void (e.g., gas filled). Multiplanar
imaging combined with fat suppression increases the

FIGURE 6 Recurrence simulating posttreatment fibrosis. Axial high-resolution T2-W FSE (a) and fat-suppressed T1-W SGE (b) images
in a patient 1.5 years after treatment for rectal cancer. Heterogeneous and bulky high-signal-intensity soft tissue (arrrows, a) occupies the
surgical bed, a worrisome indication for recurrent disease. Granulation tissue from radiation, inflammation, or infection may image
similarly. The heterogeneity is misleading and results from high-signal-intensity fat—a phenomenon associated with fast spin echo
techniques—admixed with low-signal-intensity fibrotic tissue. Negligible enhancement favors the diagnosis of fibrosis (arrows, b).
From Semelka et al. (2002). Gastrointestinal tract. In “Abdominal-Pelvic MRIL.” Copyright 2002 John Wiley. This material is used by permission
of John Wiley & Sons, Inc.
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FIGURE 7 Severe Crohn’s disease. Coronal T2-W SSFSE (a, b) and fat-suppressed Gd T1-W SGE (¢, d) images in a patient
with inflammatory bowel disease. The coronal T2-W SSFSE images demonstrate thickened loops of small bowel (arrows, a, b)
to include the diseased terminal ileum entering the cecum (arrowhead, a). The corresponding enhanced images show marked
transmural enhancement of the affected segments and surrounding tissues. In addition, a fistula associated with the ileo-cecal
valve is highlighted (arrow, c¢). The wall thickness, length of involved bowel, and percent enhancement are consistent with
severe Crohn’s disease. From Semelka et al. (2002). Gastrointestinal tract. In “Abdominal-Pelvic MRL.” Copyright 2002 John Wiley.
This material is used by permission of John Wiley & Sons, Inc.

conspicuity of the enhancing fistulous tracts on post-

: . , , Ulcerative Colitis
contrast images (Fig. 7¢). Focal loss of integrity of the

involved organ at the site of fistula penetration is diag- Ulcerative colitis (UC) is a chronic mucosal disease
nostic. In the case of strictures, T2-W SSFSE demon- that begins in the rectum and extends in a proximal
strates dilated obstructed bowel proximal to the site of fashion to involve all or part of the colon. Though

narrowing, as well as the offending stricture. the small bowel is not directly affected in UC, secondary
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TABLE I Crohn’s Disease Severity Criteria

Contrast Wall Length of
enhancement  thickness  diseased segment
Severity (%) (mm) (cm)
Mild” <50 <5 <5
Moderate 50—100 5-20 Variable
Severe >100 >10 >5

“Wall thickening must be at least 4 mm, and one of the other of
the two categories must be satisfied.

inflammation of the terminal ileum, or “backwash ilei-
tis” (reflux of colon contents into the small bowel), does
occur with pancolonic disease. The major complica-
tions of UC include increased risk of developing
colon carcinoma and toxic megacolon.

The MRI appearance is predictable: rectal involve-
ment with variable continuous retrograde progression
and submucosal sparing. Fat-suppressed Gd T1-W
imagingin the interstitial phase highlights the enhancing
high-signal-intensity mucosa surrounded by the negli-
giblyenhancinglow-signal-intensity submucosa (Fig. 8).
The vasa rectae also enhance prominently. In long-
standing disease, the submucosal sparing isaccentuated.
This is a function of submucosal edema and lymphan-
gectasia. Interestingly, the imaging features of toxic
megacolon differ from that of uncomplicated UC.
Toxic megacolon is a transmural process—full-
thickness enhancement usually accompanies the
involved segment, though regions with submucosal
sparing may coexist (Fig. 9).

FIGURE 8 Ulcerative colitis. Axial interstitial fat-suppressed
Gd T1-W spin echo image in a patient with ulcerative colitis.
There is marked mucosal enhancement (long arrows) with pro-
minent vasa rectae and submucosal sparing (short arrow). From
Semelka et al. (2002). Gastrointestinal tract. In “Abdominal-Pelvic
MRIL.” Copyright 2002 John Wiley. This material is used by permission
of John Wiley & Sons, Inc.
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FIGURE 9 Toxic megacolon. Axial T1-W SGE (a) and fat-
suppressed Gd T1-W spin echo (b, ¢) images in a patient with
ulcerative colitis complicated by toxic megacolon. Precontrast,
there are low-signal-intensity strands in the pericolonic fat
(arrows, a). After contrast, there is intense enhancement of the
sigmoid colon (asterisks, b, ¢) and vasa rectae (long arrows, b, ¢).
Though a feature of ulcerative colitis is submucosal sparing (short
arrow, ¢), cases complicated by toxic megacolon will also demon-
strate transmural abnormalities. From Semelka et al. (2002).
Gastrointestinal tract. In “Abdominal-Pelvic MRL.” Copyright 2002
John Wiley. This material is used by permission of John Wiley &
Sons, Inc.



40

See Also the Following Articles

Colitis, Ulcerative e Colorectal Adenocarcinoma e
Computed Tomography e Crohn’s Disease e Magnetic
Resonance Imaging

Further Reading

Beets-Tan, R. G. H., Betts, G. L., Borstlap, A. C. W., Oei, T. K,
Teune, T. M., and von Meyenfeldt, M. F. (2000). Preoperative
assessment of local tumor extent in advanced rectal cancer:
CT or high-resolution MRI? Abdom. Imaging 25, 533—541.

Berlin, J. W., Gore, R. M., Yaghmai, V., Newmark, G. M., and
Miller, F. H. (2000). Staging of colorectal cancer. Semin.
Roentgenol. 35, 370—384.

Kinkel, K., Tardivon, A. A., Soyer, P., Spatz, A., Lasser, P., Rougier,
P., and Vanel, D. (1996). Dynamic contrast-enhanced subtrac-
tion versus T2-weighted spin-echo MR imaging in the follow-up
of colorectal neoplasm: A prospective study of 41 patients.
Radiology 200, 453—458.

Knollman, F. D., Dietrich, T., Bleckmann, B. S., Bock, J., Maurer, ]J.,
Radtke, C., and Felix, R. (2002). Magnetic resonance imaging of
inflammatory bowel disease: Evaluation in a rabbit model.
J. Magn. Reson. Imaging 15, 65—173.

Lauenstein, T., Holtmann, G., Schoenfelder, D., Bosk, S., Ruehm, S. G.,
and Debatin, J. F. (2001). MR colonography without colonic
cleansing: A new strategy to improve patient acceptance. Am. J.
Roentgenol. 177, 823—-827.

Low, R. N., and Francis, I. R. (1997). MR imaging of the
gastrointestinal tract with IV gadolinium and diluted barium
oral contrast medica compared with unenhanced MR imaging
and CT. Am. J. Roentgenol. 169, 1051—-1059.

Luboldt, W., Bauerfeind, R., Wildermuth, S., Marincek, B., Fried, M.,
and Debatin, J. F. (2000). Colonic masses: Detection with MR
colonography. Radiology 216, 383—388.

ALIMENTARY TRACT, MRI OF THE

Marcos, H. B., and Semelka, R. C. (2000). Evaluation of Crohn’s
disease using half-fourier RARE and gadolinium-enhanced
SGE sequences: Initial results. Magn. Reson. Imaging 18,
263—-268.

Markus, J., Morrissey, B., deGara, C., and Tarulli, G. (1997). MRI of
recurrent rectosigmoid carcinoma. Abdom. Imaging 22,
338—-342.

Miller-Schimpfle, M., Brix, G., Layer, G., et al. (1993). Recurrent
rectal cancer: Diagnosis with dynamic MR imaging. Radiology
189, 881—889.

Schnall, M. D., Furth, E. E., Rosato, E. F., and Kressel, H. Y. (1994).
Rectal tumor stage: Correlation of endorectal MR imaging and
pathologic findings. Radiology 190, 709—714.

Schoenut, J. P., Semelka, R. C., Magro, C. M., Silverman, R., Yaffe, C.
S., and Mickflier, A. B. (1994). Comparison of magnetic
resonance imaging and endoscopy in distinguishing the type
and severity of inflammatory bowel diseases. J. Clin. Gastro-
enterol. 19, 31-35.

Semelka, R. C., Hricak, H., Kim, B., et al. (1997). Pelvic
fistulas: Appearances on MR images. Abdom. Imaging 22,
91-95.

Semelka,R. C.,Pedro,M.S., Armao, D.,Marcos, H.B.,and Ascher,S. M.
(2002). Gastrointestinal tract. In “Abdominal-Pelvic MRI”
(R.C. Smelka, ed.), 1st Ed., pp. 527—649. Wiley-Liss Inc.,
New York.

Semelka, R. C., (2002). “Abdominal-Pelvic MRIL,” pp. 527—649.
1st Ed., Wiley-Liss Inc., New York.

Stevenson, G. W. (2000). Colorectal cancer imaging: A challenge for
radiologists. Radiology 214, 615—621.

Thoeni, R. F. (1997). Colorectal cancer. Radiologic staging. Radiol.
Clin. North Am. 35, 457—485.

Zerhouni, E. A., Rutter, C. R., Hamilton, S. R, et al. (1996). CT and
MR imaging in the staging of colorectal carcinoma: Report of the
Radiology Diagnostic Oncology Group II. Radiology 200,
443-451.



Alpha-1-Antitrypsin (alAT) Deficiency

MicCHAEL K. PORAYKO
Vanderbilt University Medical Center

conformational diseases A group of disorders resulting from
gene mutations affecting the proper folding and three-
dimensional structure of intracellular proteins, leading
to changes in protein interactions, abnormal intracellular
accumulations, and altered function.

D-PAS-positive  globules  Diastase-resistant,  periodic
acid-Schiff-positive globules of ol-antitrypsin within
the liver.

isoelectric focusing An electrophoretic technique on poly-
acrylamide gel allowing better discrimination of ol-
antitrypsin glycoprotein variants.

loop-sheet polymerization The process whereby abnormally
folded ol-antitrypsin molecules link together to form
polymers and inclusions.

molecular chaperones Intracellular helper proteins that
assist in the proper folding of polypeptides into their
functional structures.

PI*QO Denotes the null genotype, characterized by the total
absence of serum al-antitrypsin.

PI*Z Denotes the alAT genotype.

PI Z Denotes the a1AT phenotype.

serpin Serine proteinase inhibitors constitute a family of
circulating molecules that share structural similarities
yet carry out diverse physiological functions in the body.

targeted homologous recombination A genetic technique
whereby a targeted or defective gene can be cleaved from
DNA and replaced by a normal form of the gene.

Among inherited diseases, ol-antitrypsin deficiency
(¢1ATD) is a relatively common disorder affecting the
cellular secretion of one of the body’s protective protei-
nase inhibitors. Specific mutations of the al-antitrypsin
(21AT) gene lead to changes in the three-dimensional
structure of its translated protein, which becomes trapped
in hepatocytes where it is formed. The resultant circulat-
ing deficiencies of a1AT allow destructive proteases to
cause tissue injury, particularly in the lung, and accumu-
lations of mutant ®1AT in liver cells disrupt normal func-
tion, sometimes leading to cirrhosis. ol-Antitrypsin
deficiency is only one member of a family of conforma-
tional diseases requiring more detailed understanding in
order to counteract common pathophysiological abnorm-
alities, namely, the improper folding and processing of
critical proteins, as a means of restoring normal biological
function. This article focuses primarily on the current
understanding of liver-related injury secondary to
alATD.
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INTRODUCTION

In the United States alone, more than 100,000 indivi-
duals have al-antitrypsin deficiency (21ATD). How-
ever, the disease goes undetected in many people
because the disorder is underappreciated and misinter-
preted. Given the protean functions of al-antitrypsin
(a1AT), patients with inherited deficiency mutations
can present in a variety of ways depending on the tissue
involved (e.g., lungs, liver, blood vessels, kidneys) and
the extent of injury. Clearly, multiple inherited and
environmental factors are involved in the full expres-
sion of disease in patients with «1ATD. Disease is not
inevitable, even in patients with the most severe forms of
deficiency. Alternatively, there are individuals with het-
erozygous genotypes and partial deficiencies of a1AT
who develop disease with all the manifestations of a
homozygote carrying two mutant alleles. Cigarette
smoking is one well-recognized example of an environ-
mental factor capable of accelerating pulmonary disease
in patients with «1ATD but modulating variables con-
tributing to liver injury in these patients remain spec-
ulative and are under investigation. Nonetheless, earlier
identification of patients at risk is important because
manifestations of disease can be moderated in some
instances by increasing awareness of potential aggravat-
ing conditions and applying preventative strategies. If
liver failure develops, liver transplantation can be cura-
tive but the success of surgery is greatest when per-
formed at an optimal time in the course of the
disease. Proper monitoring of the patient plays an
important role in making this determination. Genetic
counseling should be available for family members but
physicians must be cognizant of the potential implica-
tions of discovering an underlying genetic disorder,
especially in those yet unaffected by disease.

BIOLOGICAL AND
MOLECULAR CHARACTERISTICS

al-Antitrypsin is one of a family of molecules called
serine protease inhibitors that share structural homol-
ogy but are functionally diverse, regulating a variety of
proteolytic processes essential to life (Table I). The

Copyright 2004, Elsevier (USA). All rights reserved.
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TABLE 1 Serine Proteinase Inhibitors (Serpin Super-
family)

al-Antitrypsin
al-Antichymotrypsin
a2-Antiplasmin
Plasminogen activator I
Antithrombin III
Angiotensinogen
Kallistatin

Leukocyte inhibitor
Thyroxine-binding globulin
Cortisol-binding globulin
Heparin cofactor 11
Protease nexin I

Protein C inhibitor

activities of these molecules are highly dependent on
amino acid sequence and posttranslational intracellular
processing in order to evolve into a characteristic struc-
ture and shape. With proper conformational changes,
these molecules expose specific reactive centers critical
to their function. Misfolding of these polypeptides can
change the usual interactions with target molecules and
other proteins.

al-Antitrypsin is a relatively small glycoprotein
made up of 394 amino acids and three carbohydrate
side chains. Its primary role appears to be inhibition of
the proteolytic activities of neutrophil elastase, cathep-
sin G, and protease 3. The advantage of having ade-
quate levels of circulating «1AT is most evident when
considering the destructive actions of neutrophil elas-
tase in the lungs. Inhalations of pulmonary pollutants,
particularly cigarette smoke, attract and stimulate neu-
trophils, releasing destructive enzymes such as elastase.
Controlled release of these enzymes is intended to break
down components of the extracellular matrix, bacterial
cell walls, and other proteins to facilitate the movement
of inflammatory cells into affected areas of the lung. The
presence of alAT, with its ability to bind irrevocably
with neutrophil elastase and other destructive enzymes,
limits tissue injury, whereas severe deficiency of a1AT
has been clearly associated with premature develop-
ment of emphysema.

Synthesis of the alAT protein complex, which
occurs almost exclusively in the liver, involves a series
of steps within hepatocytes before the complex is
secreted into the circulation. The alAT molecule is
folded into a highly ordered three-dimensional struc-
ture composed of three B-sheets and nine a-helices as it
traverses the cell. Final assembly and folding of «1AT
occurs in the endoplasmic reticulum and Golgi appara-
tus with the help of one or more molecular chaperones
(e.g., calnexin, heat shock proteins) facilitating the

ALPHA-1-ANTITRYPSIN (alAT) DEFICIENCY

process (Fig. 1). When properly folded, a unique reac-
tive site centered around two amino acids, Met>*®—
Ser’®, is exposed on the surface of the olAT
molecule. The interaction of this site with its target
protease results in permanent inactivation of the
coupled molecules. Small amounts of flawed or impro-
perly folded proteins appear, ordinarily, to enter a sepa-
rate intracellular pathway for degradation and disposal.
Slight differences in the amino acid sequence of a1AT
can lead to significant changes in the final shape of the
molecule, altering its interactive surface. In the case of
a1AT, single point mutations can alter the protein com-
plex in such a way that the mutant «1AT molecules
begin to interconnect in a process called “loop-sheet”
polymerization. One polypeptide hooks into another
and so on, eventually forming conglomerations of poly-
merized molecules that aggregate in the cell’s endoplas-
mic reticulum, forming globules of varying size that are
visible by light microscopy. These globules can be
degraded over time, at different rates depending on
genetically determined processes, sometimes releasing
small quantities of viable 2 1AT molecules from the cell.
Individuals with more efficient mechanisms of aberrant
a1AT disposal may be less susceptible to the conse-
quences of intracellular accumulation.

NOMENCLATURE—PROTEASE
INHIBITOR PHENOTYPING

A gene located on the long arm of chromosome 14 reg-
ulates the production of ®1AT. This gene locus is extre-
mely pleiomorphic, with more than 100 different allelic
variants (protease inhibitor or PI types) identified to
date. Each inherited parental allele is co-dominantly
expressed. Therefore, the quantity of circulating
a1AT represents the combined product of the indepen-
dent expression of each allele (Table II). In order to
separate these variant glycoproteins into clinically
recognizable “phenotypes,” a classification system has
been devised, making use of distinctive patterns of
bands on polyacrylamide gel electrophoresis using a
special technique called isoelectric focusing. Phenoty-
pic variants are assigned letters from the alphabet based
on the locations of these bands on gel slabs. During the
process, faster moving molecules travel further along
the gel strip and are assigned letters at the beginning
of the alphabet, whereas slower moving variants are
assigned letters near the end of the alphabet. It is impor-
tant to note that the electrophoretic mobility does not
indicate specific function or the capacity to be secreted
from the hepatocyte. A majority of individuals (>95%)
produce a normal M variety of 21 AT, whereas several of
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the more common “deficiency mutants” have been
assigned letters such as S and Z. Homozygotes for the
Z allele make up 95% of all deficiency phenotypes in
patients with ®1ATD and they are readily identifiable
using isoelectric focusing. At times, variant molecules
associated with «a1ATD have patterns that are not easily
detected by isoelectric focusing techniques but may be
suspected by physicians because of characteristic clin-
ical presentation, recognition of afflicted family mem-
bers, detection of low circulating levels of alAT, or

TABLE 1I Serum Concentrations of a1AT
Depending on Phenotype

Concentration

Phenotype (% of normal)
MM 100
MS 80
SS 60
MZ 55—60
SZ 35—40
77 10-15
Mauare (homozygote) <15
Mnaton (homozygote) <15
QOQO (null) 0

a1-Antitrypsin protein folding in the endoplasmic reticulum.

detection of typical globules of mutant proteins on
liver biopsy. In these instances, the specific mutation
can be isolated by DNA sequencing. When determining
an individual’s phenotype, the laboratory will provide a
letter for each of the two proteins representing the pro-
ducts of each allele (e.g., MM, MZ, 7Z7).

The multiple different variants of «a1AT generally
can be placed into four groups based on circulating
quantity and function: normal, deficient, null, and dys-
functional. The availability of a1AT in the blood can be
normal (e.g., PI M), reduced (e.g., the deficiency alleles
Sand Z), or absent (e.g., extremely rare mutations called
null alleles). Even though there are reduced amounts of
circulating a1AT associated with many of these defi-
ciency variants, the molecules that are excreted are
usually fully functional. However, there are exception-
ally rare mutations that result in a protein that escapes
the hepatocyte but is folded is such a way that it changes
function. The Pittsburgh variant is one example of a
dysfunctional variant in which «1AT acts as a thrombin
inhibitor, resulting in a severe bleeding disorder.

EPIDEMIOLOGY

Allelic frequencies of olAT gene mutations vary
considerably around the world and between study
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populations. Utilizing global population studies to map
the putative alAT genes, investigators have suggested
that the Z mutation originated in Scandinavia approxi-
mately 2000 years ago, eventually spreading from
Northern Europe when people migrated from the
area to other parts of the world. Therefore, the highest
frequencies of the mutant gene are seen in Northern
Europeans or in individuals of European ancestry. In
Sweden, the frequency of the Z allele (P1*Z) is estimated
to be 0.026 with 4—5% of the population carrying the
mutation and 1:1600 live births being homozygous
for this deficiency. The PI*Z gene frequency is some-
what lower in the United States among individuals of
European descent, estimated to be between 0.01 and
0.02 with a carrier rate of approximately 3%. Some
80,000 to 100,000 people in the United States are PI
Z7Z homozygotes with considerable potential to develop
disease. The Z allele is confined predominantly to Cau-
casians and is uncommon among individuals of Asian or
African ancestry unless there is ethnic intermixing in the
population. PI*S is a more common deficiency mutation
than PI*Z, having a gene frequency between 0.02 and
0.03 in U. S. Caucasians. However, this genotypic
variant is not associated with as severe a reduction in
circulating levels of a1AT as the PI*Z allele and hence
does not leave the individual susceptible to disease
unless it is co-inherited with a Z allele. Of greater con-
cern is the risk of disease in the 1:1000 to 1:1500
Caucasian individuals expressing a PI SZ phenotype.
Although the matter is controversial, anyone carrying
asingle Z allele may be at some, as yet undefined, risk of
developing liver disease regardless of the circulating
levels of a1AT because of intracellular accumulation
of the abnormally folded protein.

CLINICAL MANIFESTATIONS

The risk of developing emphysema in someone with
a1ATD is closely related to the amount of circulating
a1AT, especially when serum levels fall consistently
below a “protective” level of 80mg/dl (11 pM).
Even in patients with severe deficiencies of olAT
(<50 mg/dl, <7 uM), a majority of patients presenting
with pulmonary symptoms also report a history of
smoking cigarettes. Interestingly, liver disease has not
been a commonly reported problem in patients diag-
nosed with chronic lung disease related to «a1ATD. The
development of liver disease has been more closely
linked to those genotypic variants associated with intra-
cellular accumulation of polymerized polypeptides
within the endoplasmic reticulum. Aside from the
well-recognized Z variant, other rare mutations have
been associated with intracellular globules identified
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in the liver (Table III). Accumulation of «1AT deposits
can begin in utero, sometimes affecting neonates at an
early stage in development. PI Z infants frequently pre-
sent with low birth weight and coagulation abnormal-
ities; as many as 70% have biochemical evidence of liver
injury as indicated by elevations of liver enzymes. Pro-
longed cholestatic hepatitis, lasting up to 8 months, is
clinically manifest in approximately 10% of these new-
borns. Although a1AT globules are not always easily
identified on liver biopsy at this early stage, hepatocel-
lular necrosis associated with acute and chronic portal
inflammatory infiltrates, bile duct proliferation, bile
plugs, and even ductopenia (intrahepatic bile duct
loss) have been described in deficient individuals.
Males appear to be affected more frequently than
females (2:1) but a majority of children do not have
long-term consequences at least as followed into their
late teens. Approximately 3% have been shown to pro-
gress to hepatic fibrosis or cirrhosis and 12—15% have
persistent mild elevations of liver enzymes.

Adults with the most prevalent form of «1ATD (PI
77) typically present with pulmonary symptoms (i.e.,
dyspnea) rather than with indicators of liver disease. It
has been estimated that as many as 85% of patients with
severe deficiency of alAT have evidence of chronic
obstructive pulmonary disease, often identified in the
third and fourth decades of life. The prevalence of liver
disease in these patients has not been well investigated
even though it has been stated that few patients have
liver test abnormalities when presenting with pulmon-
ary manifestations. However, liver disease in adults with
a1ATD progresses insidiously, often escaping detection
until patients are beyond the age of 50 years. Com-
monly, a diagnosis is made when signs and symptoms
of more advanced liver disease and portal hypertension
(e.g., weakness, muscle wasting, ascites, splenomegaly,
variceal hemorrhage, encephalopathy) appear. There-
fore, a true incidence of liver disease in these patients

TABLE III al1ATD Phenotypic Variants with
Potential Risk of Liver Disease

Associated with liver cirrhosis or dysfunction
Homozygous or heterozygous PI Z
727,MZ, SZ, FZ, PZ
Rare PI M variants
Mmallom Mduarle
Other rare variants
Wsalemo

Rare PI variants showing a1AT hepatic globules without

clinical evidence of liver disease
Mcagliaria Mnichinanv Melemberg’ Mcobalt’ Mleuvena Qohong kong>

Siiyama
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may be underappreciated, especially when the full
expression of liver disease is attenuated by premature
mortality from emphysema in younger age groups. This
may be a reason that carefully conducted autopsy stu-
dies in populations with a high prevalence of severe
a1ATD have estimated an incidence of cirrhosis as
high as 40% over the lifetime of affected individuals.
Most investigators feel that the numbers who develop
cirrhosis may be somewhere between 10 and 15%,
acknowledging that the risk increases with age, parti-
cularly in males. A North American study conducted in
Canada found the cumulative risk of cirrhosis in sus-
ceptible men with a1ATD to be 23%, whereas the same
risk in women amounted to only 5%. Of additional
interest, these investigators observed that death from
liver failure frequently occurred within 4 years of
onset of clinical symptoms of liver disease, indicating
that detection is often delayed.

Several population surveys and autopsy series find
an increased risk of hepatocellular cancer in patients
with severe deficiencies of 1AT and cirrhosis. In Swe-
den, liver cancer has been detected in approximately
15% of afflicted patients but once again the finding is
predominantly in males.

A subject of ongoing interest and controversy is
whether patients carrying a single Z allele (heterozy-
gotes) are at some, as yet undefined, risk of developing
cirrhosis and hepatic cancer. Studies to date have been
unable to address this issue confidently because of the
inherent difficulty in identifying and following subjects
with the inherited trait longitudinally, along with
proper controls. Nevertheless, it has been well recog-
nized that heterozygotes for the Z allele often develop
a1AT globulesin the liver and can present with cirrhosis
without any obvious alternative etiology for liver dis-
ease. Cohorts of patients with “cryptogenic” cirrhosis
have shown a higher prevalence of «1ATD heterozy-
gotes (e.g., PI MZ), raising suspicion about the single
gene’s role in the pathogenesis of liver disease. The
relative importance of other variables such as viral hepa-
titis infection, alcohol, iron excess, generalized inflam-
matory conditions creating biological stress, or genetic
factors in the natural history and progression of disease
in these patients remains unclear. The coexistence of
one or more of these factors may accelerate the accu-
mulation or reduce the processing and breakdown of
a1AT inclusions, resulting in enhanced hepatotoxicity.
Despite this potential increased risk of developing sig-
nificant liver disease in individuals with heterozygous
a1ATD, the risk is estimated to be exceptionally small
and should not alarm patients. Undue concern by
the physician can have psychological consequences
for the individual carrying the genetic trait. Prudent
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preventative measures and follow-up are all that may
be recommended.

DIAGNOSIS

Laboratory tests used to screen for a1ATD should be
considered in any patient, particularly Caucasians of
European decent, with clinical, biochemical, radiologi-
cal, or histological findings suggesting an underlying
liver disorder. Additional signs or symptoms of pulmon-
ary disease or history of an affected family member
should heighten interest in pursuing this diagnosis.

Screening is best accomplished by obtaining both a
quantitative level of ®1AT and phenotype analysis. Reli-
ance on semiquantitative analyses such as agarose gel
electrophoresis, seeking a diminished or absent ol-
globulin band, or determining quantitative levels of
o1AT (e.g., immunoturbidimetry, nephelometry) alone
can be misleading. Transient increases in a1AT levels
have been observed in patients with putative deficiency
variants, presumably as part of a general acute-phase
reaction. Alternatively, several phenotypic variants,
such as PI SS and null subtypes, have reduced circulat-
ing levels of ®1AT but do not have the attendant risk of
liver disease because of a lack of intracellular accumula-
tion of glycoprotein. The combination of an a1AT level
and phenotype helps to more directly identify patients
with potential disease-causing variants.

PI phenotyping requires significant skill and experi-
ence to ensure accurate readings. Commonly, samples
must be sent to a reference laboratory for interpretation.
One method of phenotype identification uses a techni-
que called isoelectric focusing (IEF) within a narrow pH
gradient in polyacrylamide gel strips. Based on the iso-
electric point, the ®1AT molecules migrate along the gel
to different positions, forming one or more bands that
correspond to a particular phenotype. Some of the more
unusual variants are not always easily visualized by
routine IEF and can be misinterpreted as another
more common pattern; for example, PI Myaon and
Pl Mguaree have electrophoretic patterns similar to
that of PI M especially when heterozygous with a normal
M allele. Null alleles do not generate any circulating
product; therefore, IEF bands are absent. When the
null allele is present in the heterozygous state, it may
not be appreciated given the presence of bands from
another allelic protein. However, a null allele should
be suspected when the quantitative level of alAT is
significantly reduced in the setting of what appears to
be a normal phenotype. At times, more unusual variants
can be more accurately discriminated by gene analysis
and other DNA-based techniques but many of these
procedures are time-consuming. However, polymerase
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chain reaction-based methods have been utilized as
tools for screening populations when narrowing the
focus of investigation to specific alleles.

After an initial screening, if an individual tests posi-
tive for a higher risk o1AT phenotype and has any indi-
cation of liver involvement, such as clinical signs,
elevated liver enzymes, or hepatic architectural changes
by radiological imaging, a liver biopsy should be con-
sidered. Evaluating liver histology helps to support the
diagnosis of a1ATD, is useful in evaluating for alterna-
tive diagnoses, and can stage liver damage for purposes
of making decisions about future management. Histo-
logical features can vary depending on the age of the
individual (Table IV). A characteristic finding on biopsy
is the presence of diastase-resistant, periodic acid-Schiff
(D-PAS)-positive globules predominantly found in
periportal hepatocytes and adjacent to fibrotic bands
when present. These globules have a distinctive
magenta color, making them highly visible with D-
PAS staining, but they can be missed using light micro-
scopy with standard hematoxylin and eosin staining.

Rarely, D-PAS-positive globules have been found in
patients without a1ATD. D-PAS-positive globules have
been found in liver biopsy specimens from patients who
are elderly or terminally ill but a clue is the atypical
location of the inclusions within the lobule (e.g.,
centrilobular region). These aberrant globules may
represent lysosomes filled with proteins requiring
degradation resulting from sinusoidal congestion and
hypoxia. Occasionally, patients with alcoholic cirrhosis
and oral contraceptive-associated hepatic tumors have
D-PAS-positive globules within the liver despite normal

TABLE IV al-Antitrypsin—Hepatic Histopathology

Neonates and children

Hepatocytes vary in size with slight acinar formation

Occasional giant cell formation

Bile ducts may be normal, proliferated (sometimes
confused with biliary atresia), or hypoplastic with duct
loss

Low-grade inflammation, piecemeal necrosis, and fibrosis
initially found in portal areas as disease progresses

D-PAS globules found in periportal hepatocytes
predominantly but may be rare or inconspicuous
during the first 2 months of life”

Adults
Low-grade lymphocytic infiltration in portal tracts, often
inconspicuous
Intralobular bile ducts may be reduced in number
D-PAS-positive globules distributed in areas of
inflammation and along bands of fibrosis”

“The presence, number, or size of globules does not predict
occurrence of liver disease.
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a1AT phenotypes. If necessary, further characterization
of intracellular inclusions can be performed using
immunohistochemical techniques with mono-specific
antiserum against o1AT.

POTENTIAL THERAPIES

At present, there are no practical therapeutic modalities
capable of halting progression of liver disease in patients
with inflammation and fibrosis on liver biopsy. The
usual preventative measures (i.e., vaccinations for hepa-
titis viruses, avoidance of aggravating factors such as
alcohol), supportive care in case of complications,
and monitoring to determine the optimal time for
liver transplantation if it becomes necessary are useful
in patients with advancing liver disease; reassurance is
all that is necessary for patients with benign forms of the
trait. Given that an estimated 50 to 75% of patients with
liver disease secondary to a1ATD have some degree of
underlying pulmonary dysfunction as well, pulmonary
function testing along with a discussion of preventative
behaviors (e.g., avoiding tobacco) and potential thera-
pies should be part of the management plan. Genetic
counseling and additional screening of family members,
particularly first-degree relatives, can be considered in
order to identify individuals at risk of developing lung or
liver disease. However, a physician or genetic counselor
must be aware of the potential social, psychological,
ethical, and legal consequences of discovering a genetic
disorder, especially in persons without obvious signs or
symptoms of disease.

Patients who have progressed to end-stage liver dis-
ease should be considered for liver transplantation.
Multiple transplant centers report excellent patient sur-
vival rates, ranging between 70 and 92%, in patients
with liver failure secondary to ®1ATD. Moreover, trans-
plantation of a donor allograft with a normal genotype
cures the disease by normalizing production of «1AT.

Therapies designed to replace or augment produc-
tion of ®1AT, sometimes utilized in the management of
patients with progressive pulmonary disease, are not
useful and may be detrimental in patients with hepatic
disease arising from o1 ATD. Increasing cellular produc-
tion of «lAT by medications such as tamoxifen or
danazol act only to increase accumulation within the
endoplasmic reticulum, presumably the reason for
toxicity. Intravenous replacement with purified
preparations of a1AT may also result in an increased
production of the mutant form of the molecule within
the cell through a feedback mechanism stimulated by
alAT—protease complexes. Currently, experimental
exploration of pharmaceuticals capable of augmenting
the breakdown of intracellular a1AT polymers or acting
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FIGURE 2 Mechanisms of gene manipulation and repair.

as chemical chaperones reducing protein misfolding
and polymerization may offer some promise.

Ultimately, gene therapy for both «1ATD lung and
liver disease appears to offer the best solution for cure,
conceptually, but many practical problems must be
solved before these therapies can be implemented clini-
cally. Conformational diseases such as alATD offer
unique challenges for gene therapy because it is not
only important to introduce new fully functional
genes to appropriate target cells but native mutant
genes or their products must be removed or inactivated
in order to have the desired effect—increasing produc-
tion of a normal gene product without causing accumu-
lations of abnormal proteins in the cell. Several
techniques of site-directed gene repair already have pro-
ven successful in the laboratory including targeted
homologous recombination and nucleotide exchange
using chimeric RNA—DNA oligonucleotides (Fig. 2).
Other investigators have utilized specialized ribozymes
to inactivate mutant a1AT mRNA produced by cellsin a
human hepatoma cell line followed by transfecting the
cells with a modified wild-type gene capable of produ-
cing normal olAT. These preliminary experimental
approaches are exciting but many questions must be
answered before they can be used safely in human
subjects.
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M Nomenclature signifying the normal allele of the Alpha-1-
antitrypsin (¢1AT) gene.

PAS-positive, diastase-resistant globule Accumulations of
mutant ol-antitrypsin protein within hepatocytes in
PIZZ olAT deficiency that stain red by periodic
acid—Schiff and are resistant to diastase digestion.

PI or Pltype Diagnostic phenotype analysis of ol-
antitrypsin protein from patient serum by isoelectric-
focusing gel electrophoresis.

S Nomenclature signifying a mutant allele of the ol-
antitrypsin gene that yields an intermediate level of
alAT deficiency.

Z Nomenclature signifying the most common mutant allele
of the al-antitrypsin gene that yields profound alAT
deficiency.

ZZ or PIZZ Homozygosity for the mutant Z allele of the al-
antitrypsin gene and the definition of classical alAT
deficiency.

Alpha-1-Antitrypsin (21AT) is a glycoprotein synthe-
sized primarily in the liver and secreted into the
blood where its function is to inhibit neutrophil pro-
tease-induced host tissue damage. Homozygosity for the
Z mutant allele of o1AT (PIZZ) causes the classical
form of olAT deficiency. The protein product of the
mutant Z gene accumulates within hepatocytes rather
than being efficiently secreted. PIZZ homozygous
adults have a markedly increased risk of developing
emphysema by a loss-of-function mechanism, i.e.,
reduced levels of circulating o1AT in the lung to inhibit
connective tissue breakdown by neutrophil proteases.
PIZZ homozygous children and adults may also develop
liver disease and hepatocellular carcinoma by a
gain-of-function mechanism; i.e., the accumulation of
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mutant o1ATZ protein within hepatocytes is toxic to
liver cells.

CLASSICAL PIZZ
al-ANTITRYPSIN DEFICIENCY

Pathophysiology and Genetics

Classical, PIZZ al-antitrypsin deficiency is caused
by homozygosity for a point mutation in the alAT
gene encoding substitution of lysine for glutamate at
position 342. The 12.2kb olAT gene is located on
chromosome 14q and encodes a 55 kDa glycoprotein
of 395 amino acids. PIZZ homozygotes occur at a
frequency of 1 in 1500—3500 in North American and
European populations. It is the most common genetic
cause of liver disease in children and the most
common genetic disease leading to liver transplantation
in children and it can also cause chronic liver disease,
hepatocellular carcinoma, and premature pulmonary
emphysema in adults.

The Z mutation confers polymerogenic properties
on the mutant a1ATZ protein molecule, which is pri-
marily synthesized in the liver but is also found in leu-
kocytes and other tissues. The mutant «1ATZ protein is
retained in the endoplasmic reticulum (ER) of hepato-
cytes rather than being secreted into the blood and body
fluids where its normal function is to inhibit neutrophil
proteases and thereby protect host tissues from inflam-
mation-induced damage. PIZZ homozygous individuals
have a markedly increased risk of developing emphy-
sema as adults by a loss-of-function mechanism, i.e.,

Copyright 2004, Elsevier (USA). All rights reserved.
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reduced levels of circulating «1AT in the lung to inhibit
connective tissue breakdown by neutrophil proteases. A
subgroup of PIZZ homozygous children or adults may
develop liver disease and hepatocellular carcinoma by a
gain-of-function mechanism; i.e., the accumulation of
polymerized, mutant «1ATZ within the ER is toxic to
liver cells.

The key step in the pathophysiology of a1AT defi-
ciency is retention of the newly synthesized mutant Z
protein molecule in the ER of hepatocytes. During bio-
genesis, the nascent mutant Z polypeptide chain is
appropriately assembled on the ribosome and translo-
cated into the ER lumen. However, in the ER the mutant
Z protein molecule folds slowly and inefficiently into its
final, secretion-competent conformation and has a ten-
dency to form unique polymers. A system of proteins
within the ER, termed the “quality control” apparatus,
recognizes these mutant Z molecules as abnormal and
directs them to a series of proteolytic pathways rather
than allowing progression down the secretory pathway.
The result is a significantly deficient, approximately
15% of normal, serum level of alAT. Accumulation
of the retained mutant Z protein molecules within hepa-
tocytes appears to cause liver injury. A small proportion
of the retained molecules may remain in a polymerized
conformation and accumulate as aggregations within
dilated areas of ER. These accumulations may become
so large that they are visible by light microscopy as
eosinophilic hepatocellular inclusions by hematoxylin
and eosin or as the periodic acid—Schiff (PAS)-positive,
diastase-resistant globules classically described within
hepatocytes in this disease.

Theexactrole of protein polymerizationin the patho-
physiology of a1AT deficiency is still unclear. The pre-
sence of the Z mutation allows a protruding surface loop
of one molecule to insert into a groove in a neighboring
Z molecule. A conformational change in the molecules
then occurs, holding them together in the absence of
covalent bonds. Long chains of Z protein polymers
can form in this way and physical—chemical analysis
suggests that this conformation is extremely stable and
long-lived. However, it is still unclear whether polymer-
ization, the quality control apparatus, both, or neither is
responsible for retention of the mutant Z protein within
hepatocytes. The exact mechanism of cellular injury
resulting from olATZ intracellular retention and/or
polymerization is also unclear.

Presentation and Natural History

The presentation of patients with PIZZ olAT
deficiency can be highly varied, ranging from chronic
liver disease to fulminant hepatic failure to adult

emphysema. In infancy, the typical presentation is
one of neonatal cholestasis (also called the neonatal
hepatitis syndrome) and may include symptoms and
signs of jaundice, abdominal distension, pruritis, poor
feeding, poor weight gain, hepatomegaly, and spleno-
megaly. Laboratory evaluation may reveal elevated total
and direct bilirubin, elevated serum aspartate amino-
transferase (AST) and alanine aminotransferase (ALT),
hypoalbuminemia, or coagulopathy due to vitamin K
deficiency or to liver synthetic dysfunction. Liver biopsy
findings may be highly variable in infants including
giant cell transformation, lobular hepatitis, fibrosis,
hepatocellular necrosis, bile duct paucity, or bile duct
proliferation. The PAS-positive, diastase-resistant hepa-
tocellular globules characteristic of this disease may
occasionally be absent in very young infants. Although
life-threatening liver disease can occur in the first few
years of life, prospective, population-based studies indi-
cate that 80% of PIZZ patients with neonatal cholestasis
are healthy and free of chronic liver disease by the age of
18 years. These data suggest that the overall risk of life-
threatening liver disease in childhood may be as low as
3%, but that the risk of varying degrees of liver dysfunc-
tion in children may range from 15 to 60%.

In toddlers and older children, PIZZ olAT defi-
ciency may present as failure to thrive, possibly with
poor feeding or hepatomegaly. Some children come to
medical attention when asymptomatic hepatomegaly or
splenomegaly is detected during routine medical check-
ups. Many children appear to be completely healthy,
without evidence of liver injury, except for mild and
usually clinically insignificant elevations in serum
AST or ALT. Occasionally, children with previously
unrecognized chronic liver disease and cirrhosis present
with ascites, gastrointestinal bleeding, or hepatic fail-
ure. However, many PIZZ children with cirrhosis
may remain stable and grow and develop normally
for a decade or more before beginning a process of
decompensation.

Liver disease in adults may present as chronic hepa-
titis, with or without cirrhosis, and the risk of clinically
significant disease may increase with advancing age. The
findings may be similar to those of adult alcoholic liver
disease, which may lead to diagnostic confusion. There
appears to be an increased risk of hepatocellular carci-
noma in adults with PIZZ a1AT deficiency, although
the magnitude of the risk is unclear. Liver biopsy find-
ings in older children and adults may include lobular
inflammation, variable hepatocellular necrosis, fibrosis,
cirrhosis, and PAS-positive, diastase-resistant globules
in some, but not all, hepatocytes in nearly every patient.

Children with PIZZ a1AT deficiency generally do
not develop clinically detectable emphysema, although
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they may be at increased risk for severe childhood
asthma. Asthma or emphysema may develop during
adulthood and chronic pulmonary disease is the most
common life-threatening complication of PIZZ a1AT
deficiency in adults. Smoking significantly increases
the risk of progressive, irreversible lung disease as do
occupational lung exposures and environmental atmo-
spheric pollutants, all of which are thought to increase
the uninhibited proteolytic attack on lung connective
tissue. Some studies suggest that exposure to second-
hand smoke and environmental air pollutants in child-
hood is also a significant risk for the development of
adult lung disease.

Diagnosis

The gold standard for the diagnosis of «1AT defi-
ciency is the analysis of the phenotype (“PI” or “PI-type”)
of alAT protein in a sample of patient serum by iso-
electric-focusing gel electrophoresis. It is then inferred
from the PIZZ phenotype results that the patient is car-
rying two copies of the mutant Z «1AT gene. The phe-
notype gel analysis is technically demanding and is
therefore best performed in an experienced reference
laboratory. Since the presentations of a1AT deficiency
are quite variable and the serum testing is of relatively
low expense and risk, alAT serum phenotyping is
applied in a wide variety of clinical situations (Table ).
Measurement of the level of ®lAT in peripheral
blood can be used as a complementary test to compare
the phenotype result against what would be an appro-
priate predicted level (Table II) and to assist in the
elucidation of unusual alleles whose protein products
yield confusing phenotype results. Liver biopsy is not
required for the diagnosis of a1AT deficiency, although
it may be useful in selected cases to evaluate disease
progression or to investigate the contribution of
co-morbid states.

Management
There is no specific treatment for the liver disease

associated with a1AT deficiency. Management focuses

TABLE I Clinical Presentations and Indications
for Testing for a1AT Deficiency

Infant Cholestatic jaundice

Child Unexplained failure to thrive or poor feeding

Any age Unexplained, asymptomatic hepatomegaly, or elevated
AST/ALT

Any age Unexplained liver disease, cirrhosis, or hepatocellular
carcinoma

Adult Severe asthma, any emphysema <50 years old or any age
in a nonsmoker

TABLEII olAT Phenotypes and Corresponding Typical
®1AT Serum Levels

Phenotype Level (mM)*
PIMM 20—48
PIMZ 12-35
PISS 15-33
PISZ 8—-19
P1Z7 2.5-7.0
Null—Null 0.0

“ Convert micromolar to milligrams per deciliter by multiplying
by conversion factor of 5.2.

on preventing the complications of chronic liver dis-
ease, such as bleeding, ascites, pruritis, malnutrition,
fat-soluble vitamin deficiency, infection, and growth
disturbances, or attenuating the systemic repercussions
if they do occur. Some authorities advocate aggressive
treatment of any systemic infectious or inflammatory
episodes, as there is concern that these may be impor-
tant in increasing end-organ injury. However, many
patients have normal health and can be monitored con-
servatively with infrequent visits to a physician knowl-
edgeable in liver disease. Some patients with significant
degrees of liver injury, and even cirrhosis, often remain
stable for many years with very little intervention. If life-
threatening liver disease does develop, then liver trans-
plantation has been employed with excellent published
success rates.

All pediatric and adult patients with o1AT defi-
ciency should be urgently cautioned against personal
smoking, secondhand smoke, and environmental lung
exposures. Prospective studies indicate that identifica-
tion of x1AT-deficient patients as children dramatically
reduces their incidence of smoking as adults and there-
fore decreases morbidity and mortality from lung dis-
ease. Exogenous a1AT protein replacement is available
as a treatment for the adult emphysema associated with
a1AT deficiency; however, the efficacy of the therapy is
controversial. Exogenous alAT replacement has no
effect on the development of liver disease since liver
injury is related to the accumulation of the «1AT mutant
Z protein within hepatocytes, not a lack of circulating
anti-protease activity.

HETEROZYGOSITY AND
OTHER ALLELES

Individuals who are heterozygous for a1AT, carrying
one normal M allele and one mutant Z allele (“PIMZ”
or “MZ”) are generally considered asymptomatic and
healthy. Data from referral center studies suggest that
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some rare PIMZ adults may develop liver disease,
although the possible genetic or environmental influ-
ences on the development of this injury remain unclear.
Limited but unselected population-based studies have
thus far failed to confirm this increased risk. PIMZ chil-
dren appear to be completely healthy, and even in adults
a PIMZ phenotype result is not readily accepted as the
cause of otherwise unexplained liver disease.

Individuals who are heterozygous PISZ and who
have developed liver disease identical to PIZZ patients,
including PAS-positive, diastase-resistant globules,
have been clearly described. However, the risk of
liver disease to PISZ individuals, though of unclear
absolute magnitude, appears to be less than the risk
to PIZZ individuals. PISZ individuals may also be at
risk for adult emphysema. In contrast, PISS individuals
are generally accepted as normally healthy.

A large number of other mutations in the ®1AT gene
have been described. Some of these gene products yield
a normal M result on the phenotype test but when pre-
sent in the heterozygous state with a Z allele can accu-
mulate within the liver and have been associated with
liver disease. Such patients are usually recognized by a
profoundly low 21AT level in peripheral blood, which is
inappropriate when compared to an apparently PIMZ
phenotype result. Null mutations of the a1AT gene that
produce no protein secreted into the peripheral blood,
resulting in unusually low blood levels and confounding
phenotype results, have also been described. Several
pilot newborn screening programs for al-antitrypsin
deficiency have been tested in the United States and
in Europe. However, universal, population-based
screening is still not recommended because there is

not yet a proven, immediate health benefit or treatment
available to asymptomatic newborns that would out-
weigh the risk of psychological trauma or genetic dis-
crimination.

See Also the Following Articles

Alpha-1-Antitrypsin (a1AT) Deficiency e Cirrhosis @ Hepa-
tocellular Carcinoma e Neonatal Cholestasis and Biliary
Atresia
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Amebiasis
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abscess A localized collection of pus in a part of the body,
surrounded by inflamed tissue.

amebic colitis Intestinal disease caused by Entamoeba
histolytica.

amebic liver abscess The major extraintestinal manifestation
of amebiasis, which is fatal if not recognized and treated
appropriately.

Entamoeba dispar Morphologically identical commensal that
is not associated with disease, but may lead to incorrect
diagnoses of amebiasis.

Entamoeba histolytica The intestinal protozoan parasite that
causes amebiasis.

toxic megacolon Dilation of the colon during the course of
fulminant colonic inflammation.

Amebiasis remains a major cause of morbidity and mortal-
ity worldwide and is responsible for as many as 100,000
deaths yearly. The details of the relationship between the
causative agent, Entamoeba histolytica, and its human host
remain the subject of much study and new insights into
the role of the host response to infection are emerging
rapidly. The recognition that what was previously called
E. histolytica based on morphology is really two distinct
species, E. histolytica, the pathogen, and Entamoeba dis-
par, a harmless commensal, has forced the rethinking of
approaches to the diagnosis and treatment of infected
individuals. Fortunately, the problem of drug resistance
that complicates the treatment of many pathogenic micro-
organisms has not emerged for E. histolytica and the nitroi-
midazoles remain very effective therapy for amebiasis.

INTRODUCTION

Amebiasis was known to the Greeks, and Hippocrates
wrote, “Dysenteries, when they set in with fever, alvine
discharges of a mixed character, or with inflammation of
the liver...are bad.” However, it was not until 1875,
when the St. Petersburg physician Fedor Aleksandrovich
Losch described amebic trophozoites in the stool and
colonic ulcerations of a farmer with dysentery, that
ameba were established as a cause of colitis. Since
that initial description, much has been learned about
the biology of the causative agent, Entamoeba histolytica,
and effective therapies for this potentially deadly disease
have been developed.

Encyclopedia of Gastroenterology

52

THE ORGANISM

E. histolytica is a single-celled eukaryote that lacks mito-
chondria (probably through secondary loss) and derives
energy by the anaerobic conversion of glucose or pyr-
uvate to ethanol. E. histolytica has a simple life cycle,
existing as either the quadranucleate cyst form (Fig. 1)
or the active, vegetative trophozoite form (Fig. 2). The
cyst is the infectious form and leads to colonization and
disease when it is ingested in food or water contami-
nated with human feces. The cysts survive the gastric
acidity of the stomach and, under yet to be determined
stimuli, excyst, forming the trophozoite stage. It is the
highly motile trophozoites that are capable of coloniz-
ing the colon, invading into the colonic mucosa, and
causing disease. The life cycle continues when the tro-
phozoites encyst and the infectious cysts are passed out
of the human host in feces.

FIGURE 1 E. histolytica cyst in stool; chlorazol black stain.
Two of the four nuclei, each with the characteristic central karyo-
some, are clearly visible. Courtesy of Dr. George Healy, Centers for
Disease Control.

Copyright 2004, Elsevier (USA). All rights reserved.
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FIGURE 2 E. histolytica trophozoite in stool; Wheatley’s tri-
chrome stain. Note the round nucleus and central karyosome.
Courtesy of Centers for Disease Control.

EPIDEMIOLOGY

E. histolytica is cosmopolitan in distribution and is
found wherever there are poor boundaries between
human feces and food and drinking water. E. histolytica
infects only humans and perhaps some nonhuman pri-
mates. Data on the worldwide prevalence of Entamoeba
histolytica infection are difficult to come by, compli-
cated by the recent recognition that what was previously
considered to be E. histolytica, based on microscopy, is a
mixture of two species, E. histolytica, a pathogen, and
E. dispar, a harmless commensal. A reasonable estimate,
based on newer studies using techniques that can dif-
ferentiate between E. histolytica and E. dispar, is that
worldwide approximately 450,000,000 individuals are
infected with E. dispar, whereas 50,000,000 individuals
are infected with E. histolytica. Many of the individuals
infected with E. histolytica are asymptomatic, but have
an approximately 10% chance yearly of developing dis-
ease. Looking at disease, rather than infection rates,
provides a more meaningful look at the impact of ame-
biasis worldwide. As many as 100,000 people die yearly
from amebiasis, making it the second leading cause of
death from parasitic diseases. In Mexico, more than
1.3 million cases of intestinal amebiasis were reported
in a single year, and in one region of Vietnam, a popula-
tion center of 1 million people experienced 1500 cases
of amebic liver abscess over a 5-year period. In the
United States, amebiasis is primarily seen among immi-
grants, with most cases seen in states that border
Mexico. Amebic colitis can be seen in all ages and
both sexes, but amebic liver abscess is primarily a
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disease of men between the ages of 18 and 50, with
rates that are 3 to 20 times higher than other popula-
tions. The explanation for the increased susceptibility of
young and middle-aged men is unknown, but hormonal
influences (postmenopausal women also have a higher
rate) seem most likely.

PATHOGENESIS

Amebic colitis begins when amebic trophozoites adhere
to epithelial cells in the colonic mucosa. Adhesion is
primarily mediated by a surface lectin that recognizes
N-terminal galactose and N-acetyllactosamine residues.
E. histolytica trophozoites can lyse human cells on con-
tact through the action of amoebapores, small peptides
that assemble to form pores in the surface membranes of
eukaryotic and bacterial cells. E. histolytica trophozoites
also secrete abundant quantities of cysteine proteinases,
which can lyse extracellular matrix proteins and facil-
itate amebic invasion into the submucosal tissue.
E. histolytica trophozoites invade laterally through the
submucosal spaces, creating the classic flask-shaped
ulcer (Fig. 3) of amebiasis. There can be a marked
inflammatory response to the parasite and amebic colitis
may be difficult to distinguish from inflammatory bowel
disease. Colonic findings can range from diffuse muco-
sal thickening, multiple discrete ulcers, diffusely
inflamed and edematous mucosa, to necrosis and per-
foration of the intestinal wall (Fig. 4). In a human intest-
inal xenograft model of amebic colitis, the host
inflammatory response is dependent on the activation
of the transcription factor nuclear factor xB in intestinal
epithelial cells, and the actions of interleukin-8 (IL-8),
IL-1, tumor necrosis factor o, and cyclooxygenase 2.
Although the inflammatory response to E. histolytica
may actually exacerbate tissue damage, innate immu-
nity is probably key to containing the infection, and

FIGURE 3 Classic flask-shaped ulcer of amebiasis showing
mucosal ulceration with widespread submucosal invasion. Cour-
tesy of Dr. Mae Melvin, Centers for Disease Control.
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FIGURE 4  Gross pathology of amoebic colitis showing multi-
ple ulcer formation. Courtesy of Dr. Mae Melvin, Centers for
Disease Control.

individuals with amebic colitis who were mistakenly
given corticosteroids for what was thought to be inflam-
matory bowel disease had worse outcomes with an
increased frequency of fulminant amebic colitis and
amebic liver abscess. In approximately 10% of indivi-
duals with amebic colitis, E. histolytica trophozoites
reach the portal circulation and cause amebic liver
abscesses, well-circumscribed areas of hepatocyte
death and liquefied debris (Fig. 5).

CLINICAL FEATURES

Individuals with amebic colitis usually present with the
gradual onset of bloody diarrhea, abdominal pain, and
abdominal tenderness. Some individuals will have mul-

FIGURE 5 Gross pathology of amoebic liver abscess. Section
showing necrotic material within the abscess and the surrounding
fibrinous border. The adjacent liver parenchyma is usually nor-
mal. Courtesy of Dr. Mae Melvin, Centers for Disease Control and
Dr. E. West of Mobile, Alabama.
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tiple small-volume mucoid stools and others will have
watery diarrhea, but, because E. histolytica is invasive,
stools almost always contain blood. Fever is seen in less
than 40% of patients; some individuals will report
weight loss and anorexia. Fulminant amebic colitis,
characterized by profuse bloody diarrhea, fever, marked
leukocytosis, peritoneal signs, and extensive colonic
involvement, occurs rarely, but carries a high mortality.
Pregnant women, individuals treated with corticoster-
oids, malnourished people, and immunocompromised
individuals are clearly at higher risk for this complica-
tion. Toxic megacolon has been reported with amebia-
sis, and amebomas, localized inflammatory masses that
may mimic carcinomas by causing mass obstructing
lesions, may also complicate amebic colitis.

Amebic liver abscesses arise from the hematogenous
spread of amebic trophozoites from the colon to the liver
and are the most common extraintestinal manifestation
of amebiasis outside the intestinal tract. Individuals pre-
sent with the classic triad of fever, right upper quadrant
abdominal pain, and hepatic tenderness. Symptoms are
usually acute (onset within the past 10 days), but some
individuals present with a more chronic disease with
associated weight loss and anorexia. Individuals with
amebic liver abscess may present years after travel or
residency in an endemic area so a careful travel history
may be key to making the diagnosis. Most patients with
amebic liver abscess do not have evidence for concur-
rent intestinal infection based on the microscopic exam-
ination of stool, but more sensitive diagnostic methods
[e.g., polymerase chain reaction (PCR)] suggest that
concurrent intestinal infection may be relatively com-
mon. Cough may be present and dullness and rales in
the right lung base may be seen. Jaundice is unusual, as
is eosinophilia, but leukocytosis and elevated alkaline
phosphatase are relatively common.

The most common complication of amebic liver
abscess is rupture into the pleural space, with the for-
mation of an amebic empyema, a hepatobronchial fis-
tula (where individuals cough up the contents of their
amebic liver abscess), and/or an amebic lung abscess.
Pulmonary extension of the amebic liver abscess may
give rise to a clinical syndrome (productive cough,
fever, chest pain) that may be confused with pneumo-
nia. Less common, but more dangerous is amebic liver
abscess rupture into the peritoneum, with associated
peritonitis and shock symptoms, and amebic liver
abscess rupture into the pericardium, with tamponade
and/or pericarditis. Mortality associated with pericar-
dial involvement is very high (30%).

Other extraintestinal manifestations of amebiasis
are very rare, with amebic brain abscesses (seen in
less than 0.1% of individuals with amebic liver
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abscesses), urinary tract involvement, genital disease,
perianal disease, and cutaneous lesions all reported.

DIAGNOSIS

For years the diagnosis of amebic colitis was based on
the microscopic demonstration of amebic trophozoites
in the stool of an individual with diarrhea. Microscopy is
still used in much of the world, but the recognition that
microscopy cannot distinguish between infection with
E. histolytica and the more common commensal E. dis-
par has changed the approach to diagnosis and empha-
sized the need for more specific and more sensitive
ways to identify E. histolytica intestinal infection. In
the proper clinical setting, an individual with bloody
diarrhea, appropriate exposure history, and a micro-
scopic exam that shows E. histolytica trophozoites
that have ingested red blood cells, stool microscopy
may still be diagnostic for amebic colitis. However,
given the high prevalence of E. dispar in many areas,
relying solely on microscopy may lead to the false diag-
nosis of amebiasis in cases of Shigella, Campylobacter
jejuni, or other forms of dysentery. One solution to this
problem has been the development of E. histolytica-anti-
gen detection enzyme-linked immunosorbent assay
(ELISA) tests that use antibodies to recognize specific
E. histolytica antigens in stool and can distinguish
between E. histolytica and E. dispar. These tests per-
formed well in initial studies and may become the diag-
nostic method of choice, but recent reports that some of
the ELISA tests were relatively insensitive in field studies
(compared with PCR or stool culture) provide a cau-
tionary note. Molecular diagnostics using PCR to
amplify E. histolytica-specific sequences from stool
may become more widespread—these offer the advan-
tage of allowing genotyping for strain identification. The
major barrier for PCR-based tests is the requirement for
specialized equipment and reagents that will be unavail-
able in many of the countries where the tests are needed
the most.

The diagnosis of amebic liver abscess is based on the
demonstration of a space-occupying lesion in the liver
and a positive amebic serology. Both ultrasound and
computed tomography scanning (Fig. 6) are effective
in detecting amebic liver abscesses. Abscesses can be
solitary or multiple spherical lesions and are most com-
monly found in the right lobe of the liver. Amebic ser-
ologyisvery sensitive (> 90%) and very specific (>98%)
and the only caveat is that serology may be negative very
early in disease (within the first week) and should be
repeated if the index of suspicion for amebic liver
abscess is high.
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FIGURE 6 CT scan from a patient with amebic liver abscess. A
large solitary lesion in the right lobe of the liver is present.

TREATMENT

The mainstay of therapy for amebiasis remains the
nitroimidazole compounds. Since only metronidazole
is available in the United States, the recommendations
listed in Table I are focused on metronidazole. Amebic
colitis is treated with metronidazole, followed by a
lumenal agent to eliminate colonization. Asymptomatic
individuals infected with E. histolytica should be treated
with a lumenal agent to eliminate colonization. This is
based on the fact that they are at risk to develop invasive
disease and because they pose a risk of spreading
E. histolytica infection to others. If an individual is
found to be colonized with E. dispar, no therapy is
necessary, but the physician should be alerted to the
fact that the patient has ingested fecally contaminated
food or water.

Amebic liver abscess is also treated with metronida-
zole, and, remarkably, given the size of the abscess,
single-dose therapy can be used. A lumenal agent should
be administered as well to eradicate intestinal coloniza-
tion, even if stool microscopy is negative. Unlike most
abscesses, amebic abscesses can resolve without drai-
nage and percutaneous aspiration and drainage should
be reserved for diagnostic purposes (if a bacterial
abscess or suprainfection is suspected), for large
abscesses in the left lobe of the liver (because of the
risk of rupture into the pericardium), when individuals
are not responding to therapy (continued pain, fever
after 72h of treatment), and when rupture seems
imminent (large abscess, accelerated clinical course
with increasing pain). Some authorities advocate the
addition of dehydroemetine in complicated cases of
amebic colitis or amebic liver abscess because of its
rapid amebicidal activity, but there are no controlled



TABLE I Drugs of Choice for the Treatment of Amebic Colitis and Amebic Liver Abscess

Drug Adult dosage Adverse effects Comments
Metronidazole 750mg po or iv tid for 5 to 10 Metallic aftertaste, nausea, vomiting, diarrhea; Drug of choice for amebic colitis and amebic liver
days; for uncomplicated liver rarely—sensory neuropathies, central nervous abscess
abscess (limited experience) system toxicity with ataxia, vertigo, seizures,
2.4 g po daily for 2 days and encephalopathy
Dehydroemetine 1-1.5 mg/kg/day im for up to Cardiotoxicity, diarrhea, nausea, vomiting, muscle No indication for use in standard therapy; may

Lumenal agents
Paromomycin

Diloxanide furoate

Iodoquinol

5 days

30 mg/kg/day po in three divided
doses for 5 to 10 days

500 mg po tid for 10 days

650 mg po tid for 20 days

weakness

Nausea, vomiting, cramps, diarrhea

Flatulence

Headache, nausea, vomiting; optic nerve damage
and peripheral neuropathy reported in indivi-
duals exceeding recommended dosage

offer some benefit in fulminant colitis or
patients with ruptured amebic liver abscess
when administered in combination with metro-
nidazole, but controlled trials are lacking

Drug of choice for treatment of lumenal
E. histolytica infection; should be administered
to all individuals following completion of
metronidazole therapy

Excellent alternative to paromomycin for treat-
ment of lumenal E. histolytica infection; should
be administered to all individuals following
completion of metronidazole therapy; not read-
ily available in the United States

Alternative to paromomycin or diloxanide furoate
for treatment of lumenal E. histolytica infection;
should be administered to all individuals
following completion of metronidazole therapy
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amylopectin Branched-chain glucose polymer; the major
component of dietary starch.

amylose Straight-chain glucose polymer present in starch.

isoenzymes Multiple forms of the same enzyme; have subtle
differences in amino acid sequence or posttranslational
modifications.

posttranslational modification Alteration of a protein after it
has been synthesized. Examples include the addition of
sugar chains, of phosphate, or of sulfate.

Amylase is a digestive enzyme secreted primarily by the
pancreas and some salivary glands. Because of the almost
exclusive production of amylase by the pancreas, serum
amylase levels are of diagnostic importance in assessing
acute pancreatitis.

INTRODUCTION

The digestive enzyme amylase secreted by the pancreas
and some salivary glands is responsible for the initial
process of digestion of dietary starch. In the Western
world, adults consume about 400 g of carbohydrates
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each day, with starches and sucrose providing the lar-
gest sources. Starch is the storage form of carbohydrate
in plants and can account for 10—80% of the plant
volume. All starches are glucose polymers with mole-
cular masses ranging from 10 to more than 10° Da. The
two major starches are amylose, a straight-chain o-1,4-
linked glucose polymer, and amylopectin, a branched
starch with a backbone of a-1,4-linked glucose and
o-1,6-linked glucose branches about every 20—25 resi-
dues. Amylose and amylopectin account for 20 and 80%,
respectively, of dietary starch. Because the intestinal
epithelium absorbs only monosaccharides, dietary
starch, to serve as a nutrient and energy source, must
first be hydrolyzed into glucose, a process facilitated by
o-amylase.

PHYSIOLOGY

In humans and other primates and in rodents and lago-
morphs (rabbits, hares, and pikas), pancreatic acini and
certain salivary glands, primarily the parotids, secrete
amylase. No other tissues express significant levels of
amylase, although amylases are present in the fallopian

Copyright 2004, Elsevier (USA). All rights reserved.
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amylopectin Branched-chain glucose polymer; the major
component of dietary starch.

amylose Straight-chain glucose polymer present in starch.

isoenzymes Multiple forms of the same enzyme; have subtle
differences in amino acid sequence or posttranslational
modifications.

posttranslational modification Alteration of a protein after it
has been synthesized. Examples include the addition of
sugar chains, of phosphate, or of sulfate.

Amylase is a digestive enzyme secreted primarily by the
pancreas and some salivary glands. Because of the almost
exclusive production of amylase by the pancreas, serum
amylase levels are of diagnostic importance in assessing
acute pancreatitis.

INTRODUCTION

The digestive enzyme amylase secreted by the pancreas
and some salivary glands is responsible for the initial
process of digestion of dietary starch. In the Western
world, adults consume about 400 g of carbohydrates
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each day, with starches and sucrose providing the lar-
gest sources. Starch is the storage form of carbohydrate
in plants and can account for 10—80% of the plant
volume. All starches are glucose polymers with mole-
cular masses ranging from 10 to more than 10° Da. The
two major starches are amylose, a straight-chain o-1,4-
linked glucose polymer, and amylopectin, a branched
starch with a backbone of a-1,4-linked glucose and
o-1,6-linked glucose branches about every 20—25 resi-
dues. Amylose and amylopectin account for 20 and 80%,
respectively, of dietary starch. Because the intestinal
epithelium absorbs only monosaccharides, dietary
starch, to serve as a nutrient and energy source, must
first be hydrolyzed into glucose, a process facilitated by
o-amylase.

PHYSIOLOGY

In humans and other primates and in rodents and lago-
morphs (rabbits, hares, and pikas), pancreatic acini and
certain salivary glands, primarily the parotids, secrete
amylase. No other tissues express significant levels of
amylase, although amylases are present in the fallopian

Copyright 2004, Elsevier (USA). All rights reserved.
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tube, lungs, tears, sweat, and human milk. Amylase
represents about 5—6% of the total protein in pancreatic
secretions and, along with mucins, amylase is a major
secretory protein of the parotid gland. Closely related,
but distinct, genes encode salivary and pancreatic amy-
lase. In the human genome, there are three salivary
genes and two pancreatic genes encoding amylase.
Expression of the genes encoding human pancreatic
amylase is developmentally regulated. Human new-
borns have little to no pancreatic amylase at birth and
the levels remain low (< 1.0% of adult levels) through-
out the first months of life and may not reach adult levels
until the second or third year of life.

ENZYMOLOGY

a-Amylase, an endoenzyme, preferentially cleaves inter-
ior a-1,4 linkages and has very low activity against the
bonds of terminal glucose units. Additionally, it cannot
hydrolyze the a-1,6 linkages in amylopectin. The result-
ing products of amylase acting on starch, referred
to as dextrins, are o-14-linked glucose dimers
(maltose), o-1,4-linked glucose trimers (maltotriose),
and branched oligosaccharides of 6 to 8 glucose units
that contain both «-1,6 and o-1,4 linkages (limit dex-
trins). Starch digestion can begin in the mouth and in a
swallowed bolus of food, but primarily occurs in the
lumen of the upper small intestine. Digestion of starch
is completed in the intestine by the brush border
enzymes, maltase and isomaltase.

The active site of a-amylase contains multiple sub-
sites, each of which is capable of binding one glucose
residue of the substrate. The porcine and human
enzymes appear to have five subsites, and subsite
three is probably the catalytic site. Substrates can
bind with the first glucose residue in subsite one or
two so that cleavage can occur between the first and
second or second and third residues. During a single
enzyme—substrate encounter, multiple glucose bonds
are cleaved. Three acidic residues, one glutamic acid
and two aspartic acids, are thought to be the catalytic
residues. The glutamic acid is believed to be the proton

AMYLASE

donor and one of the aspartic acids acts as a nucleophile.
a-Amylase has an absolute requirement for calcium ions
and is activated by anions such as chloride, bromide,
iodide, or fluoride. Heavy metals inhibit the enzyme.
The importance of serum amylase levels in the diagnosis
of acute pancreatitis has generated widespread interest
in its assay. Amylase is most commonly measured by
absorbance or fluorescence assays in which a labeled
substrate is cleaved.

PROTEIN STRUCTURE

Both the proteins and the cDNAs encoding amylase have
been isolated from the pancreas and the salivary glands.
a-Amylase has a molecular mass of about 57 kDa and
contains a single carbohydrate chain, although an
unglycosylated form is made in the parotid gland. Chro-
matographic and electrophoretic methods have demon-
strated multiple isoenzymes of both pancreatic and
salivary amylase. The presence of multiple genes for
both salivary and pancreatic amylase accounts for
some of the isoenzymes, but additional isoenzymes
are formed by posttranslational changes. The amylases
are multidomain proteins consisting of three domains.
The substrate-binding site lies in a cleft between
domains A and B. Residues in both of these domains
contribute to calcium binding near the active site. A
chloride ion binds on domain A near the active site cleft.

See Also the Following Articles

Carbohydrate Digestion and Absorption e Pancreatic Diges-
tive Enzymes e Salivary Glands, Physiology
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Amyloidosis
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amyloid A hyaline eosinophilic substance, as viewed by light
microscopy, that is deposited extracellularly in blood
vessels and other tissues in a wide variety of disorders. At
least 18 distinct proteins that can form amyloid have
been identified thus far. All amyloids are fibrillar and
look the same under light, polarization, and electron
microscopy.

amyloid, cerebral Amyloid occurring in the brain in patients
with Alzheimer’s disease, in aged Down’s syndrome
patients, and in individuals with spontaneous cerebral
hemorrhage consisting of deposits of B-protein (AB) or
cystatin C. Prion diseases are due to another protein
(PrP°%) that deposits in Creutzfeldt-Jacob disease,
bovine spongiform encephalopathy, and other human
and animal neurodegenerative disorders.

amyloid, dialysis-related Amyloid occurring in a minority of
patients on long-term (7—10 years) hemodialysis due to
deposition of B2 microglobulin.

amyloid, hereditary (familial) Familial amyloid polyneuro-
pathy occurs in patients with late-onset (midlife)
polyneuropathy and is usually due to deposition of
variant transthyretin. Some patients have cardiomyo-
pathy or nephropathy. The disorders are inherited as
autosomal dominant conditions. Transthyretin is also the
protein found in patients with senile systemic (cardiac)
amyloidosis. In some kindreds, other proteins form the
amyloid (apolipoprotein A-I, gelsolin, fibrinogen Aa,
lysozyme).

amyloid, light chain origin Also known as primary systemic
or immunocytic amyloid; this amyloid occurs de novo,
i.e., without coexisting or preexisting chronic disease.
The protein deposited is derived from immunoglobulin
light chains produced and secreted by monoclonal
plasma cells (plasma cell dyscrasia).

amyloidogenesis The process by which a precursor protein
undergoes proteolysis, yielding fragments that assume a
B-pleated sheet conformation and deposit extracellularly
in blood vessels and various tissues.

amyloid P component A nonfibrillar component of all
amyloids that is derived from a normal precursor, serum
amyloid P.

amyloid, reactive Also known as secondary systemic
amyloid. This type, amyloid A, occurs in patients with
chronic infectious or inflammatory disease and in the
autosomal recessively inherited disorder, familial Med-
iterranean fever. It is also the type present in experi-
mentally induced amyloidosis in mice.
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Bence Jones protein Free monoclonal immunoglobulin light
chains produced and secreted by a single clone of plasma
cells. Fifteen to 20% of Bence Jones proteins appear to be
amyloidogenic—more frequently in the A class than in
the kclass. Such amyloid is of the amyloid light chain
origin type.

B-pleated sheet conformation (B-conformation) The protein
conformation common to all amyloids that is responsible
for Congo red staining and the fibrillar structure.
Proteolysis can convert serum precursor proteins into
twisted B-pleated sheet fibrils.

polarization birefringence A common physical property of
all amyloid fibrils related to their B-pleated sheet
conformation and associated with an apple green color
after Congo red staining of involved tissue.

The amyloidoses are diverse disorders characterized by
extracellular deposits of various fibrillar proteins in tis-
sues. They constitute one group of an expanding class of
conditions referred to as diseases of protein misfolding.
Virtually any site in the body can be affected. Many con-
troversies arose about the cause and composition of amy-
loid for a century after it was named by Rudolph Virchow
in 1853. The first major breakthrough occurred in 1959,
when electron microscopy showed that this apparently
structureless material was actually fibrillar. The ability
to solubilize the fibrils enabled subsequent characteriza-
tion of their major protein constituents. At least 18 dis-
tinct proteins have been identified thus far as amyloid
precursors in human diseases and it is likely that more
will be described in the future. All amyloids share the
same physical properties under light, polarization, and
electron microscopy.

INTRODUCTION

Historically, amyloidosis was classified according to
whether it occurred de novo (“primary”) or was “second-
ary” to a recognizable preexisting or coexisting chronic
infectious or inflammatory disease. During the past 70
years, rare hereditary amyloid syndromes have been
well documented. Most primary and secondary amyloid
syndromes are systemic; i.e., they involve more than
one organ system. Many patients with hereditary
amyloidosis have systemic disease as well. Localized

Copyright 2004, Elsevier (USA). All rights reserved.
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or tumor-like collections of amyloid in various organs
also have been described. Recently, new amyloid dis-
orders have been recognized.

Several amyloid syndromes involve the gastrointest-
inal (GI) tract. The initial presentation and/or the
dominant manifestation may be due to GI amyloid
deposition. Thus, the amyloid syndromes are of interest
to gastroenterologists and other physicians who see
patients with GI disease.

DEFINITION AND DIAGNOSIS

Amyloid is an eosinophilic substance that, under the
light microscope, has a hyaline appearance and is depos-
ited extracellularly in the walls of small blood vessels
and various organs. These deposits, when extensive,
interfere with normal function. Multiple proteins can
form amyloid, but all share the common physical
properties of polarization birefringence after Congo
red staining, linear mnonbranching fibrils with a
diameter of 7.5 to 10nm by electron microscopy
(EM), and a twisted B-pleated sheet conformation by
X-ray diffraction. All amyloid deposits also contain a
nonfibrillar glycoprotein moiety, the P component.
This amyloid P (AP component) is derived from a nor-
mal serum precursor [serum amyloid P (SAP)] structu-
rally related to an acute-phase reactant, C-reactive
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protein. Apolipoprotein E and other proteoglycans
are additional nonfibrillar components of amyloid.

The diagnosis of amyloidosis is based on biopsy of
involved tissue. Apple green birefringence under polar-
ized light after Congo red staining and the typical fibril-
lar structure evident by EM constitute the most reliable
methods (Fig. 1).

Because the GI tract is an easily accessible biopsy
site, tissue sampling from the GI tract is often employed.
The sensitivity of endoscopic biopsy is dependent on the
presence of amyloid involvement, the site sampled, and
adequate tissue procurement. The biopsy should be
obtained with standard endoscopic forceps to include
submucosa since amyloid is best identified in the walls
of small blood vessels. Abdominal fat pad aspirate has a
60—85% sensitivity in systemic amyloidosis and is the
initial diagnostic procedure of choice since there is alow
risk of complications. Bone marrow biopsies may also
reveal the presence of amyloid. Liver and rectal biopsies
are associated with a low but definite risk of severe
hemorrhage. Whatever the biopsy site, it is important
to emphasize that Congo red stains must be performed
and examined under polarized light if amyloidosis is
suspected.

Once amyloid is recognized on tissue biopsy by
either apple green birefringence after Congo red stain-
ing or the characteristic fibrillar appearance by EM, itis
important to identify the protein deposited since the

FIGURE 1 (a) Polarization birefringence after staining in subcutaneous fat. The patient had familial amyloid polyneuro-
pathy and chronic diarrhea due to transthyretin amyloidosis. Magnification, x200. (b) Electron micrograph shows fibrillar
structure of amyloid (AL) in a rectal biopsy. Magnification, x12,000. The majority of the picture shows gray fibrillar material

(amyloid).



AMYLOIDOSIS

natural history and therapy vary among the different
disease entities. Immunohistochemistry using antibo-
dies to amyloid precursor proteins, such as immunoglo-
bulin light (L) chains, serum amyloid A, transthyretin,
and B2 microglobulin, is helpful, though not always
definitive, in delineating the type of amyloid present
in the fibrils of a particular patient. Immune EM and/
or chemical analysis of extracted fibrillar protein may be
necessary for unequivocal diagnosis. Radiolabeled SAP
component scintigraphy has been shown to be useful in
staging systemic AL (amyloid of light chain origin)
and AA (amyloid A) amyloidoses, but is not generally
available.

In most circumstances, a circulating precursor pro-
tein results from overproduction of either intact or aber-
rant molecules (plasma cell dyscrasias), reduced
degradation or excretion (secondary amyloid syn-
dromes and patients on long-term hemodialysis), or
genetic abnormalities associated with variant proteins
(familial autosomal dominant polyneuropathies). Amy-
loidogenesis is characterized by proteolysis of a
larger protein precursor molecule with production of
low-molecular-weight fragments that polymerize and
assume a B-conformation as extracellular tissue deposits
(Fig. 2). Thus, amyloidosis is a generic term referring to
a final common pathophysiologic pathway for tissue
protein deposition in a wide variety of diseases.

Except for their similar morphologic and physical
properties, the various amyloid diseases are disparate
and occur in diverse clinical settings. The classification
of amyloidosis based on the major protein subunits pre-
sent in the fibrils is shown in Table I. As noted, the terms
primary and secondary refer to the absence or presence
of a preexisting or coexisting chronic inflammatory
or infectious disease. Because of significant overlap,
primary and secondary designations should not be

CIRCULATING AMYLOID
PROTEIN PRECURSOR \‘

. Ig L-chain
MECHANISMS: SAA
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based on anatomic sites of involvement in individual
patients.

PRINCIPAL AMYLOID PROTEINS
AND DISEASES

Primary (Immunocytic) Systemic Amyloid

Primary (immunocytic) systemic amyloid of light
chain origin is a disorder closely related to multiple
myeloma in which a monoclonal immunoglobulin com-
ponent, most often a free monoclonal L chain [Bence
Jones protein (BJP)], is produced by a single family
(clone) of plasma cells. Fragments of BJP polymerize
and form B-pleated sheets that deposit as fibrillar mate-
rial in tissues. Primary amyloidosis is the most common
nonhereditary systemic amyloid type in the United
States. Serum and urine immunofixation electrophor-
esis will demonstrate a monoclonal immunoglobulin
component (M component) in serum, urine, or both,
in 80% of cases. Amyloid deposition in these individuals
tends to be distributed in the heart, tongue, gastroin-
testinal tract, skin, ligaments, and peripheral nerves.
Involvement of liver, kidneys, spleen, and adrenals, a
distribution more characteristic of secondary systemic
amyloid, also may occur because of overlap in amyloid
deposition in the immunocytic and reactive syndromes.
Approximately 15 to 20% of Bence Jones proteins
appear to be “amyloidogenic” in that they have the prop-
erty of precipitating as fibrillar material resembling
amyloid after in vitro proteolytic digestion. This amy-
loidogenic  property is associated with the
variable region of the molecule and is more commonly
observed with A than with ¥ monoclonal L-chains, a
finding in accord with the L-chain distribution noted

Overproduction Transthyretin

[PROTEOLYSIS/PROCESSING]

Reduced degradation Apolipoprotein A-l

or‘excrelion_ B2-Microglobulin
Variant proteins Others

Local/systemic
Reticuloendothelial cells
Lysosomal enzymes

B-Conformation

POLYMERIZATION

Extracellular enzymes

Preferential
tissue affinity AMYLOID FIBRIL
DEPOSITION

Blood vessels
Various tissues

FIGURE 2 Pathogenesis of amyloidosis: Sequence of events by which a number of cir-
culating precursor proteins are cleaved by proteolytic enzymes and deposited in tissues as
amyloid fibrils. A similar sequence occurs in locally overproduced proteins, as in the case of
amyloid associated with endocrine tumors. Modified from Stone, M. J. (1990). Amyloidosis: A
final common pathway for protein deposition in tissues. Blood 75, 531—545. Copyright American

Society of Hematology, used by permission.
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TABLE I Classification of Amyloid Diseases According to Major Protein Constituent in Fibrils

Clinical type

Protein component

Primary systemic or localized
(immunocytic)
Myeloma-associated (immunocytic)
Secondary systemic (reactive)
Familial: autosomal recessive—familial
Mediterranean fever
Reactive/induced in animals
Familial: autosomal dominant polyneuropathies
Senile cardiac
Cerebral
Alzheimer’s disease
Down’s syndrome
Hereditary cerebral amyloid
angiopathy (Dutch)
Hereditary cerebral amyloid
angiopathy (Icelandic)
Prion diseases (spongiform
encephalopathies)
Dialysis-related
Endocrine-associated
Medullary thyroid carcinoma
Type 1I diabetes mellitus,
Islet cell tumors
Others

AL immunoglobulin light chain
(Bence Jones protein); rarely heavy chain (AH)
AL (rarely AH)
AA
AA

AA

Transthyretin, apolipoprotein A-I, gelsolin
Transthyretin

B-Protein (AB)

B-Protein (AB)

B-protein (AB)

Cystatin C

Prp>°

32 Microglobulin

Procalcitonin
Islet amyloid polypeptide

Atrial natriuretic peptide, fibrinogen o-chain,
prolactin, insulin, lysozyme, ? keratin

Note. Modified from Stone. M. J. (1990) Amyloidosis: A final common pathway for protein deposition in tissues. Blood 75: 531—545. Copyright

American Society of Hematology, used by permission.

in AL patients. The data are consistent with the hypoth-
esis that patients with plasma cell dyscrasias who secrete
Bence Jones proteins that possess amyloidogenic prop-
erties develop a clinical picture dominated by the fea-
tures of primary systemic amyloidosis with fewer
monoclonal plasma cells compared with the usual find-
ings and cell burden observed in multiple myeloma. The
resulting clinical illness therefore is more dependent on
the molecular structure of the individual BJP synthe-
sized than on any intrinsic difference between primary
systemic amyloidosis and multiple myeloma. Such a
hypothesis does not dictate that every patient produc-
ing amyloidogenic L-chains necessarily will develop
clinical amyloidosis; some clearly do not, suggesting
that additional factors play an important role in tissue
deposition of amyloid fibrils.

Secondary (Reactive) Systemic Amyloidosis

Secondary (reactive) systemic amyloidosis is due to
deposition of a nonimmunoglobulin protein (amyloid
A) derived from a circulating protein precursor, serum
amyloid A (SAA), that acts as an acute-phase reactant.

This type of amyloidosis occurs in association with
chronic inflammatory or infectious diseases. It occurs
rarely in patients with tumors such as Hodgkin’s disease,
renal cell carcinoma, or other neoplasms. Chronic
inflammatory diseases, especially rheumatoid arthritis
and juvenile rheumatoid arthritis, are associated with
amyloid of this type. Patients with other connective
tissue disorders and Crohn’s disease rarely develop
AA amyloidosis. The same AA protein forms amyloid
in patients with the autosomally recessively inherited
disorder, familial Mediterranean fever (FMF). Chronic
infections such as in patients with tuberculosis, leprosy,
chronic osteomyelitis, bronchiectasis, decubitus ulcers,
paraplegia, chronically infected burns, chronic skin
infections associated with parenteral drug abuse, hypo-
gammaglobulinemia, and Whipple’s disease are asso-
ciated with AA amyloidosis. Amyloid A is also the
type occurring in mice with experimentally induced
amyloidosis. An “amyloid-enhancing factor” that accel-
erates amyloidogenesis in animal models may consist of
the AA fibril itself.

SAA, which has a molecular weight of approximately
12,500 Da, is a heterogeneous minor component of
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normal plasma and is transported in association with
high-density lipoprotein. Three forms of SAA have been
described. Amyloid A is a single polypeptide chain con-
sisting of 76 amino acids and having a molecular weight
of approximately 7500 Da. Larger and smaller sizes of
the protein have been identified as well.

Familial Amyloid Polyneuropathy

Familial amyloid polyneuropathy is an autosomal
dominantly inherited late-onset syndrome usually due
to deposits of transthyretin (TTR). TTR deposition also
occurs in “senile” cardiac amyloid. TTR, previously
known as thyroxin-binding prealbumin, is a transport
protein that also binds retinal-binding protein. It is
synthesized by the liver as a single polypeptide chain
of 127 amino acids. The TTR that deposits in various
tissues is a structurally abnormal protein. Over 80
amino acid substitutions at more than 50 different
sites in the TTR molecule have been described. TTR
is a negative acute-phase reactant; that is, its concentra-
tion decreases with inflammation; serum levels of the
protein are also low in many patients with TTR amyloi-
dosis. Not all patients with familial amyloid polyneuro-
pathy have associated TTR deposits. In the lowa type
characterized by lower limb neuropathy, peptic ulcers,
and nephrotic syndrome, a variant form of apolipopro-
tein A-I has been demonstrated in the amyloid fibrils.
Apolipoproteins occur in other types of amyloid. Muta-
tions of gelsolin, fibrinogen o-chain, and lysozyme
rarely have been reported to cause familial amyloidosis.

Cerebral Amyloids

Cerebral amyloids are amyloid deposits in the brain
occurring in Alzheimer’s disease patients, in aged
Down’s syndrome patients, and in some individuals
with hereditary cerebral amyloid angiopathy consist
of a component called amyloid B-protein (AB), having
a molecular weight of approximately 4200 Da. As with
other chemical types of amyloid, the B-protein origi-
nates from a larger precursor (ABPP) and is found in
blood vessels, plaques, and neurofibrillary tangles in
the brain. The Icelandic form of cerebral amyloid
angiopathy is characterized by a protein closely related
to the cysteine protease inhibitor, cystatin C, which
deposits in blood vessels. A different form of brain
amyloid is present in the prion diseases, which
include Creutzfeldt-Jakob disease and bovine
spongiform encephalopathy (“mad cow” disease). In
these disorders, a normal or variant protein appears to
acquire a greater degree of B-pleated sheet conformation
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associated with its deposition in the brain. These amy-
loid diseases are generally restricted to the central ner-
vous system.

Dialysis-Related Amyloid

Some patients on long-term (7—10 years) hemodia-
lysis develop carpal tunnel syndrome, usually bilateral,
due to amyloid deposition. It may be accompanied by
cystic bone lesions or pathologic fractures. Occasionally
deposits are found in other organs including those in the
GI tract. The fibrillar protein in this circumstance is
composed of intact 2 microglobulin (f 2M), a protein
0f 11,800 Da. The serum [ 2M concentration in chronic
hemodialysis patients is approximately 50 times higher
than normal, as  2M is too large to pass through dialysis
membranes. However, elevated levels alone do not cor-
relate well with the risk of developing amyloid. Thus,
other systemic or local tissue factors may be important
in determining whether amyloid deposition occurs.

CLINICAL FINDINGS

Clinical manifestations of amyloidosis vary widely
depending on the organ system predominantly
involved. A number of hematologic findings may
occur in patients with amyloidosis, especially “scratch
purpura” and spontaneous periorbital purpura after a
Valsalva maneuver (Fig. 3a). Acquired factor X defi-
ciency is an unusual but well-documented complication
of amyloidosis. The coagulation factor appears to be
rapidly cleared from the circulation and bound by
amyloid deposits. Splenectomy may alleviate the
bleeding diathesis resulting from factor X deficiency.
Occasionally, factors IX and V are reduced. Other
abnormalities in coagulation or fibrinolytic pathways
are rare. Lytic bone lesions of the type characteristic
of myeloma rarely occur in patients with amyloidosis.
Uncommon sites of amyloid involvement include endo-
crine tumors, serosal membranes, lymph nodes, breast
tissue, and thyroid.

Patients with primary AL amyloidosis most com-
monly present with nephrotic range proteinuria,
refractory congestive heart failure, unexplained hepa-
tomegaly, or peripheral neuropathy. Patients with AA
amyloidosis present most often (90%) with proteinuria/
renal insufficiency, but 20% have GI findings (diarrhea,
pseudo-obstruction, constipation, or malabsorption).
Patients with familial autosomal dominant amyloidosis
usually present with late-onset polyneuropathy, and
some have significant GI involvement.
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FIGURE 3 (a) Bilateral periorbital purpura in a patient with AL amyloidosis. (b) Nodular macroglossia in a patient with AL

amyloidosis.

GASTROINTESTINAL AMYLOIDOSIS

Many patients with systemic amyloidosis have involve-
ment of the GI tract with amyloid deposition occurring
anywhere from the tongue to the rectum, as well as the
liver, spleen, and pancreas. The GI manifestations may
be the mode of presentation and often are accompanied
by evidence of organ involvement elsewhere, namely,
the heart, kidney, and autonomic nervous system. The
symptoms, physical signs, and clinical manifestations of
Glamyloidosis are listed in Table 11. Endoscopic appear-
ance and radiographic appearance are also described
below.

Endoscopic Appearance

There is no endoscopic appearance specific for amy-
loidosis. The most common endoscopic findings
include a fine granular appearance, erosions, ulcera-
tions, and mucosal friability. These findings are most
often seen in the duodenum, followed by the stomach,
colorectum, and esophagus.

Radiographic Appearance

Barium radiography is of limited diagnostic utility
since the changes that may be seen are not specific for
amyloidosis. Nevertheless, esophageal abnormalities

include reflux and esophageal dysmotility and dilation.
The stomach may show rigid gastric rugal folds, dilation
with barium retention, and narrowing or obstruction in
the antral region. Small intestinal radiographs are often
the initial test suggesting GI amyloid involvement.
Commonly reported findings include sharply demar-
cated thickening of the valvular conniventes, altered
intestinal transit, bowel dilation, and multiple nodular
lesions. Colonic contrast studies most often show invol-
vement of the rectosigmoid characterized by altered
colonic transit with dilation or multiple filling defects
with narrowing and rigidity secondary to ischemia.
Abdominal computerized tomography imaging may
show wall thickening or bowel dilation and rarely
mesenteric thickening or lymphadenopathy.

Specific Organ Involvement
Mouth

Oral amyloidosis may affect the tongue, buccal
mucosa, and gingiva. Bleeding from the latter two
sites is common. Tongue involvement causes macro-
glossia in 20—50% of primary (AL) amyloid patients
(Fig. 3b). Macroglossia may cause difficulties with
speech, mastication, swallowing, and breathing due to
reduced tongue mobility. Tracheostomy may be neces-
sary in severe cases. Amyloid infiltration of the salivary
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TABLE II Signs, Symptoms, and Clinical Manifestations of GI Amyloidosis
Location Symptoms Physical signs Clinical manifestations
Mouth Enlarged tongue Macroglossia Dysphonia
Bleeding Reduced tongue mobility Difficulty with mastication and deglutition
and induration
Toothache Nodular lesions of tongue and Sicca syndrome
buccal mucosa
Paresthesias Oral hemorrhagic bullae Jaw claudication
Dry mouth Upper airway obstruction/sleep apnea
Esophagus Heartburn Esophageal dysmotility
Waterbrash Esophagitis
Dysphagia
Stomach Nausea Succussion splash Erosions and ulcerations
Vomiting Cachexia Gastric amyloid nodules
Epigastric pain Gastroparesis
Anorexia Gastric outlet obstruction
Abdominal fullness
Bleeding
Weight loss
Small intestine Diarrhea Cachexia Intestinal ischemia/bleeding
Constipation Pseudo-obstruction
Abdominal pain Malabsorption (steatorrhea, protein-losing
enteropathy)
Bleeding Obstruction due to amyloidoma
Weight loss Intestinal infarction/perforation
Colon Diarrhea Cachexia Colonic ischemia/bleeding
Constipation Pseudo-obstruction/megacolon
Abdominal pain Fecal incontinence
Bleeding Volvulus
Intestinal infarction/perforation
Liver Jaundice Hepatomegaly Well-preserved hepatic synthetic function
Abdominal pain No evidence of cirrhosis Elevated alkaline phosphatase
Occasional evidence of Focal intrahepatic masses
portal hypertension Spontaneous hepatic rupture
Spleen Abdominal pain Splenomegaly Functional hyposplenism
Spontaneous splenic rupture
Pancreas Diarrhea Exocrine pancreatic insufficiency

Abdominal pain

Pancreatitis

glands can cause symptoms of dry mouth associated
with the sicca syndrome.

Esophagus

Esophageal involvement usually presents with
symptoms of dysphagia and gastroesophageal reflux.
Histological studies show that amyloidosis can infiltrate
both the striated and smooth muscle portions of the
esophagus, vagus nerve, myenteric plexus, and vasa
nervosa. Manometric studies may show a nonspecific
esophageal dysmotility and abnormal lower esophageal
sphincter relaxation. Treatment with a proton pump
inhibitor is usually recommended.

Stomach

Patients with gastric amyloid may present with
symptoms of nausea, vomiting, epigastric pain, abdom-
inal bloating, anorexia, and weight loss. Some patients
develop mucosal or gastric amyloid tumor ulcerations
with signs of upper GI bleeding. Others present with
gastric motility disturbances. In familial amyloid poly-
neuropathy with autonomic nervous system involve-
ment, gastroparesis with delayed gastric emptying
and hypotonia is common. Treatment with prokinetic
agents has limited effectiveness. Total parenteral nutri-
tion as a means of providing temporary nutrition or
drainage procedures such as gastrojejunostomies have
shown some benefit.
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Small Intestine

In systemic amyloidosis, small intestinal deposits
are present histologically in more than 70% of cases.
Amyloid may be seen in the intrinsic and extrinsic ner-
vous system, the mucosa, submucosa, and muscle wall
of the small intestine. The variable location of these
deposits accounts for the myriad of symptoms and clin-
ical manifestations associated with small bowel involve-
ment including diarrhea, constipation, malabsorption,
obstruction, pseudo-obstruction, bleeding, and vascu-
lar insufficiency. Chronic intestinal ischemia may occur
secondary to progressive occlusion of the vessels of the
submucosa. This will lead to sloughing of the intestinal
lining and hemorrhage. Rarely, protein-losing entero-
pathy or progression to intestinal infarction and per-
foration is seen. Small bowel obstruction due to an
amyloid tumor also has been described.

The clinical spectrum of symptoms, course, and
prognosis associated with pseudo-obstruction may
depend on the type of amyloid. Patients with AL and
AB 2M amyloidosis typically present with irreversible
chronic, intermittent obstructive symptoms and have
evidence of extensive infiltration of the smooth muscle
of the bowel wall. On the other hand, AA amyloidosis
patients may present with reversible, acute obstructive
symptoms and have evidence of myenteric plexus invol-
vement. Surgery is generally not beneficial in the
treatment of amyloid-induced pseudo-obstruction. Pro-
motility agents have not been proven effective and some
patients may require long-term TPN.

Diarrhea is often severe and uncontrollable in sys-
temic amyloidoses. Malabsorption as evidenced by stea-
torrhea and protein-losing enteropathy is seen in less
than 5% of patients but has been reported in AL, AA, and
TTR amyloidoses. Diarrhea is particularly common in
familial amyloid polyneuropathy due to TTR amyloid
and often leads to cachexia and early mortality. The
pathogenesis of diarrhea in patients with amyloidosis
is unknown. A variety of mechanisms have been
advanced as possible explanations for the disruption
of gastrointestinal function. These include (1) malab-
sorption of fat, protein, and/or carbohydrate by
multiple processes including infiltration of the mucosa
producing a mechanical barrier, mucosal atrophy sec-
ondary to amyloid-induced vascular ischemia, and
pancreatic amyloidosis with concomitant pancreatic
exocrine insufficiency; (2) bile salt malabsorption;
and (3) altered intestinal transit. Slow intestinal motility
may result from amyloid deposition within the muscu-
lar layer of the intestinal wall causing a myopathy or
from amyloid deposition in the GI autonomic nervous
system causing a neuropathy. Reduced motility permits
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bacterial overgrowth, bile acid deconjugation, and
consequent diarrhea and steatorrhea. Treatment for
amyloid-induced diarrhea includes opioids, antibiotics,
cholestyramine, and octreotide.

Colon

Colonic amyloid is associated with symptoms simi-
lar to small intestinal involvement including diarrhea,
constipation, abdominal pain, intestinal ischemia, and
bleeding. Volvulus, megacolon, and fecal incontinence
due to neuropathy or amyloid deposition in the anal
sphincter have been reported in patients with colonic
amyloidosis.

Liver

Hepatic amyloidosis is manifested by hepatomegaly
with relatively well-preserved hepatic synthetic func-
tion. Modest elevations of serum alkaline phosphatase
are the most common laboratory abnormalities. Hypoal-
buminemia may be present and due to nephrotic syn-
drome, decreased hepatic synthetic function, or rarely,
protein-losing enteropathy. Elevated serum amino-
transferase levels are less commonly seen and elevated
serum bilirubin levels are rare. Cholestatic jaundice
portends a poor prognosis as it may lead to liver failure
and is usually due to advanced AL amyloidosis.
Although many patients with amyloidosis have hepatic
deposits, there is poor correlation between the degree of
liver dysfunction and the extent of amyloid deposition.
Rarely, patients present with focal intrahepatic mass
lesions and hepatic rupture, the latter usually being a
fatal event.

Clinical features of chronic liver disease (e.g., spider
angiomas, palmar erythema) are uncommon as most
patients die of extrahepatic amyloid deposition. Portal
hypertension is seen occasionally. Its complications,
including ascites and esophageal variceal hemorrhage,
are seen to variable degrees. Ascites may develop from
portal hypertension with or without hypoalbuminemia.
Treatment of hepatic amyloidosis is directed at manage-
ment of these complications and the underlying
mechanism of the amyloid deposition.

Hepatic amyloidosis is diagnosed by liver biopsy.
Increased risk of hemorrhage with liver biopsy is
thought to be secondary to amyloid infiltration of
blood vessels with consequent increased fragility and
inability of the blood vessels to contract. Several studies
have reported cases of fracture of the liver with hemor-
rhage, capsular rupture, and death following liver
biopsy in patients with suspected amyloid liver
involvement. One series showed that all amyloidosis
patients with hemorrhagic complications related to a
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diagnostic procedure had a prior history of a bleeding
episode. Therefore, liver biopsy should be approached
with caution in patients with established or suspected
amyloidosis.

Spleen

Splenomegaly is initially present in approximately
10% of patients with amyloidosis and splenic rupture
has been reported rarely. Hypersplenism does not occur
with splenomegaly, probably because of massive repla-
cement of splenic tissue by amyloid. Approximately 20
to 25% of patients with systemic amyloidosis and 60%
with hepatic amyloidosis develop functional hyposplen-
ism characterized by a normal-sized or large spleen on
imaging studies and a peripheral blood smear showing
Howell-Jolly bodies (nuclear remnants), target cells,
and large platelets. The presence of Howell-Jolly bodies
on a blood smear is a highly specific, but not sensitive,
indicator of splenic amyloidosis. Functional hyposplen-
ism is a valuable clue to the diagnosis of systemic
amyloidosis in the patient presenting with nephrotic
syndrome, hepatomegaly, or refractory heart failure
of unknown etiology. The absence of hyposplenism is
not a predictable sign of the absence of splenic involve-
ment. In rare cases, amyloidosis-related functional
hyposplenism is reversible if the patient responds to
treatment.

Pancreas

Amyloid deposition can involve both the exocrine
and endocrine portions of the pancreas. Exocrine pan-
creatic involvement can cause acinar atrophy and
destruction. Amyloidosis has been reported in patients
with cystic fibrosis and exocrine pancreatic insuffi-
ciency. These patients respond to enzyme replacement
therapy. Rarely, pancreatic involvement results in
pancreatitis secondary to ductal obstruction by amyloid
deposits. Deposits in the pancreatic islets occur in type
1T diabetes mellitus and islet cell tumors.

Crohn’s Disease-Associated Amyloidosis

AA amyloidosis is an uncommon yet important
complication of Crohn’s disease. In the largest series
of patients with inflammatory bowel disease collected
over a 50-year span, Greenstein et al. found a 0.9%
incidence of amyloidosis in Crohn’s disease. The pre-
valence may be higher as amyloid deposits are often
documented only at autopsy. The mean time from the
clinical onset of Crohn’s disease to development of
amyloidosis was 15 years. Amyloidosis in Crohn’s dis-
ease was associated with more extensive intestinal dis-
ease, suppurative complications (fistulas, abscesses),
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extraintestinal manifestations (arthritis, pyoderma
gangrenosum, aphthous stomatitis), and male gender.

Crohn’s disease-associated amyloidosis most often
develops in the kidney, but generalized amyloidosis
with involvement of the GI tract, heart, thyroid, liver,
and spleen has been described. Patients initially present
with proteinuria or renal insufficiency, which may pro-
gress to nephrotic syndrome and renal failure.

TREATMENT

Therapy of amyloidosis is unsatisfactory. Evaluation of
various approaches has been hindered by the lack of
ability to accurately determine the extent of involve-
ment in individual patients and by the widely disparate
etiology of the various disorders that lead to amyloid
deposits. Despite its apparently inert nature and inac-
cessible extracellular location, amyloidosis occasionally
is reversible and radiolabeled SAP scintigraphy has
demonstrated that amyloidogenesis is a dynamic pro-
cess. Potential therapeutic approaches consist of those
directed at prevention of amyloid precursor protein
synthesis, prevention of amyloid fibril deposition, and
removal or dissolution of amyloid deposits from tissues.

AL Amyloidosis

For AL amyloidosis, a myeloma type of chemother-
apy regimen (melphalan and prednisone) is generally
employed in an attempt to reduce production of the
circulating monoclonal L-chain precursor. Colchicine
may have some activity though less than cytotoxic che-
motherapy. lodo-doxorubicin has been reported to have
anti-amyloid activity, but its role in therapy is currently
undefined. High-dose chemotherapy with stem cell
autografting has been employed by several groups
and preliminary reports seem encouraging. However,
follow-up is limited and the heterogeneity of individual
amyloid patients makes subgrouping necessary and
analysis difficult. A high incidence of GI bleeding
after stem cell autografting has been reported. Preclini-
cal studies have indicated that AL amyloid resolution
can be induced by passive administration of an amyloid-
reactive antibody. Such an approach may be effective in
other amyloid types as the antibody appears to be direc-
ted to a fibrillar epitope. This observation has poten-
tially important implications. Clinical trials in patients
with AL and other amyloid diseases are eagerly awaited.

AA Amyloidosis

AA amyloidosis sometimes improves with therapy
designed to prevent initial amyloid deposition or disease
progression. Effective treatment of chronic infection
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may result in amyloid stabilization or reversal. Colchi-
cine prevents amyloid deposition and further deteriora-
tion of renal and cardiac function in AA amyloidosis
associated with FMF and Crohn’s disease. Colchicine
may induce transient diarrhea and abdominal pain that
must be distinguished from FMF, Crohn’s disease, or GI
tract amyloidosis. Even low-dose colchicine may cause
diarrhea, especially in patients who have GI tract amy-
loid involvement.

In selected AA amyloidosis patients, renal and car-
diac transplantation has been performed. Renal trans-
plantation appears to have a role in FMF patients. In
patients with Crohn’s disease-associated amyloidosis,
progression of the amyloid-related disease appears to
cease following effective therapy directed at the
underlying inflammatory bowel disease. Resection of
the inflamed bowel is controversial with a possible
increased risk of postoperative morbidity and
mortality.

Familial Amyloid Polyneuropathic Syndromes
Due to TTR Amyloidosis

In hereditary amyloidosis due to TTR, more than
95% of the mutant transthyretin is produced by the
liver. A liver transplant should replace mutated TTR
with the normal (wild-type) molecule and thereby
stop amyloid formation. More than 400 liver transplants
have been performed for TTR amyloidosis. Techniques
have included both orthotopic and living—related
donor liver transplantation. Combined liver/heart or
liver/kidney transplants also have been performed.
The goal of liver transplantation is to prevent further
disease progression and onset of new complications.
Liver transplantation has been reported to halt amyloid
progression in familial amyloid polyneuropathy
patients. Modest improvement in peripheral and auto-
nomic neuropathy has been claimed in some patients.
Improvement in gastrointestinal symptoms and nutri-
tion has been noted posttransplant. Factors associated
with a favorable outcome after liver transplantation
include the presence of the TTR Val30Met mutation,
symptomatic disease duration of less than 7 years, and
good nutritional status with lack of severe autonomic
impairment. Use of DNA testing to identify persons at
risk for development of TTR amyloidosis while still in
the preclinical phase of their disease will be helpful
in assessing the efficacy of various new therapeutic
regimens.

TTR amyloidosis rarely involves the liver and has
not been associated with liver failure. In addition, its
onset occurs in the third decade of life or later and
carriers of the trait may never develop the disease.
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For these reasons, liver explants from patients with
familial amyloid polyneuropathy have been used for
sequential (“domino”) liver transplantation. To date,
no amyloid disease has been reported in recipients of
these livers.

Effective therapy for other types of amyloidosis
listed in Table I awaits elucidation of further insights
into the origin and pathogenesis of fibrillar deposition in
patients with these disorders.
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Anal Canal
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rectal neck Embryologically, the anal canal is the lower part
of the hindgut from which the rectum develops. The
hindgut extends down and fixes itself to the perineal
skin. Therefore, the anal canal is actually the lower
narrow part of the rectum and it is referred to as the
rectal neck.

The rectal neck (anal canal) is the gateway to the gut; it is
surrounded by sphincters and muscles that regulate the
passage of the rectal contents to the exterior. These mus-
cles are responsible for fecal continence and defecation.

EXTERNAL ANAL SPHINCTER

The external anal sphincter (EAS) is a triple-loop system
consisting of top, intermediate, and base loops (Fig. 1).
Each loop is separated from the others by a fascial sep-
tum (Fig. 2) and has its individual attachment, direction
of muscle bundles, and innervation. The top loop com-
prises the deep part of the EAS and puborectalis, which
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- ~.-- Anococcygeal raphe
Symphysis pubis--— '7'* =
Top 100p ~—==mmmmmme =
Intermediate loop ============ =

Base loop - == =====--====---

FIGURE 1 Diagram illustrating the triple-loop system of
the external anal sphincter. Reprinted from Shafik (1981), with
permission from Excerpta Medica.
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are intimately fused together. Its muscle bundles loop
around the upper part of the rectal neck (RN) and are
attached to the symphysis pubis. It forms a downward
extension, which descends along the RN and contri-
butes to the formation of the longitudinal muscle
(Fig. 2). It is innervated by the inferior rectal nerve.
The intermediate loop embraces the midportion of
the RN and is innervated by the perineal branch of
the fourth sacral nerve. The base loop encloses the
lower RN and is innervated by the inferior rectal
nerve. It consists of only loop fibers in its upper part
and of inner circular and outer loop fibers in its
lower part.

Mechanism of Action

The EAS induces voluntary continence by a double-
fold action: (1) prevention of internal sphincter
relaxation on detrusor contraction, which is termed
“voluntary anorectal inhibition reflex,” and (2) direct
compression of the RN, or the “mechanical action.”

Voluntary Anorectal Inhibition Reflex

As stools enter the rectum, the rectal detrusor con-
tracts and the internal sphincter relaxes reflexly to open
the RN (Fig. 3). The latter does not open unless the EAS
relaxes voluntarily. However, if there is no desire to
defecate, the EAS contracts, mechanically preventing
relaxation of the internal sphincter. Failure of the latter
to relax reflexly inhibits contraction of the rectal detru-
sor, which relaxes and dilates to accommodate the new
contents (Fig. 4). Voluntary EAS contraction to inhibit

Copyright 2004, Elsevier (USA). All rights reserved.
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FIGURE 2 Coronal section at the level of the midanal orifice
shows the three loops of the external anal sphincter. It also
shows the external anal fascia investing the whole sphincter
and sending inward extensions between its loops. Verhoeff-van
Gieson. Magnification, x7. (a) Levator plate; (b) suspensory
sling; (c) top loop (fused puborectalis and deep external
anal sphincter); (d) intermediate loop of external anal
sphincter; (e) base loop of external anal sphincter; (f) internal
anal sphincter; (g) longitudinal anal muscle; (h) fascia on pelvic
surface of levator plate; (i) hiatal ligament; (j) tunnel septum;
(k) pelvirectal space. Reprinted from Shafik (1981), with
permission.

reflex internal sphincter relaxation is the “voluntary
anorectal inhibition reflex.” This is the main action
responsible for voluntary continence. The internal
sphincter integrity is thus necessary not only for invo-
luntary continence, but also for voluntary continence,
because the internal sphincter mediates the voluntary
inhibition reflex. For this reason, internal sphincter
reconstruction should be considered an essential step
in rectal incontinence repair.
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Voluntary Mechanical Action

In addition to the voluntary inhibition reflex, EAS
contraction firmly seals the RN by mechanical compres-
sion. Because it is a striated muscle, the EAS cannot
contract for a long period to maintain continence
mechanically. The mechanical compression action is
thus momentary (40—60s) and serves to occlude the
RN by the time the detrusor relaxes as a result of the
voluntary inhibition reflex.

Stress Defecation

Under conditions of internal sphincter damage,
voluntary continence is induced only by the mechanical
action of the EAS. The voluntary inhibition reflex is lost.
Because it is a striated muscle, the EAS cannot contract
long enough to withstand the noninhibited prolonged
contraction of the loaded rectal detrusor. Detrusor con-
traction continues despite EAS contraction till the latter
fatigues and relaxes and the detrusor evacuates itself.
Hence, in cases of internal sphincter damage, once the
desire to defecate is initiated, evacuation should occur.
This condition, which is termed “stress defecation,” is
observed in patients after internal sphincterotomy for
anal fissure. It could also explain the impaired control of
feces and flatus after internal sphincterotomy.

Single-Loop Continence

As a result of the separate arrangement of the three
EAS loops and because each loop has its own separate
and bilateral innervation, any single loop can function
as a sphincter. The EAS continence action can be
achieved by a single-loop contraction and not necessa-
rily by the three loops. This constitutes the basis of
“single-loop continence.” On contraction, a single
loop induces continence by both the voluntary

External

sphincter Internal sphincter

A B

FIGURE 3 External and internal sphincters at rest and during
defecation. (A) Atrest: detrusor is relaxed and internal sphincter is
involuntarily contracted. (B) During defecation: detrusor is con-
tracted and external and internal sphincters are relaxed. Reprinted
from Shafik and El-Sibai (2001), with permission. Copyright 2001
Lippincott Williams & Wilkins.
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FIGURE 4 Mechanism of voluntary inhibition reflex to oppose
a call to defecate. (A) Detrusor contraction with failure of internal
sphincter relaxation due to voluntary external sphincter contrac-
tion. (B) Reflex detrusor relaxation due to failure of internal
sphincter relaxation, the voluntary inhibition reflex. Reprinted
from Shafik and El Sibai (2001), with permission. Copyright
2001 Lippincott Williams & Wilkins.

inhibition reflex and mechanical occlusion. The latter
action creates significantly tight loop contraction, being
effected not only by direct compression but also by RN
kinking.

THE ANOGENITAL MUSCLE

Arecentstudy has demonstrated that the base loop of the
EAS extends uninterrupted across the perineum to
the bulb of the penis where it becomes continuous with
the bulbocavernosus muscle. Lying over the bulb, the
muscle bundles are arranged into three groups: the med-
ian fibers and two lateral bundles of fibers. The median
fibers form the “retractor penis muscle,” which is
inserted into the corpora cavernosa, and the lateral
fibers, which form the “compressor bulbae muscle,”
are inserted into the perineal membrane. Upon glans
stimulation, both the EAS and the bulbocavernosus
muscle contract synchronously with similar latency
and action potentials. The bulbocavernosus muscle is
an integral part of the EAS, and the muscle in its entirety
is appropriately named the “anogenital muscle.” The
muscle plays a dual and synchronous role in fecal con-
trol and sexual response. It is suggested that EAS dis-
orders lead to sexual dysfunction and vice versa.

LONGITUDINAL MUSCLE

The longitudinal muscle consists of three layers: medial,
intermediate, and lateral (Figs. 2 and 5). The medial
longitudinal muscle is a continuation of the longitudinal
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rectal muscle coat. The intermediate muscle is the sus-
pensory sling of the levator ani, whereas the lateral
muscle is the longitudinal extension of the top loop
of the EAS. The fleshy longitudinal muscle ends at
the level of the lower border of the internal sphincter
by giving rise to a fascial condensation called the “cen-
tral tendon.” The latter splits into multiple fibrous septa.
The medial septum attaches to the RN lining, whereas
the lateral muscle passes into the ischiorectal fossa. The
intermediate septa penetrate the EAS base loop, decus-
sate to form the corrugator cutis, and insert in the peri-
neal skin (Figs. 2 and 5). The longitudinal muscle plays
an important role in the mechanism of defecation. On
contraction at stool, it shortens and widens the RN.
Furthermore, it helps to fix the RN during straining
at defecation, thus preventing rectal prolapse. Subluxa-
tion of the longitudinal muscle shares in rectal prolapse
genesis.

FIGURE 5 Diagram illustrating the rectal neck musculature
and perirectal spaces. (a) Submucous space containing internal
anal septum; (b) internal sphincter; (c, e, j, and 1) four intersphinc-
teric spaces; (d, f, and k) medial, intermediate, and lateral long-
itudinal muscles; (g) central space occupied by central tendon; (h,
m, and o) base, intermediate, and top loop of external sphincter;
(i) subcutaneous space containing corrugator ani cutis; (n)
external fascial septum; (p) ischiorectal space; (q) levator plate;
(r) pelvirectal space. Reprinted from Shafik (1987), with
permission.
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PERIANAL SPACES

Six perirectal spaces can be identified: subcutaneous,
central, intersphincteric, pelvirectal, ischiorectal, and
submucous (Figs. 2 and 5). The subcutaneous space
was continuous with the ischiorectal space. The central
space lies in the lower RN and is occupied by the central
tendon. It is the main perirectal space; it communicates
with all of the other spaces along the central tendon.

The central tendon gives rise to multiple fibrous
septa. The medial tendon passes between the internal
sphincter and the base loop to attach to the anal lining.
The lateral septum passes between the intermediate and
base loops into the ischiorectal fossa. The intermediate
septa penetrate the base loop into the subcutaneous
space. The central space thus communicates with all
perianal spaces: the subcutaneous, submucous, ischior-
ectal, and intersphincteric, through which it communi-
cates with the pelvirectal space.

There are four intersphincteric spaces that lie along
the three layers of the longitudinal muscle. The most
medial space communicates with the submucous
space, whereas the lateral two spaces communicate
with the ischiorectal space. The intermediate space
communicates directly with the pelvirectal space. The
intersphincteric spaces communicate inferiorly with the
central space, through which they are connected to the
subcutaneous space and perianal skin and to the ischior-
ectal space.

Fistula Classification

A new fistula classification was put forward based on
pathoanatomical studies.

The route adopted by the pus to any of the six peri-
anal spaces defines the type of fistula. According to the
relation of the fistulous track to the EAS, two main types
of fistulas could be recognized: intrasphincteric and
extrasphincteric (Fig. 6).

Intrasphincteric Fistula

The track is medial to the EAS and the external
opening is usually close to the anal orifice within the
perianal skin corrugations. It starts as a central space
infection that spreads either down to the subcutaneous
space and perianal skin, forming a central fistula, or up
into the intersphincteric spaces, forming an inter-
sphincteric fistula (Fig. 6).

Extrasphincteric Fistula

The track is lateral to the EAS and the external open-
ing usually overlies the base of the ischiorectal fossa
away from the perianal corrugations. Itarises as a central
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FIGURE 6 Fistula classification. (a) Central abscess; (b) cen-
tral fistula, (c) low intersphincteric fistula; (d) high intersphinc-
teric fistula; (e) low extrasphincteric fistula; (f) high
extrasphincteric fistula. Reprinted from Shafik (1987), with
permission.

space infection that spreads laterally to the ischiorectal
space (Fig. 6).

LEVATOR HIATUS AND TUNNEL

The levator ani (LA) consists essentially of the pubo-
coccygeus, the iliococcygeus being rudimentary in
humans. The puborectalis is not a part of the LA;
both differ in morphology, innervation, and function.
The pubococcygeus is funnel-shaped with a transverse
portion called the levator plate and a vertical portion
called the suspensory sling (Figs. 2 and 5). The levator
plate is an oval cone, which stretches across the pelvis;
the levator hiatus occupies its anterior portion and the
rectococcygeal raphe exists posteriorly (Fig. 7). Two
patterns of the rectococcygeal raphe can be identified:
single- and triple-decussation patterns. The latter seems
to give firmness to the levator plate and might be a factor
inresisting rectal prolapse. The hiatal ligament connects
the medial border of the levator plate to the anorectal
junction. The levator plate consists of two “crura,”
which bind the levator hiatus, and two lateral masses
(Fig. 7). Three crural patterns have been identified:
classic, crural overlap, and crural scissor. The lateral
masses function as visceral support and the crura are
the functional mobile parts of the LA.

The LA is the principal muscle of defecation. On
contraction at defecation, it opens the RN for the
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FIGURE 7 Diagram illustrating the levator plate and tunnel.
Reprinted from Shafik (1981), with permission from Excerpta
Medica.

stool to descend. Any interference with levator function
results in disturbance of the act of defecation and leads
to levator dysfunction syndrome, which presents as des-
cending perineum, intussusception, solitary ulcer syn-
drome, and rectal prolapse. The different patterns of the
rectococcygeal raphe and levator crura play an impor-
tant role in RN support; their subluxation may even-
tually lead to rectal prolapse.

The “levator tunnel” is a muscular tube that sur-
rounds the intrahiatal organs (RN, prostate in males
or vagina and urethra in females) along their way
down from the levator hiatus to the perineum (Fig. 7).
The posterior tunnel wall (3—4 cm) is longer than the
anterior tunnel wall (2.5—3 cm). The tunnel is double-
sheathed with an inner coat of the suspensory sling and
an outer coat of the puborectalis. Both coats are com-
posed of striated muscle bundles. The inner coat is a
tunnel dilator, which opens the RN at defecation,
whereas the outer coat is a tunnel constrictor. The tun-
nel septum, a grayish white membrane, lines the inner
aspect of the levator tunnel and separates it from the
fascia propria of the intrahiatal organs. It separates the
voluntary components from the involuntary compo-
nents of the levator tunnel. It serves as an important
landmark during mobilization of the intrahiatal organs
from within the levator tunnel, e.g., in the operation of
anorectal mobilization for rectal cancer.

Hiatal Ligament

The levator plate is connected to the intrahiatal
organs by a fascial condensation called the hiatal liga-
ment (Fig. 2). Itarises from the inner edge of the levator
plate and splits fanwise into multiple septa to insert into
the upper RN, into the vesicle neck, and into the upper
vaginal end. Anteriorly, the ligament fills the gap
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between the two levator crura at their origin, forming
the puboprostatic or pubovesical ligament. The hiatal
ligament plays a vital role in harmonizing the action
between the levator plate and the intrahiatal organs
during evacuation of their contents (defecation and uri-
nation). Hiatal ligament subluxation would interfere
not only with the act of evacuation but would also
lead to prolapse of the intrahiatal organs.

Puborectalis and the Double-Sphincter Control

The puborectalis (PR), as it proceeds backward from
its origin in the symphysis pubis, gives off muscle bun-
dles to each intrahiatal organ, forming “individual”
voluntary sphincters for these organs (Fig. 8). It gives
rise to the external urethral sphincter and deep EAS in
both sexes, as well as to the vaginal sphincter in the
female and the prostatic sphincter in the male. However,
the PR and deep EAS were found fused together, the
conjoint muscle being termed the top loop. Each intra-
hiatal organ is thus provided with a double voluntary
sphincteric apparatus: (1) an individual organ sphinc-
ter, derived from the PR and specific for the organ, and
(2) a “common” tunnel sphincter, the PR itself, which
acts on the intrahiatal organs collectively. This separate
sphincteric activity for the individual organs under the
control of a common continent muscle secures not only
an immune sphincteric function for the organ, but a
harmonized action among the structures enclosed
within the levator tunnel. Furthermore, the double
sphincteric mechanism provided to each organ could
be a guarantee of functional maintenance in case either
of the two sphincters is damaged. Injury to either
sphincter alone does not induce incontinence of
the organ involved. Unless both the individual and
the common sphincters are destroyed, continence can
be maintained by either one alone.

Hiatal ligament

Rectum
Levator crus

Suspensory sling

Puborectalis = g ="
: //I“"\ Suspensory sling

Vaginal Urethral sphincter

Top loop of external sphincter ¢
sphincter

FIGURE 8 Diagram illustrating the “individual” sphincters
arising from the puborectalis, which acts as a common sphincter
for the intrahiatal structures. Reprinted from Shafik (1998), with
permission of Springer-Verlag.
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MECHANISM OF DEFECATION
Muscles of Defecation

The muscles that act on the RN are the external and
internal anal sphincters, PR, LA, and longitudinal mus-
cle. The external and internal sphincters as well as the
PR are muscles of continence. Their role is to contract in
order to interrupt or terminate the act of defecation.
However, the principal muscles of defecation are the
LA and the longitudinal muscles. They act jointly to
open the RN at defecation. The two muscles are inter-
related due to the fact that the suspensory sling, a part of
the levator, constitutes the middle layer of the longitu-
dinal muscle (Figs. 2 and 5).

Anatomical Mechanism of Defecation

With knowledge of the physioanatomical aspects of
the pelvic floor muscles and assisted by manometric,
electromyographic (EMG), and barium enema studies,
the precise mechanism of defecation could be explored.
As stools enter the rectum, reflex detrusor contraction
and internal sphincter relaxation occur. The continua-
tion of defecation depends on two factors: (1) EAS
relaxation and (2) straining. If defecation is acceded
to, the EAS is voluntarily relaxed. Straining is necessary
to maintain defecation as it raises the intra-abdominal
pressure, which serves a double purpose: it compresses
the detrusor, which helps evacuation, and it stimulates
levator contraction through the straining levator reflex.
Although the intra-abdominal pressure compresses the
detrusor, the RN is spared, owing to its protected loca-
tion below the levator plate. When the levator plate

Hiatal ligamen

Longitudinal
muscle
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contracts, it moves from the cone to the flat position
and is elevated and laterally retracted (Fig. 9). This
results in pulling on the hiatal ligament, which in
turn pulls open the anorectal junction and partially
opens the rectal angle. Simultaneously, the suspensory
sling contracts and not only pulls up the base loop to
unseal the anal orifice, but also partially opens the RN
(Fig. 9).

The longitudinal muscle joins the detrusor in con-
traction, which results in shortening and opening of the
RN as well as in complete straightening of the rectal
angle. This brings the RN into alignment with the detru-
sor so that efficient fecal pumping occurs. The final
result of the joint contraction of the detrusor, longitu-
dinal muscle, and LA is the opening of the RN for the
rectum to evacuate its contents.

Physiologic Mechanism of Defecation

The concerted functions of the anorectal muscula-
ture at defecation are initiated and harmonized by
voluntary impulses and reflex actions. When the rectal
detrusor is distended with fecal mass and the stretch
receptors are stimulated, the recto-anal inhibitory reflex
is initiated, whereby the rectal detrusor contracts and
the internal sphincter relaxes. Detrusor contraction trig-
gers two reflexes: the recto-puborectalis reflex and the
recto-levator reflex. These two reflexes act simulta-
neously, yet have opposite functions; on detrusor con-
traction, the recto-levator reflex effects a reflex levator
contraction, which opens the RN. At the same time, the
reflex PR contraction, actuated by the rectopuborectalis
reflex, functions to close or keep closed the RN as
impulses reach the conscious level to evaluate the

FIGURE 9 Mechanism of defecation. (A) At rest. (B) At defecation: flattening of levator cone and
suspensory sling contraction result in opening of the anal canal. From Shafik (1983), with permission.
Copyright Urban and Vogel. Reproduced with permission.
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circumstances for defecation. If the circumstances are
inopportune, the PR continues voluntary contraction.

Voluntary PR contraction evokes the voluntary inhi-
bition reflex, which effects detrusor relaxation. Mean-
while, it aborts the recto-anal inhibitory reflex, which
relaxes the internal sphincter. Hence, voluntary PR con-
traction, through the voluntary inhibition reflex, pre-
vents internal sphincter relaxation, which results in
reflex detrusor relaxation and waning of the urge to
defecate. However, as soon as circumstances would
allow defecation and the sensation of desire to defecate
is perceived, the PR muscle relaxes voluntarily and the
detrusor evacuates its contents. This demonstrates that
the act of defecation is under voluntary control despite
the presence of reflex actions sharing in the mechanism
of defecation. Thus, although the recto-anal inhibitory
and rectolevator reflexes function to open the RN, the
recto-puborectalis reflex keeps the RN closed until the
decision to defecate has been made.

Mild straining at the start of defecation is a normal
physiological process and as such is part of the mechan-
ism of defecation. By elevating the intra-abdominal
pressure, it triggers the straining levator reflex, which
effects levator contraction and the opening of the RN for
the spontaneous evacuation of the stools.

See Also the Following Articles

Anal Sphincter e Constipation e Defecation e Fecal Incon-
tinence e Fistula @ Rectum, Anatomy e Sphincters
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abdomino-perineal resection Surgical procedure involving
removal of the rectum and anal sphincter muscles,
resulting in the creation of a definitive colostomy. The
dissection is achieved through a combined approach,
with opening of the abdominal cavity and excision of the
anus.

human papillomavirus Family of 60 subtypes of sexually
transmitted viruses responsible for genital tract infec-
tions, such as condylomata (genital warts). Chronic
infection with subtypes 16 and 18 has been identified as
a strong risk factor for the development of cervix cancer
and anal cancer.

Anal cancer is an uncommon condition that has served
during the past two decades as a paradigm for the success-
ful application of chemoradiation to solid tumors. This
type of neoplasm also provides a good model to study the
contribution of human papillomaviruses and immunode-
ficiency to the development of cancers.

ANATOMY AND HISTOLOGY

The various definitions of the anal area coexisting in the
medical literature have been the source of considerable
confusion. Anal cancer may arise from the anal canal or
from the anal margin; 85% of the anal cancers occur in
the anal canal and 15% occur in the anal margin. The
anal canal is about 3.5 cm long and extends from the
upper to the lower border of the anal sphincter. The anal
margin corresponds to a 5-cm area of perianal skin,
measured form the anal verge (Fig. 1). The anal
verge is a visible landmark, corresponding to the exter-
nal margin of the anus, which delineates the junction
between the skin epithelium and the hairless and non-
pigmented epithelium of the anal canal. Tumors arising
within the anal canal are either squamous cell or cloa-
cogenic carcinomas and are characterized by aggressive
local growth, including extension to the sphincter mus-
cles. Conversely, cancers originating from the perianal
skin have a more favorable prognosis and tend to behave
more like other skin cancers. Thus, the anal verge is an
important anatomical landmark, separating two histo-
logically distinct epithelial structures that give rise to
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two types of cancers with different natural histories,
prognoses, and treatment.

EPIDEMIOLOGY AND ETIOLOGY

Of all digestive system cancers in the United States, anal
cancer comprises 1.5%, with an estimated 3400 new
cases and 500 deaths in 1999. The peak incidence is
during the sixth decade, but the incidence of these
tumors has markedly increased in younger males during
the past three decades. In the San Francisco Bay area, the
incidence of anal cancer in gay men was 10 times higher
than expected in 1973—1979. In addition, the increased
incidence of these neoplasms in renal transplant
patients clearly suggests that immunosuppression
may play a role in tumor development.

Population studies from California and Europe have
documented well the relation between anal cancer and
receptive anal intercourse in men. In addition, numer-
ous reports have linked anal cancer and cervical cancer
in women. Thus, in most cases, anal cancer is now con-
sidered a sexually transmitted disease, which is clini-
cally related to the development of anal warts and
infection with human papillomavirus (HPV). At the
molecular level, the most well-characterized factor in
the development of anal cancer is the integration of
human papillomavirus DNA into anal canal cell
chromosomes. It has been hypothesized that the
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FIGURE 1 Anatomy of the anal canal.

Copyright 2004, Elsevier (USA). All rights reserved.
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increased risk for anal cancer among individuals with
AIDS results from HPV infection, and not from immune
deficiency. However, the fact that HIV infection seems
to contribute to HPV persistence within the anal canal
strongly suggests a dual viral etiology in the develop-
ment of some of these neoplasms.

CLINICAL FEATURES

Tumors from the anal area typically present as a mass
associated with bleeding and pain (Fig. 2). Even small
lesions can produce significant local symptomatology
when they protrude within the anal canal, a blessing in
disguise if it facilitates early detection. Unfortunately,
these symptoms are often erroneously attributed to
“hemorrhoids,” with subsequent delay in the diagnosis
and treatment. It is important for the clinician to
remember that hemorrhoids rarely cause pain (unless
thrombosed), thus patients presenting with anal pain
should be carefully evaluated, if possible under anesthe-
sia, and biopsies should be obtained. Untreated anal
cancer spreads by local extension to adjacent tissues
and organs of the pelvic floor, including sphincter mus-
cles, vagina, or prostate. When present, tenesmus, the
painful urgency to defecate, suggests that the tumor has
spread through the sphincter muscles. Anal margin and
anal canal tumors have different patterns of lymphatic
drainage. Cancers arising from the more proximal anal
canal drain predominantly into the perirectal lymph
nodes, whereas tumors within the distal canal and the
anal margin drain exclusively into inguinal lymph
nodes. Roughly 90% of anal tumors present with loco-
regionally confined disease, whereas 10% have distant
metastases at the time of diagnosis.

Once the diagnosis of anal cancer has been proved by
biopsy, it is important to assess the locoregional exten-

FIGURE 2 Anal cancer.

77

sion of the tumor and to further characterize its stage.
Prognosis for anal cancer is related to tumor size, butitis
unclear whether the independent variable is the actual
tumor size or the depth of invasion. Neither the histol-
ogy type nor the degree of differentiation has major
prognostic significance, and therefore these criteria
have not been included in the American Joint Commit-
tee on Cancer (AJCC)/International Union Against
Cancer (UICC) staging system. Tumors larger than
5 cmin greatest dimension (T3) and lesions with metas-
tases in regional lymph nodes (N1—3) have an increased
risk for tumor recurrence after chemoradiation. Of note,
the staging system for most solid tumors rests on the
pathologic analysis of a complete surgical specimen.
Because most cases of anal cancer are treated initially
without surgery, a satisfactory staging method for these
cancers remains to be developed.

TREATMENT AND OUTCOME
Anal Margin Cancer

The rationale behind the therapeutic strategies for
anal margin cancer derives from the proportionally
increased risk for metastases with increasing tumor
size. Wide local excision is usually recommended for
early-stage lesions of less than 5cm, and excellent
results are reported. As for most skin cancers, the prog-
nosis is good, with 5-year survival rates of 80 to 90%.
Recurrences rarely occur and can be managed by reex-
cision in most cases. Larger (> 5 cm) and node-positive
lesions are best managed with combined radiation and
chemotherapy (as for anal canal cancers). Abdomino-
perineal resection (APR) remains an option in patients
with locally advanced tumors.

Anal Canal Cancer

Although small tumors (<2 c¢m) arising in the anal
canal may be amenable to local excision, most patients
present with lesions of greater dimensions. Thirty years
ago, these neoplasms were treated routinely with an
abdomino-perineal resection, resulting in a definitive
colostomy. Thanks to the pioneering work of Nigro
in the 1980s, it is now widely accepted that the majority
of cases can be cured by a combination of chemotherapy
and radiation therapy (CRT). The standard of care con-
sists in the combination of radiation and chemotherapy;
external-beam radiation (60 Gy over 5 weeks) with
fluorouracil and mitomycin-C results in local eradica-
tion of tumors in 70 to 80% of patients. Complete
response usually (but not always) results in cure, and
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no additional treatment is required. Following chemor-
adiation, patients should be examined at 3-months
intervals; local inspection, digital examination, ano-
scopy, and biopsy of any suspicious areas are recom-
mended. It is important to differentiate residual disease
(positive biopsies less than 6 months after completion of
chemoradiation) from tumor recurrence (more than 6
months after cessation of treatment). In most cases,
recurrence occurs within 2 years after chemoradiother-
apy. The functional results are usually good, and most
patients retain a functional anal sphincter, with no
alteration in their lifestyle. However, it is known that
radiation negatively affects the internal sphincter func-
tion, and in a small percentage of cases radiation-
induced anorectal dysfunction may result in severe
fecal incontinence.

For patients with locally recurrent anal canal cancer,
an abdomino-perineal resection remains the treatment
of choice. Relatively good results can be achieved with
salvage APR in patients with recurrent anal canal cancer;
5-year survival rates up to 50 to 60% have been reported
in patients who had evidence of residual disease after
CRT. Research is ongoing to determine whether recur-
rent anal cancer is amenable to a cisplatin-based che-
motherapy associated with additional radiotherapy.

SUMMARY

Anal cancer shares many features with cancer of the
uterine cervix, including its association with human
papillomavirus infection. As such, this type of tumor
is now considered a sexually transmitted disease, with
homosexual men being a high-risk population. Screen-
ing for anal cancer with anal Papanicolaou tests has
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proved clinically and cost-effective. Future research
should investigate the molecular biology of these neo-
plasms and the genetic features associated with resis-
tance to chemoradiation. In addition, the complex role
of immunosuppression in facilitating persistence of
HPV infection in the anal canal should be further
investigated.

See Also the Following Articles
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anal sphincters Rings of smooth muscle or skeletal muscle
that surround the distal rectum and anal canal; contract
to obstruct the passage of feces.

enteric nervous system Independent integrative nervous
system in the gastrointestinal tract; sometimes referred
to as the “brain in the gut.”

external anal sphincter Rings of skeletal muscle that
surround the distal rectum and anal canal; respond to
volitional commands to maintain continence when feces
have moved into the rectum.

internal anal sphincter Ring of smooth muscle that
surrounds the distal rectum and anal canal; obstructs
the passage of feces when contracted and permits passage
when relaxed.

rectoanal reflex Relaxation of the internal anal sphincter in
response to distension of the rectum.

Anal sphincters are rings of muscle surrounding the distal
rectum and anal canal. There are two anal sphincters in
this region, the internal anal sphincter and the external
anal sphincter. Either sphincter, when contracted, assists
in closing the anal canal to the passage of feces and flatus.
The anal sphincters, in concert with the musculature of
the pelvic floor, are responsible for the maintenance of
fecal continence.

INTERNAL ANAL SPHINCTER

The internal anal sphincter is an extension of the cir-
cular muscle layer of the colon and rectum (Fig. 1A).
The sphincter is a ring of smooth muscle that surrounds
the terminal rectum and proximal anal canal. Contrac-
tion of the internal sphincter closes the anal canal and
opposes the passage of feces. Like most smooth muscle
sphincters in the alimentary canal, the internal anal
sphincter contracts continuously and relaxes only in
response to inhibitory neural input. It is the primary
barrier to leakage of feces between acts of defecation.
Specialized physiology of the smooth muscle in the
sphincter accounts for its ability to exist in a state of
sustained contraction. The contractile apparatus of the
muscles consists of the two proteins, actin and myosin.
Contraction occurs during formation of cross-bridges
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between actin and myosin filaments. Contractile tension
is maintained by a “catch” mechanism that latches the
cross-bridges in place without expenditure of additional
energy. Inhibitory input from the nervous system leads
to uncoupling of the cross-bridges, relaxation of con-
tractile tension, and opening of the sphincter. Excita-
tory input from the nervous system facilitates the latch
mechanism and increases contractile strength and effi-
ciency of the sphincter.

The internal anal sphincter is innervated by motor
neurons in the enteric nervous system and postganglio-
nic neurons of the sympathetic nervous system. Most of
the enteric motor innervation is inhibitory. Firing of
nerve impulses by the inhibitory motor neurons releases
inhibitory neurotransmitters at their junctions with the
smooth muscle of the sphincter. Two important inhibi-
tory neurotransmitters are vasoactive intestinal poly-
peptide and nitric oxide. These neurotransmitters act
to inhibit contraction of the smooth muscle and open the
sphincter. Activation of the sympathetic innervation of
the sphincter releases norepinephrine at the neuromus-
cular junctions. Norepinephrine acts at o-adrenergic
receptors on the muscle to increase contractile force
and “tighten” the sphincter.

EXTERNAL ANAL SPHINCTER

The external anal sphincter is composed of skeletal
muscle that functions like other postural muscles in
the body. It is a voluntary muscle that responds to voli-
tional commands to contract and maintain continence
when feces are propelled through a relaxed internal anal
sphincter into the rectum. The external anal sphincter is
composed of a deep external sphincter, a superficial
external sphincter, and a subcutaneous external sphinc-
ter. These muscle groups form three loops surrounding
the anus (Fig. 1C). The deep external sphincter attaches
anteriorly to the pubis and forms the uppermost loop.
The superficial external sphincter attaches posteriorly
to the coccyx and forms the intermediate loop. The
subcutaneous external anal sphincter attaches to the

Copyright 2004, Elsevier (USA). All rights reserved.
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ANAL SPHINCTER
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FIGURE 1 Anal sphincters are involved in the rectoanal reflex and are responsible for maintenance of fecal continence.
(A) The internal and external anal sphincters surround the anal canal. Distension of a balloon in the rectum evokes reflex
relaxation of the internal anal sphincter. (B) Recording of pressure in a balloon placed in the anal canal shows reflex relaxation
of pressure in a balloon in the anal canal in response to distension of the rectum. (C) The external anal sphincter is a skeletal
muscle consisting of three parts that loop around the anal canal. The upper loop inserts anteriorly on the pubis; the
intermediate loop inserts on the coccyx, and the basal loop inserts in the perianal skin. Simultaneous contraction of the

three loops closes the anal canal.

perianal skin and forms the lower loop. Simultaneous
contraction of the three loops effectively occludes the
anal canal.

RECTOANAL REFLEX

Distension of the rectum activates a rectoanal reflex
(sometimes called rectosphincteric reflex) to relax the
internal anal sphincter. Like other enteric reflexes, this
involves a stretch receptor, interneurons in the enteric
nervous system, and ultimately activation of firing of
inhibitory motor neurons to the smooth muscle sphinc-
ter. The rectoanal reflex can be evoked experimentally
by inflating a balloon in the rectum and recording
changes in pressures in a balloon positioned in the
anal canal (Fig. 1A). Distension of the first rectal balloon
is followed by a reflex relaxation of pressure in the

second balloon in the anal canal. This can be a diagnos-
tic test of the functional integrity of the enteric nervous
system in the anorectum. Due to loss of the enteric
nervous system in the distal large intestine in Hirsch-
sprung’s disease, absence of the rectoanal reflex is a
diagnostic hallmark for this disorder.

Reflex relaxation of the internal sphincter allows
contact of the rectal contents with the sensory receptors
in the lining of the anal canal. This is believed to be the
mechanism by which an individual discriminates
between gas, liquid, and solid in the anorectum. It
also provides an early warning of the possibility of a
breakdown of the mechanisms of continence. When
this occurs, continence is protected by voluntary con-
traction of the external anal sphincter, which serves to
close the anal canal. Whereas the rectoanal reflex is
mediated by the integrative neural networks of the
enteric nervous system, the neural circuitry for reflexes
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of the external anal sphincter resides in the sacral por-
tion of the spinal cord.

See Also the Following Articles
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System
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amenorrhea Absence or abnormal stoppage of the menses.

arrhythmia An abnormal rhythm of the heartbeat.

body dysmorphic disorder A preoccupation with what is
perceived to be a defect in one’s own body or
appearance. The defect is imagined entirely or, if an
anomaly is present, the concern is excessive or extreme.
The distress related to the misperceived defect is so great
that significant social, occupational, or other impairment
results.

cachexia Severe malnutrition.

compulsion A repetitive, seemingly involuntary, nonpreven-
table behavior.

genetic polymorphism A variant in the genetic material that
codes for a specific biological protein (such as for a
neurochemical receptor on the surface of neurons).

hypokalemia Abnormally low potassium concentrations in
the blood.

hypophasphatemia Low blood phosphorus concentration.

leuokopenia A low white blood cell count.

nasogastric tube A long, thin tube thatis inserted through the
nose, down the throat, and into the stomach for the purpose
of introducing liquid nourishment (“tube feeding”).

obsession A repetitive, seemingly involuntary, nonpreven-
table thought.

ostopenia Reduced bone formation.

osteoporosis Diminished mineralization of bone.

postprandial After eating.

purge The elimination of undigested or partly digested food
or feces by self-induced vomiting or with laxative or
enema use.
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As eating is necessary for survival, the neuronal mechan-
isms that regulate appetite and eating behavior are deeply
embedded in the brain and are closely linked with neu-
ronal systems that regulate other physiologic mechanisms
of fundamental evolutionary significance, including those
that underlie emotions, thirst, metabolism, body tempera-
ture, bonding, sexuality, reproduction, and sleep. It is not
surprising, then, that emotional stresses and conflicts are
often manifested in disorders of eating and that disorders
of eating are commonly associated with emotional, meta-
bolic, and behavioral symptoms. Although the ability to
survive without food for short periods during times of
hardship has survival value and, consequently, has
been “hard-wired” into the human species over millennia
of evolution, the failure to recognize nutritional needs, the
relentless, obsessional pursuit of thinness, the sustained
refusal to eat, and the failure to recognize self-starvation
constitute a disorder of feeding behavior of pervasive life
significance. Anorexia nervosa is such a disorder.

CORE SYMPTOMS OF
ANOREXIA NERVOSA

Anorexia nervosa, typically a syndrome of adolescent
females, is characterized by the intense fear of gaining
weight, impairment in self-assessment of body appear-
ance and shape, and the refusal (or inability) to eat
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enough to maintain even a minimally normal body
weight for age and height. The formal diagnosis of anor-
exia nervosa requires that the body weight be below 85%
of the average, expected weight for age, height, and bone
structure as determined by standardized scales, such as
pediatric growth charts or actuarial tables. As an alter-
native method to assessing body weight, body mass
index (BMI) can be used (BMI=weight in kilograms
divided by height in meters squared). A BMI below 17.5
isregarded as in the anorexic range. At an anorexic body
mass, ovulation and menstruation (or pubertal devel-
opment) cease and secondary sexual characteristics
regress.

The individual with anorexia nervosa is excessively
influenced by her body shape and weight and does not
“see” her body accurately (for example, the anorexic
adolescent girl who should optimally weigh 135 pounds
but thinks that she is fat when she weighs only
85 pounds). In an emaciated, starving individual, the
intense fear of becoming fat in combination with the
belief that one’s body is already fat (or perilously close to
fatness) constitutes a delusional-like self-assessment.
Some individuals with anorexia nervosa feel globally
fat, whereas others are particularly concerned about
parts of their bodies, such as the arms, abdomen, or
thighs. Individuals with anorexia nervosa usually
weigh themselves excessively, frequently view them-
selves in mirrors, and even measure body parts. Self-
esteem becomes linked to self-perception of body
weight wherein weight loss is perceived as an extraor-
dinary accomplishment to be proud of and weight gain
is perceived as a despicable failure of self-control.

ANOREXIA NERVOSA SUBTYPES

In 1980, a distinction was formally made between two
subtypes of anorexia nervosa, the restricting type and
the bulimic (binge-eating/purging) type (or so-called
“bulimarexia”) (Table I).

The restricting anorexic individual engages in a
range of “restricting” behaviors including fasting, skip-
ping meals, stringent dieting, food avoidance, and strict
exclusion of certain foods from the diet, but does not
purge. The restricting anorexic tends to be closed and
guarded, with strict boundaries between herself and
others, as if guarding against excessive permeability
of the self to outside influence and, ultimately, against
dissolution of the self. Superficially, however, an appar-
ent smugness or arrogance is sometimes manifested as a
strong feeling of accomplishment for being able to
refrain from eating, unlike many other individuals.

The binge-eating/purging type is characterized by
anorexia combined with regular episodes of binge
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TABLE I DSM-IV Criteria for Anorexia Nervosa

A. Refusal to maintain body weight at or above a minimally
normal weight for age and height (e.g., weight loss
leading to maintenance of body weight less than 85% of
that expected; or failure to make expected weight gain
during period of growth, leading to body weight less than
85% of that expected).

B. Intense fear of gaining weight or becoming fat,
even though underweight.

C. Disturbance in the way in which one’s body weight or
shape is experienced, undue influence of body weight or
shape on self-evaluation, or denial of the seriousness
of the current low body weight.

D. In postmenarcheal, amenorrhea, i.e., the absence of at least
three consecutive menstrual cycles (a woman is considered
to have amenorrhea if her periods occur only following
hormone, e.g., estrogen, administration).

Restricting type
During the current episode of anorexia nervosa, the person

has not regularly engaged in binge eating or purging
behavior (i.e., self-induced vomiting or the misuse of
laxatives, diuretics, or enemas).

Binge-eating/purging type
During the current episode of anorexia nervosa, the person

has regularly engaged in binge eating or purging behavior
(i-e., self-induced vomiting or the misuse of laxatives,
diuretics, or enemas).

eating and purging or, in some cases, purging without
binge eating or after eating only small amounts of food.
Additional methods of weight loss are sometimes
employed by individuals with the binge-eating/purging
type (bulimic anorexia or bulimarexia) of anorexia ner-
vosa. Like persons with bulimia nervosa, individuals
with the bulimic type of anorexia nervosa may self-
induce vomiting, misuse laxatives, diuretics, and ene-
mas, and exercise excessively.

As an overgeneralization, patients with the bulimic
subtype of anorexia nervosa have a higher premorbid
weight, a stronger family history of obesity, and higher
impulsivity than restricting anorexic patients. Patients
with the restricting subtype have greater levels of obses-
sion and may be more isolated socially than those with
the binge-eating/purging subtype.

VARIANTS OF ANOREXIA NERVOSA

In addition to the full syndrome of anorexia nervosa,
which is in itself seen in forms ranging from the mod-
erate to the severe, low-grade (subclinical) anorexia
nervosa, mild anorexic-like syndromes, and other var-
iants of anorexia nervosa also exist. The combination of
weight preoccupation and chronic or excessive dieting
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is in itself related to the syndrome of anorexia nervosa
and, moreover, constitutes a major risk factor for the
development of the eating disorder (especially in ado-
lescents). However, severe dieting does not in itself
equate with anorexia nervosa. If dieting is excessive,
leading to a BMI 5—10% below ideal in the presence
of a morbid fear of fatness and unrealistic overestima-
tion of one’s own body size, then low-grade or subcli-
nical anorexia nervosa is present. Another example of
low-grade or subclinical anorexia nervosa is illustrated
by a thin young woman, weighing perhaps 90% of
expected, who is intensely afraid of becoming fat,
who is rigorously controlled in her emotions and beha-
vior, and who is preoccupied with food preparation. Yet
another example of a mild variant of anorexia nervosa,
or of a mild anorexic-like syndrome, includes the ath-
letic young woman who trains rigorously and compul-
sively, is amenorrheic, strictly restricts fat intake, is
careful about what she eats, and is at the low margin
(90%) of normal body weight. Similarly, slightly under-
weight persons with bulimia nervosa are not anorexic
per se, but have a syndrome that is related to anorexia
nervosa. Of course, bulimia nervosa shares in common
with anorexia nervosa intense preoccupation with body
shape and size and the fear of becoming fat. The bulimic
type of anorexic patient—the bulimarexic—further
shares compensatory behaviors, such as postprandial
vomiting, and even binge eating itself, with the patient
with bulimia nervosa. The distinction between bulimia
nervosa and the binge-eating/purging type of anorexia
nervosa revolves around the degree of weight loss and
food restriction. Some individuals show alternating
anorexia nervosa and bulimia nervosa.

Misperception or distorted self-evaluation of one’s
body, or one of its parts, is present not only in anorexia
nervosa, but also in body dysmorphic disorder. The
essential criterion for body dysmorphic disorder is pre-
occupation with an imagined or exaggerated defect in
appearance.

Another clinical situation related to anorexia
nervosa is the food-obsessed individual with obses-
sive—compulsive disorder, who may show obsessions
and /or compulsions related to food, food intake, and
food preparation. The essential diagnostic feature of
obsessive—compulsive disorder is the presence of either
recurrent obsessions or compulsions that are severe
enough to cause significant suffering or functional
impairment. However, if cachexia and distorted body
image are not present, then neither is anorexia nervosa
proper.

Individuals with a range of abnormal eating patterns
that do not meet diagnostic criteria for bulimia nervosa,
binge eating disorder, night eating syndrome (itself a
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provisional diagnosis), or anorexia nervosa are given
the nonspecific diagnosis “Eating Disorder Not Other-
wise Specified” according to the Diagnostic and Statis-
tical Manual (DSM) of the American Psychiatric
Association.

EPIDEMIOLOGY

Anorexia nervosa has an estimated prevalence of 0.2 to
1% in adolescent females; there is an even higher pre-
valence if milder, so-called subclinical forms of the ill-
ness are taken into account. Anorexia nervosa is an
uncommon condition in males, accounting for only
approximately 5% of patients with this illness. Most
disordered eating emerges during adolescence. Weight
and body shape concerns commonly develop in late
childhood and in puberty. The typical age of onset of
anorexia nervosa is between early adolescence and early
adulthood (ages 12—24 years), although there are child-
hood onset cases and some case reports of anorexia
nervosa in elderly persons.

Though very little is known about the true preva-
lence of eating disorders in non-Western and nonwhite
populations, ethnic and cultural differences seem to
play a role in their development. Anorexia nervosa
appears to be rare in developing or non-Western cul-
tures, more commonly emerges from a background of
affluence, and is rarely encountered in persons from
impoverished circumstances. In this regard, people
who were raised in impoverished environments and
who were chronically hungry as children are not likely
to value fasting as adults. Young females who emigrate
from a non-Western culture into a Western, industria-
lized environment increase their risk of developing an
eating disorder. Anorexia nervosa is less prevalent
among blacks than among whites and Hispanics;
although substantial intraracial variability exists and
this heterogeneity should not be minimized, in general
thinness as an element of feminine beauty is more
valued in white culture than in black culture.

RISK FACTORS, COMORBIDITIES, AND
ASSOCIATED FEATURES

Anorexia nervosa, like bulimia nervosa, clusters in
families; however, not enough data are available to
apportion inheritable and environmental causality.
An interaction between the environment and genes
most likely confers vulnerability to develop the eating
disorder. However, the limited data that are available
indicate that monozygotic twins are at least two to four
times more likely to show concordance for anorexia
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nervosa than dizygotic twins. Elucidation of inheritable
factors, such as genetic polymorphisms in neurochem-
ical receptors, may eventually help explain why a small
minority of girls, and an even smaller minority of men,
deteriorate into anorexia following a period of success-
ful dieting, whereas most individuals can diet without
worry of becoming anorexic.

Strict dieting is a major risk factor for the develop-
ment of anorexia nervosa, with severe dieting most
likely to evolve into anorexia in vulnerable individuals.
However, pinpointing dieting as a risk factor can be
misleading, because, although dieting predates the
onset of the illness, dieting is also one of the eating
behaviors of the illness, once the illness becomes estab-
lished. Furthermore, dieting is not the sufficient cause of
an eating disorder. Nevertheless, the cultural impact of
the high acceptability and popularity of dieting, com-
bined with the social status associated with thinness in
women, cannot be ignored. The internalization of the
thin ideal for feminine beauty introduces a risk for anor-
exia in females, wherein the successful pursuit of thin-
ness seems to (superficially) solve life’s problems.
Moreover, many anorexics do mnot reach a point
where enough body satisfaction occurs to permit nutri-
tious eating. Achieving an ideal body is nearly an impos-
sibility given that many media portrayals of cover girls
and professional models use special lighting, makeup,
and airbrushes to remove imperfections, thus creating
unrealistic body standards and increasing body
dissatisfaction among many in the general population.
Body dissatisfaction is itself another risk factor for the
development of anorexia nervosa.

The presence of psychiatric morbidity is quite com-
mon among anorexia nervosa patients (especially
among those with the bulimic type of anorexia) and,
if preexisting, increases the risk for developing anorexia
nervosa. Anorexia nervosa is often accompanied by
depressive symptoms such as depressed mood, social
withdrawal, irritability, insomnia, and obliteration of
interest in sex. Apparent depression—with apathy, sad-
ness, decreased energy, and anxiety—may indicate that
the anorexic individual suffers from comorbid major
depressive disorder or may be manifesting symptoms
of semistarvation. Therefore, after partial or complete
weight gain, the possibility of a comorbid full-blown
depression should be reevaluated.

Comorbid features of anorexia nervosa commonly
include obsessive—compulsive symptoms, which
may or may not warrant an additional diagnosis of
obsessive—compulsive disorder. At the very least,
most individuals with anorexia nervosa are preoccupied
with or obsessed with thoughts of food. According to
DSM-IV criteria, the diagnosis of obsessive—compulsive
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disorder requires a pervasive pattern of preoccupation
with orderliness, perfectionism, and mental and inter-
personal control, at the expense of flexibility, openness,
and efficiency. These obsessive—compulsive symptoms
are frequently components of anorexic symptomatology
and premorbid obsessive—compulsive perfectionism
increases the chances of developing anorexia nervosa.

Exercise in individuals with anorexia nervosa is
often excessive and compulsive, directed mainly at los-
ing weight and molding body shape, rather than at main-
taining fitness or at improving athletic performance in
itself. It is remarkable to see emaciated girls with meta-
bolic disturbances and other physiologic signs of star-
vation vigorously perform pushups and run in place in
their hospital rooms.

Within the family, apparent or subtle focus on food,
appearance, or weight, the reinforcement of superfi-
cially perfectionistic behavior, avoidance of intense
feelings and conflict, chaos, and unpredictability, over-
involvement or enmeshment between family members,
and lack of respect for boundaries and privacy (or, con-
versely, neglect) all incrementally conspire to create the
context wherein anorexia nervosa can develop. Restrict-
ing food intake is one way that an anorexic can control
her environment, construct boundaries, assert her indi-
viduality, gain a sense of self-satisfaction and esteem,
and become a focus of attention. Importantly, anorexia
prevents unwanted sexual maturity. Maternal body dis-
satisfaction increases the chances that her children will
develop an eating disorder. Any type of abuse, whether
sexual, physical, or emotional, increases the odds of
developing an eating disorder.

COMPLICATIONS, PHYSICAL
STIGMATA, AND MORBIDITY

Malnutrition is an essential component of anorexia ner-
vosa and starvation-related adaptations or attempted
adaptations, complications, and morbidity are routinely
encountered. Mortality is high in the disorder, much
higher than in uncomplicated bulimia nervosa, with
starvation-related cardiac failure often the terminal
event. The suicide rate, too, is high in anorexia nervosa.
Available data suggest that gross mortality in anorexia
nervosa, from all causes, is between 5 and 15%. The
mortality rate for actively anorexic patients is roughly
1% per year—somewhat lower among those patients
showing recognition of having an eating disorder and
somewhat higher among those patients who deny
weight abnormalities and who have required involun-
tary hospital commitment to prevent starvation.
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The adverse effects of chronic cachexia are many and
essentially involve cessation of growth and development
in combination with an attempt to preserve function and
life, in the absence of nutrients or fuel. More specifically,
these adaptations to starvation involve slowing of meta-
bolism and slowing of the heartbeat, the shutting down
of systems related to sex and reproduction, and the
activation of the neurohormonal stress response system
(of which the hypothalamic—pituitary—adrenal axis is
an important component) in a kind of physiologic fight-
or-flight reaction. Thus, on some level, the anorexic’s
body recognizes and reacts to mortal threat even while
she blithely denies being underweight. Shrinkage of the
cerebrum (brain) occurs during severe anorexia and this
contributes to impairments in thinking, reduced ability
to achieve insight, and the worsening of any delusional
beliefs about body shape, size, and weight. These
aforementioned complications, or adaptations, are
reversible upon, or within a few months of, weight
renormalization.

Common complications of anorexia that are not
necessarily reversible are osteopenia and osteoporosis,
which can persist throughout life even after recovery
from anorexia. In this regard, the risk of bone fractures is
greatly increased in former anorexics, hence, the critical
importance of vitamin D and calcium in the treatment of
this condition.

The many anorexia-related cardiac abnormalities
include arrythmias, bradycardia, with heart rates as
low as 30 beats per minute not uncommon, decreased
blood pressure, and dehydration. Low blood volume
causes posture-related (orthostatic) hypotension (low
blood pressure) that, in turn, often results in dizziness
and even fainting.

Gastrointestinal adaptations or complications
include delayed gastric emptying after eating, decreased
intestinal movement, postprandial abdominal pain, and
constipation. Acute gastric dilation (stomach enlarg-
ment), manifested in nausea, vomiting, and painful
abdominal distension, can occur upon refeeding.

Other complications of anorexia nervosa include
hair loss, brittle nails, reduced secretory activity of
the sebaceous glands with dry yellowish skin, pruritis,
and sometimes the growth of soft, downy hair on the
torso, limbs, and face (so-called lanugo hair).

Anemia, leukopenia, and hypoglycemia are among
the many laboratory abnormalities seen (Table II).

Refeeding Syndrome

Ironically, it is when the anorexic patient finally
begins to ingest adequate nourishment that major
anorexia-related complications often ensue. These com-
plications in aggregate are regarded as a “refeeding
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TABLE II Some Potential Abnormalities,
Complications, or Adaptations in Anorexia Nervosa

Arrythmia (occasionally sudden death)
Bradycardia
Cardiac arrhythmias
Cardiac myopathies
Cold intolerance
Constipation /delayed gut transit time
Dehydration
Delayed gastric emptying
Dizziness or fainting spells
Dry skin
Esophageal reflux, spasms, tears
Foul breath odor (purging type)
Hyperamylasemia
Hypotension
Hypothermia
Increased postprandial satiety
Laboratory
Anemia
Leukopenia
Hypoglycemia
Hypothroxinemia
Hypophosphatemia
Hypokalemia
Hypocalcemia
Loss of hair
Lowered seizure threshold
Muscle weakness
Orthostatic hypotension with dizziness and fainting spells
Osteopenia and osteoporosis
Rectal bleeding
Reduced basal metabolic rate

syndrome” and include hypophosphatemia (wherein
phosphorus utilization by tissues increases dramatically
and depletes circulating phosphate stores), edema,
bloating, constipation, abdominal pain, and, rarely,
heart failure due to the inability of the weakened cardiac
muscle to cope with sudden increases in body fluid and
metabolic demands.

PATHOPHYSIOLOGY AND
PSYCHOPATHOLOGY

Anorexia in young women has been observed for cen-
turies and in the 19th century was attributed to hysteria.
Hysteria itself has long been associated with repressed
sexuality or sexual conflict, albeit less so in modern
times. Nevertheless, it is significant that anorexia ner-
vosa typically has its onset during early adolescence,
slows or halts development during a normally rapid
growth phase, and serves to suppress the development
of secondary sexual characteristics at a time when gen-
ital sexuality normally begins to emerge.
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Patients with the restricting form of anorexia ner-
vosa generally show a personality structure that is more
emotionally, cognitively, and behaviorally controlled
than do both bulimic patients and healthy persons.
Patients with bulimic anorexia, however, are more
likely to show impulsivity, depression, and substance
abuse.

Reduced metabolic rate is achieved in part through
reduced activity of the hypothalamic—pituitary—thyroid
system. The hypothalamic—pituitary—gonadal endocrine
axis is impaired, with major reductions in the circulating
sex hormones testosterone and estradiol. Sexual develop-
ment ceases in adolescents and sexuality is impaired in
adults. Due to impairment of the brain—gonad system,
amenorrhea and infertility are present in the overwhelm-
ing majority of anorexic females. The hyperactivation of
the hypothalamic—pituitary—adrenocortical “stress axis”
is manifested by increased urinary free-cortisol secretion
and increased brain-derived corticotropin-releasing hor-
mone in the cerebrospinal fluid. Derangements in appe-
titive sensations are also commonplace.

COURSE AND TREATMENT

Approximately one-third to one-half of individuals with
anorexia nervosa recover more or less completely,
whereas up to two-thirds of patients continue to
have problems including morbid food and body weight
preoccupation, amenorrhea, and chronic anorexia. Full
recovery often requires years of treatment, but is highly
variable and more likely in younger patients, those with
the restricting type of anorexia, those with strong sup-
port systems (including understanding, supportive
families), and those who receive adequate treatment
early in the course of illness. The amount and duration
of weight loss, the severity of the fear of fatness, and the
degree of misperception the patient has of her own body
are also major prognostic factors. Severe familial psy-
chopathology and major psychiatric comorbidities are
associated with more negative outcomes. Very-low-
grade cases of anorexia nervosa, or subclinical anorexia
nervosa, have been known to resolve with general sup-
port or care but without specialized treatment. The
anorexic individual whose maximal weight loss leaves
her still close to a minimally acceptable body weight and
who acknowledges that she is not fat has, of course, a
better prognosis than the chronically skeletal patient
who insists, against all evidence to the contrary, that
she is fat.

The treatment plan of anorexia nervosa is inextric-
ably tied to the severity of the syndrome. Inpatient hos-
pitalizations are used mainly in dangerous or life-
threatening situations to stabilize the patient at an
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acceptable body weight and to devise the outpatient
treatment plan that will ultimately be the vehicle for
extended recovery. Severe anorexia nervosa—wherein
body weight or body mass index has fallen below 75% of
that expected, has fallen very rapidly, or is associated
with serious complications or comorbidities—virtually
demands inpatient treatment, with supervised, struc-
tured, or, if need be, forced refeeding, via a small naso-
gastric tube, to protect against death. Once an
acceptable target weight is reached, most often regarded
to be 90% of the expected body mass, and briefly main-
tained, treatment can be transferred to an outpatient
basis. The return of menses (or the resumption of
sexual development in the youngest patients) usually
occurs if a body mass of at least 90% of expected is
sustained.

“Moderate” anorexia nervosa, with body weight
15—25% below what would be expected for height
and bone structure, also requires intensive treatment,
usually in a structured, inpatient or partial hospitaliza-
tion setting. Outpatient treatment can be used alone if
weight loss can be reversed or stemmed before danger-
ous cachexia is reached. Mild anorexia nervosa, wherein
weightlossis less than 15% of the expected body mass, is
by definition subclinical, not because it is not of clinical
significance but because it does not satisty the weight
loss criterion necessary to receive a formal diagnosis of
anorexia nervosa. Outpatient treatment is usually the
treatment of choice here, unless supervening factors,
such as a highly unstable mood disorder or severe dehy-
dration and electrolyte abnormalities, exist.

The inpatient treatment of anorexia nervosa is
highly structured and best accomplished by an experi-
enced team that ideally includes a psychiatrist, internist,
dietician, psychologist and/or social worker, and
nurses. Calculation of the precise nutritional require-
ments necessary to promote slow tissue regrowth and
development is necessary to avoid overwhelming the
depleted organism and precipitating a refeeding syn-
drome. Supervised, oral intake of food by the anorexic
patient is greatly preferred, with liquid feeding via a thin
nasogastric tube used if necessary (parenteral nutrition
is practically never indicated)—although some very
young patients appear relieved to turn over the respon-
sibility of eating to hospital-provided nasogastric tube
feedings. Weight gains of 1 to 3 pounds per week are
generally targeted in inpatient refeeding programs,
whereas somewhat more modest weight gains are gen-
erally accepted in outpatient settings. Calcium (and
vitamin D) supplementation is administered to counter
decreased bone density and its long-term negative con-
sequences. Mineral and electrolyte levels, among
other measures, are closely monitored and corrected
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if abnormal. Weight gain often precipitates acute
depressive and anxiety symptoms in anorexic patients.

In most cases, anorexic patients will consent to
voluntary hospital admission and treatment, but com-
pulsory admissions are sometimes necessary for sicker
patients (including those with a history of childhood
abuse, self-harm, psychosis, and treatment resistance).
If the medical and nursing staff, parents, relatives, and
judicial system take the patient’s life-threatening illness
seriously even when the patient does not seem to, this
ultimately appears to have a therapeutic effect on the
patient, who ultimately understands the admission as an
act of compassion even if it is initially experienced as
very distressing. Importantly, that an anorexic patient is
admitted for refeeding against her will does not mandate
that tube feeding be instituted.

Once weight stabilization occurs, intensive psy-
chotherapy, often for a period of years, becomes a
critical therapeutic undertaking. Psychoanalytic psy-
chotherapy or cognitive behavioral therapy (CBT), or
a combination of both, is an effective option for treating
a patient with anorexia nervosa. CBT focuses on elim-
inating maladaptive thoughts about body shape and
weight and seeks to replace food restriction with normal
eating habits. Psychoanalytic psychotherapy—or
exploratory, psychodynamic psychotherapy—is valu-
able because it provides a presuppositionless context
for the deep exploration of unconscious needs, desires,
and conflicts.

In conjunction with psychotherapy, antidepressant
medications (specifically selective serotonin reuptake
inhibitors) have been shown to be effective in treating
comorbid symptoms, such as depressed mood, low
energy, poor concentration, impaired cognition, and
obsessive—compulsive symptoms, such as preoccupa-
tions with weight and shape. Anxiolytics, mood stabi-
lizers, and other psychotropic drugs are used as needed
on a case-by-case basis. Psychopharmacologic interven-
tions are generally less helpful during the acute refeed-
ing phase and more helpful during later stages of
recovery and relapse prevention.

SUMMARY

Anorexia nervosa, one of the most common causes
of nonaccidental death among young women, is a

87

complex, serious, often long-term condition that may
require a variety of treatment modalities (e.g., indivi-
dual psychotherapy, hospitalization, outpatient treat-
ment, nutritional rehabilitation, family psychotherapy,
and pharmacotherapy) that may change throughout the
course ofillness and recovery. Early intervention is a key
in preventing negative sequelae and chronic problems.
Variable issues related to self-understanding and self-
expression, conflicts regarding sexual maturity, a ten-
dency toward isolation and guardedness, perfectionism,
and the pressure of psychosocial and cultural influences
that promote an overfocus and overvaluation of thin-
ness, long-term psychotherapy is almost always indi-
cated. Despite substantial progress in the diagnosis
and treatment of anorexia nervosa, its cause remains
to be determined.
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Antacids
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antacid A medication that neutralizes hydrochloric acid in
the lumen of the stomach.

pepsin A proteolytic enzyme produced by chief cells in the
stomach.

Antacids reduce hydrogen ion concentration (gastric acid-
ity) and increase intragastric pH. This mechanism of
action is in contrast to medications that inhibit acid secre-
tion such as histamine 2-receptor antagonists and proton
pump inhibitors.

PHARMACOLOGY

Most antacids contain magnesium hydroxide and/or
aluminum hydroxide. Some antacids contain calcium
carbonate. Sodium bicarbonate in the form of baking
soda is used also as an antacid. A few commercial anta-
cids contain sodium bicarbonate. The duration of action
of sodium bicarbonate is less than that of many antacids
because sodium bicarbonate reacts rapidly with hydro-
chloric acid and the mixture empties quickly from the
stomach.

The duration of action of an antacid is related pri-
marily to the length of time a dose of medication remains
in the stomach. In the fasting state, the duration of
action is relatively short. Doubling the dose of antacid
will lengthen only slightly the time during which gastric
acidity is reduced. The duration of action can be pro-
longed by giving an antacid after food. For example, if a
dose of antacid is taken at 1 and 3 h after a meal, the
duration of effect is prolonged for up to 4 h.

Chemical equations illustrating the reaction
between an aluminum hydroxide [AI(OH);]-containing
antacid or a magnesium hydroxide [Mg(OH),]-contain-
ing antacid are shown as follows:

AI(OH), +3HCl — AICl; + 3H,0
Mg(OH), +2HCl — MgCl, +2H,0

CLINICAL EFFICACY

The clinical benefit of antacids in treating patients is
likely due to their ability to reduce gastric acidity
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and, perhaps, peptic activity. Pepsin, a proteolytic
enzyme produced by chief cells in the stomach, is not
active at pH levels above 4.0. Thus, when an antacid
reduces gastric acidity and increases intragastric pH,
peptic activity also is reduced. This, along with the
reduction in gastric acidity, may be beneficial in treating
some so-called acid/peptic diseases. There is some evi-
dence that aluminum-containing antacids may also
absorb pepsin, which also may reduce the harmful effect
of pepsin.

Antacids may be useful in the symptomatic therapy
of gastroesophageal reflux disease, nonulcer dyspepsia,
and gastric and duodenal ulcer disease. An antacid regi-
men, when compared with a placebo regimen, given
during a 4-week period, has been shown to be effective
in healing duodenal ulcers in a statistically significant
number of patients. In practice, antacids have been
replaced by histamine 2 (H2)-receptor antagonists
and proton pump inhibitors in the healing of gastroe-
sophageal reflux disease and gastric or duodenal ulcers.
Products combining antacids with H2-receptor antago-
nists have been developed for over-the-counter use in
dyspepsia and heartburn. Pure aluminum hydroxide-
containing antacids may be useful in reducing phos-
phate absorption and serum phosphate levels in patients
with renal disease.

SIDE EFFECTS

Diarrhea is the major side effect of antacids containing
magnesium hydroxide. Magnesium hydroxide-contain-
ing antacids should not be given to patients with
reduced renal function as these antacids may lead to
magnesium toxicity. High magnesium levels also have
been reported in rare patients with normal renal func-
tion. Antacids can interact with other medications and
may alter the absorption or renal elimination of some
medications. Sodium bicarbonate can cause metabolic
alkalosis and contribute to renal stone formation.
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Antibiotic-Associated Diarrhea
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antibiotic-associated diarrhea Any case of diarrhea asso-
ciated with the use of antibiotics.

DNA fingerprinting A laboratory method elaborating a
battery of molecular biology techniques in order to
generate a pattern of DNA restriction fragments that is
unique to an individual or a microbe. In the latter case,
one of the aims is microbial source tracking. The method
has been used to compare the identity of Clostridium
difficile strains isolated from both the environment and
infected patients.

pseudomembranes Adherent inflammatory exudates over-
lying sites of colonic mucosal injury; they are character-
istic lesions of Clostridium difficile colitis overlying sites
with dense polymorphonuclear infiltration of the colonic
lamina propria. In cases where glandular disruption
accompanies the polymorphonuclear cell infiltrate, the
histologic picture may resemble a volcanic eruption
(volcano lesion), characteristic of pseudomembranous
colitis.

pseudomembranous colitis Acute colitis associated primar-
ily with Clostridium difficile infection.

toxins A and B High-molecular-weight protein exotoxins
released from toxigenic strains of Clostridium difficile.
The genes for toxins A and B have been cloned and
found to be separated by only 1.2 kb on the C. difficile
chromosome. Both toxins have cytotoxic properties and
cause cytoskeletal disorganization and cell rounding in
human colonocytes. Toxin A, but not toxin B, is an
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enterotoxin in animal intestine and causes inflammatory
diarrhea in intestinal loops of experimental animals.

Diarrhea associated with antibiotic intake is a common
clinical entity with an estimated incidence of 5—25%,
depending on the antibiotic used. It is generally accepted
that antibiotics cause alterations in the intestinal micro-
ecology, which subsequently lead to the diarrheal syn-
drome. In approximately 20% of cases, it is well
established that antibiotic-mediated alterations in intest-
inal microflora allow Clostridium difficile, a toxigenic bac-
terium, to colonize the intestine and develop a diarrheal
infection. C. difficile is considered the most commonly
identifiable cause of antibiotic-associated diarrhea and
represents the offending factor in almost all cases of anti-
biotic-associated colitis. Thus, C. difficile has been studied
extensively by both basic and clinical research groups.
However, several other causes have been implicated in
the pathogenesis of this clinical entity and these are
also discussed in this article.

SYMPTOMATOLOGY AND
CLINICAL EVALUATION

The clinical evaluation of a patient with suspected anti-
biotic-associated diarrhea (AAD) involves a detailed

Copyright 2004, Elsevier (USA). All rights reserved.
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calmodulin An intracellular high-affinity calcium-binding
polypeptide forming a calcium/calmodulin complex that
regulates ion transport through the modification of
cellular regulatory proteins.

enteric nervous system Largely autonomous nervous system,
which regulates intestinal function. The cell bodies of
enteric neurons lie in plexi within the intestine.

enterochromaffin cell Specialized intestinal epithelial cell
that detects lumenal stimuli and activates signaling
cascades through the release of mediators such as
5-hydroxytryptamine.

enterocytes Specialized epithelial ion-transporting cells,
which collectively form a continuous monolayer lining
the intestinal lumen. Tight junctions separate entero-
cytes, hence creating a selective barrier to electrolytes
and nutrients.

secretagogue Substance that induces intestinal secretion.

To those who suffer from diarrhea, the descriptions “too
fluid” and “too frequent” stool must seem self-evident.
However, the precise definition of this condition requires
that the daily stool output exceed 200 g for adults in the
developed world. Anti-diarrheal drugs are intended to
ameliorate this pathology.

INTRODUCTION

Diarrhea may be acute and a consequence of viral or
bacterial infection or it may be chronic and a symptom
of an underlying, ongoing disorder, such as malabsorp-
tion or inflammatory bowel disease. Diarrhea may also
be present where there is a bowel tumor, diabetic auto-
nomic neuropathy, hyperthyroidism, or a number of
other conditions. It can also be drug-induced, such as
in laxative abuse.

Such variable pathophysiologies will necessitate dif-
ferent therapeutic approaches, often directed at correct-
ing the underlying primary cause rather than the
resulting symptom of diarrhea. Pharmacotherapy for
diarrhea per se is in the main restricted to irritable
bowel syndrome, where the predominant symptom is
diarrhea, and in the mild acute infective condition
typified by traveler’s diarrhea.
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The mainstay of anti-diarrheal drug therapy, even
after centuries of use, remains the opiate group of drugs.
Surprisingly, despite the devastating effects of this con-
dition in the underdeveloped world, there is still no
effective, safe, anti-secretory drug for the treatment of
acute secretory diarrhea.

PATHOPHYSIOLOGY

Normally, approximately 8—10 liters of fluid enters the
lumen of the smallintestine daily both from ingestionand
fromendogenoussalivary, gastrointestinal, and pancrea-
tic secretions. Net absorption occurs in the small intes-
tine, driven by osmotic gradients that result from the
transport of electrolytes (mainly Na™ and Cl7), sugars,
and amino acids across the epithelial monolayer lining
the length of the small intestinal lumen. Approximately
1 to 1.5 liters of fluid enters the colon and from there
approximately 100 ml will be excreted in the feces. Both
the small intestine and large intestine have spare absorp-
tive capacity and can absorbamaximum of 16and 5liters,
respectively. Asstool consists mainly of water, especially
in diarrhea, most cases of diarrhea can be ascribed to
disorders of intestinal electrolyte and water transport.
From a mechanistic viewpoint, diarrhea may have sev-
eral causes.

Secretory Diarrhea

Secretory diarrhea results from excessive secretion
or diminished absorption, or both, of electrolytes
(mainly Na™ and Cl7) and water by epithelial cells of
the intestinal mucosa. Maturing cells in the crypts of
Lieberkuhn of the small intestine normally secrete
electrolytes and water into the lumen. This process,
stimulated by gastrointestinal hormones and neuro-
transmitters released after a meal, is essential for main-
taining the liquidity of small intestinal contents, thereby
allowing efficient digestion and absorption of nutrients.
Mature epithelial cells on the intestinal villi are respon-
sible for absorption of electrolytes, water, and nutrients.
Secretory diarrhea can be produced by microbial

Copyright 2004, Elsevier (USA). All rights reserved.
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infection, gastrointestinal hormone-producing tumors,
bile salt malabsorption, and inflammatory mediators,
such as prostaglandins and leukotrienes.

Osmotic Diarrhea

Osmotic diarrhea occurs when an increased lumenal
osmotic load results in retention of fluid in the intestinal
lumen. Both electrolytes and nutrients, such as sugars
and amino acids, can contribute to osmosis. If their
absorption is reduced, then osmotic diarrhea can
occur. Causes include celiac disease, laxative use, and
lactase deficiency.

Increased Propulsive Motility

Increased propulsive motility may result in diarrhea
as the extent of absorption can be diminished by a
decreased transit time of intestinal contents. This may
occur in hyperthyroidism and also in irritable bowel
syndrome.

ORAL REHYDRATION THERAPY

In acute infectious diarrhea, rehydration is the first
priority of treatment. This is particularly important in
infants, the frail, and the elderly, where the risks of
dehydration and electrolyte or pH imbalance are great-
est. Promptly administered oral rehydration therapy
(ORT) saves many lives and is the only therapy needed
for the diarrhea of viral gastroenteritis in the young.
Recourse to intravenous electrolyte and fluid replace-
ment may be required in severe cases. ORT will not
immediately reduce the volume of diarrhea, but absorp-
tion of the glucose electrolyte solution leads to the cor-
rection of fluid and electrolyte imbalances. ORT utilizes
the ability of small intestinal epithelial cells to absorb
sodium and glucose even in secretory states. This
cotransport mechanism sets up an osmotic gradient
across the intestinal mucosa, resulting in the transport
of water from the intestinal lumen to the bloodstream.
There are a number of approved formulations for ORT.
Most have, as their basis, NaCl, KCI, sodium citrate, and
glucose.

ANTI-MOTILITY, ANTI-SECRETORY
AGENTS

Opioids and Enkephalinase Inhibitors

Opioids are compounds that are chemically related
to opium, which is obtained from the juice of the opium
poppy. Opiate drugs include those derived from opium,
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such as morphine and codeine, as well as synthetic
compounds, such as loperamide and diphenoxylate.
The realization that these chemicals were reacting
with receptors in the body led to the discovery of endo-
genous opioid peptides, Met- and Leu-enkephalin,
which are the naturally occurring ligands for opioid
receptors. Opioid receptors are divided into three
main groups, designated mu (n), delta (8) and kappa
(). Morphine acts primarily on p receptors, whereas
the enkephalins act on p and § receptors. Historically,
morphine was the first drug widely used for the treat-
ment of diarrhea and today opiates still remain the most
useful class of anti-diarrheal drug. Opiates slow intest-
inal transit, thereby allowing increased time for the
absorption of lumenal contents. Their action is com-
plex, involving increased tone (muscle contraction)
and rhythmic contraction of intestinal smooth muscle
but diminished propulsive activity. The pyloric, ileoce-
cal, and internal anal sphincters are all contracted. The
overall effect in healthy individuals is to produce an
increase in “nonpropulsive” motility, resulting in con-
stipation. The main opiates used for diarrhea are loper-
amide and diphenoxylate. Unlike morphine, very little
of these drugs crosses the blood—brain barrier and they
are given exclusively for their actions on the gastroin-
testinal tract. In addition to its anti-motility effects,
loperamide acts as an anti-secretory agent through
the inhibition of calmodulin (see below). Extensive stu-
dies on the action of morphine reveal that it can act
centrally where stimulation of p1 receptors in the central
nervous system results in the slowing of transit through-
out the intestine. Within the intestinal wall, opioid
receptors have been found on enteric nerves, epithelial
cells, and smooth muscle cells. Although most cases of
diarrhea result from reduced absorption or increased
secretion, or both, by the intestine, there is still much
debate as to whether anti-secretory actions or slowing of
intestinal transit is the primary mechanism underlying
the anti-diarrheal actions of opiate drugs. Certainly
there appear to be differences in the pharmacological
profiles of morphine compared to the enkephalins and
loperamide. The peptides act on & receptors and may
thus produce anti-secretory effects and a similar action
would result from the inhibition of calmodulin by
loperamide (see below).

Although slowing intestinal transit relieves the
symptoms of diarrhea, there is a risk that this may pro-
long the contact time of infectious agents with the intest-
inal mucosa. Such concerns turned out to be largely
unfounded, but stimulated a search for compounds
with a more favorable therapeutic profile. Despite
their anti-secretory effects, enkephalins were unsuitable
due to a short duration of action. However, inhibitors of
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enkephalinase, the enzyme that metabolizes enkepha-
lins, are a novel class of drugs with marked anti-
secretory actions. Racecadotril (acetorphan) is a
selective inhibitor of enkephalinase and reduces stool
volume and disease duration in infectious diarrhea
without the side effect of constipation.

a-Adrenergic Receptor Agonists

Noradrenergic neurons with projections to the gas-
trointestinal tract influence motility, mucosal transport,
and blood flow. Reduction of gastrointestinal motility
occurs as a result of presynaptic inhibition of acetylcho-
line release from cholinergic neurons. Some sphincters
are also contracted by a direct action on the sphincteric
smooth muscle. Noradrenergic neurons also stimulate
absorption and inhibit electrolyte and water secretion
by an indirect inhibitory action on cell bodies of sub-
mucosal secretomotor neurons and also by a direct
action on enterocytes. All these actions are mediated
through o2-adrenergic receptor stimulation. Neural
a2 receptors are located presynaptically on nerve term-
inals and inhibit the release of neurotransmitters. Not
surprisingly, a2 agonists, such as clonidine, have proved
effective anti-diarrheal agents in some circumstances,
such as diabetic neuropathy where there was a loss of
noradrenergic innervation. A disadvantage of clonidine
is that it readily crosses the blood—brain barrier,
causing hypotension.

Somatostatin Analogues

Immunohistochemical and radioimmunoassay
techniques have demonstrated the presence of a number
of peptides in enteric nerves where they presumably
function as neurotransmitters. Many of these neurons
either directly innervate the gastrointestinal mucosa or
terminate around neural cell bodies in the submucosal
plexus, thusindicating a role in the control of electrolyte
and water transport. Somatostatin, a 14-amino-acid
peptide, serves a number of physiological functions in
the gastrointestinal tract, including inhibition of exo-
crine, gastric, and pancreatic secretions, inhibition of
secretion of several gastrointestinal hormones, decrease
of gastrointestinal motility, and inhibition of chloride
secretion by epithelial cells. The usefulness of somatos-
tatin as an anti-diarrheal agent is limited by a short
half-life, necessitating administration by intravenous
infusion. Newer agents such as octreotide, a synthetic
analogue of somatostatin, have a longer duration of
action and increased potency, providing greater thera-
peutic potential. Octreotide has been used successfully
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in cases of diarrhea due to peptide-secreting tumors
such as 5-hyroxytryptamine (5-HT)-secreting carcinoid
tumors or vasoactive intestinal peptide (VIP)-secreting
VIPomas. Octreotide has also been used in dumping
syndrome, where rapid emptying of gastric contents,
usually seen postoperatively, results in excessive release
of enteric peptides into the general circulation. The
beneficial effects of octreotide probably result more
from its actions on decreasing gut motility and release
of gastrointestinal peptides than from a direct pro-
absorptive or anti-secretory action.

Cholestyramine

After surgical resection of the terminal ileum, the
normal enterohepatic circulation of bile salts is inter-
rupted. Loss of bile salt absorption results in elevated
lumenal concentrations in the colon, where they stimu-
late electrolyte and water secretion. Cholestyramine is
an anion exchanger that is not absorbed and effectively
binds and neutralizes bile salts.

Bismuth

Bismuth has anti-microbial properties, which prob-
ably account for the majority of its anti-diarrheal
actions. Bismuth subsalicylate has been used success-
fully for the treatment of traveler’s diarrhea.

5-Hydroxytryptamine Receptor Antagonists

Intestinal secretion induced by 5-HT is complex. It
may be released from neurons and enterochromaffin
cells and can act on enteric nerves, smooth muscle,
and epithelial cells to produce its effects. 5-Hydroxy-
tryptamine type 3 (5-HT3) receptors are located on
sensory neurons and 5-HT; antagonists have been
used in the treatment of chemotherapy-induced
vomiting as well as diarrhea associated with irritable
bowel syndrome. 5-HT; antagonists do not prevent
all the intestinal secretory effects of 5-HT. 5-HT is
also implicated in the pathogenesis of cholera toxin-
induced diarrhea. Cholera toxin releases 5-HT from
enterochromaffin cells; 5-HT then activates the sensory
neurons of a neurosecretory reflex.

Berberine

Berberine is a plant alkaloid that may have anti-
microbial as well as anti-secretory and anti-motility
effects. In China and India, it has been used as an
anti-diarrheal agent for centuries. In humans, it has
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been shown to be effective against enterotoxigenic
Escherichia coli-induced diarrhea.

Calmodulin Inhibitors

Some secretagogues such as acetylcholine and 5-HT
act by increasing intracellular calcium. Calcium com-
bines with calmodulin, a calcium-binding protein, and
the complex increases adenylate and guanylate cyclase
activity, resulting in elevated concentrations of cyclic
AMP and cyclic GMP. These nucleotides are fundamen-
tal intracellular messengers in electrolyte and water
transport, causing enhanced chloride secretion and
diminished sodium chloride absorption. A positive cor-
relation between calmodulin binding and anti-diarrheal
activity has been demonstrated for loperamide, chlor-
promazine, and a number of other compounds. Zaldar-
ide maleate, a selective and potent inhibitor of intestinal
calmodulin, demonstrated a reduction of stool fre-
quency and duration in traveler’s diarrhea.

FUTURE DIRECTIONS
Potassium Channel Inhibition

The opening of chloride channels in the apical mem-
brane plays a central role in the promotion of intestinal
secretion and is the final common pathway of agents that
cause acute secretory diarrhea (Fig. 1). Chloride secre-
tion is an electrogenic process and the intestinal lumen
becomes more negative, causing paracellular flow of
sodium ions and a concomitant osmotic flow of
water. It is possible to reduce chloride secretion by
reducing the intracellular negative potential of the
epithelial cell as this cellular hyperpolarization nor-
mally drives chloride ions through apical chloride chan-
nels into the intestinal lumen. Hyperpolarization is
produced by the exit of potassium ions from the cell
through basolaterally located (in the small intestine)
potassium channels. It follows, therefore, that drugs
blocking or inhibiting such channels have anti-
secretory potential. In the human colon, patch-clamp
single-channel recording and the use of agents that
block potassium channels have demonstrated more
than one type of potassium channel. More recent inves-
tigations have revealed that the established anti-secre-
tory agents berberine, clonidine, and loperamide
possess potassium channel-blocking effects. Finally,
secretory responses of human ileal mucosa to VIP
and E. coli heat-stable enterotoxin can be inhibited by
potassium channel blockade. With the multiplicity of
potassium channels in existence, it is possible that those
on basolateral membranes of intestinal epithelial cells
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FIGURE 1 Chloride ion secretion and its regulation. The
effects of cyclic AMP (cAMP) and cyclic GMP (cGMP) are
mediated through the actions of protein kinase A (PKA). This
enzyme phosphorylates intestinal membrane proteins of ion chan-
nels, leading to increased apical conductance of chloride ions and
basolateral conductance of potassium ions. The basolateral exit of
potassium ions hyperpolarizes the cell, providing an electrical
driving force for the exit of chloride ions. Not shown are receptors
for secretagogues located on both the apical and basolateral mem-
branes. Cholera toxin and Escherichia coli heat-stable toxin act
apically to elevate cAMP and cGMP, respectively. Acetylcholine
and vasoactive intestinal polypeptide act basolaterally to elevate
calcium and cAMP, respectively.

may have individual characteristics that can be
exploited for the development of selective anti-diarrheal
agents.

Vasoactive Intestinal Polypeptide
Receptor Antagonists

The demonstration of VIP receptors on basolateral
membranes of epithelial cells and the presence of VIP
within enteric neurons innervating mucosal epithelial
cells and blood vessels indicate a physiological role for
this peptide in the control of mucosal ion transport.
There are two main types of secretomotor neuron: cho-
linergic and noncholinergic. The noncholinergic neu-
rons appear to mediate most of the local reflex responses
and utilize VIP as their neurotransmitter.

VIP causes an increase in intestinal secretion in
humans, both in normal volunteers and in those indi-
viduals with VIPomas. It is thought that the enteric
nervous system is responsible for a significant propor-
tion of the change in fluid transport induced by cholera
toxin (Fig. 2) and antagonism of VIP receptors has been
shown to reduce intestinal secretion produced by the
toxin in vivo.
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FIGURE 2 Putative neurosecretory reflex of cholera toxin.
Cholera toxin stimulates 5-hydroxytryptamine (5-HT) release
from enterochromaffin cells. 5-HT activates sensory neurons
that synapse with cholinergic interneurons in the myenteric
plexus. Secretomotor neurons that project to both epithelial cells
and mucosal blood vessels are stimulated by acetylcholine (ACh) to
release vasoactive intestinal polypeptide (VIP). VIP causes intest-
inal secretion and vasodilation of mucosal blood vessels.
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Antibiotic-Associated Diarrhea

STAVROS SOUGIOULTZIS AND CHARALABOS POTHOULAKIS

Beth Israel Deaconess Medical Center and Harvard University

antibiotic-associated diarrhea Any case of diarrhea asso-
ciated with the use of antibiotics.

DNA fingerprinting A laboratory method elaborating a
battery of molecular biology techniques in order to
generate a pattern of DNA restriction fragments that is
unique to an individual or a microbe. In the latter case,
one of the aims is microbial source tracking. The method
has been used to compare the identity of Clostridium
difficile strains isolated from both the environment and
infected patients.

pseudomembranes Adherent inflammatory exudates over-
lying sites of colonic mucosal injury; they are character-
istic lesions of Clostridium difficile colitis overlying sites
with dense polymorphonuclear infiltration of the colonic
lamina propria. In cases where glandular disruption
accompanies the polymorphonuclear cell infiltrate, the
histologic picture may resemble a volcanic eruption
(volcano lesion), characteristic of pseudomembranous
colitis.

pseudomembranous colitis Acute colitis associated primar-
ily with Clostridium difficile infection.

toxins A and B High-molecular-weight protein exotoxins
released from toxigenic strains of Clostridium difficile.
The genes for toxins A and B have been cloned and
found to be separated by only 1.2 kb on the C. difficile
chromosome. Both toxins have cytotoxic properties and
cause cytoskeletal disorganization and cell rounding in
human colonocytes. Toxin A, but not toxin B, is an
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enterotoxin in animal intestine and causes inflammatory
diarrhea in intestinal loops of experimental animals.

Diarrhea associated with antibiotic intake is a common
clinical entity with an estimated incidence of 5—25%,
depending on the antibiotic used. It is generally accepted
that antibiotics cause alterations in the intestinal micro-
ecology, which subsequently lead to the diarrheal syn-
drome. In approximately 20% of cases, it is well
established that antibiotic-mediated alterations in intest-
inal microflora allow Clostridium difficile, a toxigenic bac-
terium, to colonize the intestine and develop a diarrheal
infection. C. difficile is considered the most commonly
identifiable cause of antibiotic-associated diarrhea and
represents the offending factor in almost all cases of anti-
biotic-associated colitis. Thus, C. difficile has been studied
extensively by both basic and clinical research groups.
However, several other causes have been implicated in
the pathogenesis of this clinical entity and these are
also discussed in this article.

SYMPTOMATOLOGY AND
CLINICAL EVALUATION

The clinical evaluation of a patient with suspected anti-
biotic-associated diarrhea (AAD) involves a detailed

Copyright 2004, Elsevier (USA). All rights reserved.
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history to identify other etiologies of diarrhea, as well as
careful review of the concomitant medications and
nutritional supplements. A long list of drugs such as
antacids, anti-arrhythmics, anti-neoplastics, antihyper-
tensives, cholinergics, laxatives, caffeine, and magne-
sium and potassium supplements can cause diarrhea
that usually starts shortly after initiation of therapy,
but can also occur following chronic drug treatment
or after an increase in the dose of the drug. Antibiotics
such as clindamycin, lincomycin, ampicillin, and
cephalosporines are more likely to cause AAD, whereas
aminoglycosides, erythromycin, and trimethoprim-
sulfamethoxazole are considered safer. However, the
clinician should be aware that virtually all antimicrobial
agents, including antifungals and antivirals, can cause
AAD, irrespective of the route of administration. In
addition, several case reports implicate even metroni-
dazole and vancomycin, the antibiotics most commonly
used to treat Clostridium difficile infection, in the devel-
opment of C. difficile-induced AAD.

AAD causes mild symptoms and it is clinically sig-
nificant when there are more than three mushy or
watery stools per day. However, when C. difficile is
the underlying causative agent, the clinical presentation
may vary from mild diarrhea to a severe bloody diarrheal
syndrome accompanied by abdominal pain and sys-
temic complications such as dehydration, fever, leuko-
cytosis, and hypoalbuminemia.

Sigmoidoscopic examination is not always war-
ranted in AAD, but, if performed, reveals either normal
mucosa or mild edema or hyperemia. In cases of sus-
pected C. difficile infection, endoscopy is not always
necessary since the presence of C. difficile toxins in
the stool establishes the diagnosis. However, in highly
suspicious cases, and when toxin assays are negative,
endoscopy is indicated. In these cases, colonoscopy
should be performed instead of sigmoidoscopy, because
C. difficile-induced mucosal lesions may occasionally
spare the rectum and sigmoid colon.

Development of pseudomembranes, identified as
raised yellow small plaques on the colorectal mucosa,
is the characteristic endoscopic finding in C. difficile
colitis and a sign of severe infection. In milder cases,
nonspecific, diffuse, or patchy erythematous colitis
without pseudomembranes may be observed.

Endoscopy should be either avoided in patients with
suspected fulminant C. difficile colitis or cautiously per-
formed with minimal air inflation to avoid bowel per-
foration. In such cases, clinical signs such as high fever,
diffuse abdominal pain, involuntary guarding, or
rebound tenderness together with radiologic findings
should guide management decisions. Computed tomo-
graphy findings in severe cases include thickening of the
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bowel wall in affected sites, signs of intestinal obstruc-
tion in cases of ileus, or intraperitoneal fluid when
perforation has occurred. Dilated colon (>7 cm in its
greatest diameter) in plain abdominal images can safely
diagnose toxic megacolon.

PATHOPHYSIOLOGY OF AAD

Microbes Other Than C. difficile as Causative
Agents of Antibiotic-Associated Diarrhea

Overall, it is generally accepted that 2—3% of AAD
cases may be due to infections other than C. difficile.
Several reports implicate the overgrowth of specific
microorganisms following antibiotic therapy as the
cause of AAD. Staphylococcus aureus was reported to
be the cause of AAD in the 1950s and 1960s. However,
it is now believed that the vast majority of these cases
were actually caused by C. difficile infection, which had
not been connected to the etiology of AAD at that time.
Clostridium perfringens enterotoxin and high counts of
enterotoxigenic strains of C. perfringens have been found
in the stools of patients with diarrhea that developed
after antibiotic treatment. It must be pointed out, how-
ever, that although C. perfringens spores can be found in
the hospital environment, nosocomial C. perfringens
infections can occur without prior use of antibiotics,
thus calling into question the association of the micro-
organism with AAD.

Klebsiella oxytoca has been also implicated as
the causative agent of acute segmental hemorrhagic
penicillin-associated colitis. This is a rare complication
of penicillin treatment, characterized by acute
hemorrhagic diarrhea and painful abdominal cramps.
The disease is thought to result from infection by cyto-
toxin-producing K. oxytoca strains.

A single study found that multidrug-resistant Sal-
monella newport was the cause of AAD in 12 patients
who had consumed contaminated beef from animals
fed subtherapeutic doses of antimicrobials. Although
this is the only report, the findings are well documented
and Salmonella may be considered a rare causative
agent of AAD.

Overgrowth of Candida species (Candida albicans
and Candida tropicalis) as a result of antibiotic treatment
has also been associated with the development of AAD
in pediatric and adult patients. Animal studies have
shown that the yeast is able to depress lactase activity,
potentially leading to lactose intolerance and malab-
sorption and, through release of endotoxin-like sub-
stances, to lumenal secretion of ions into the
jejunum. Irrespective of the underlying mechanism(s),



ANTIBIOTIC-ASSOCIATED DIARRHEA

Candida species should be considered a putative cause
of AAD, especially in immunosuppressed patients.

Mechanisms Related to Direct or Indirect Effects
of Antibiotics on Intestinal Functions

Antibiotics may exert various effects on the gastro-
intestinal tract, independent of their antimicrobial activ-
ity. Erythromycin, for instance, is a motilin-receptor
agonist and can accelerate the rate of gastric emptying,
which has been reported to cause functional diarrhea.
Amoxicillin/clavulanate, another commonly prescribed
antibiotic combination, mediates nonspecific motility
disturbances in the gastrointestinal tract, leading to
diarrhea. Moreover, neomycin, an aminoglycoside anti-
biotic frequently used as an adjunct in the treatment of
hepatic encephalopathy, induces morphologic altera-
tions of the intestinal mucosa, leading to malabsorption
and diarrhea. In addition to these “direct” effects on
intestinal motility or absorptive capacity, antibiotics
cause alterations in the bacterial population of the
colon, mainly by decreasing the number of anaerobes
such as Bacteroides species. Anaerobic bacteria metabo-
lize carbohydrates that escape absorption, reach the
colon, and produce short-chain fatty acids such as acet-
ateand butyrate. Short-chain fattyacids are subsequently
absorbed by the colonic epithelium together with fluids
and electrolytes. Antibiotics reduce the number of colo-
nic anaerobes, thereby decreasing the fermentation of
nonabsorbable carbohydrates, which eventually accu-
mulate in the colonic lumen and may lead to osmotic
diarrhea. Although this mechanism may explain some
published observations, other studies found discrepan-
cies between suppression of carbohydrate metabolism
and manifestations of diarrhea. Therefore, it seems
likely that other mechanisms, such as an adaptive
increase in colonic transit time that has been described
in cases of osmotic diarrhea, may operate to compensate
for the increased osmotic load in the colonic lumen.

Another metabolic function of colonic anaerobes is
the dehydroxylation of unabsorbed bile acids. It is well
known that hydroxylated bile acids, especially the dihy-
droxy bile acids, chenodeoxycholic acid and deoxycho-
lic acid, exert a cathartic effect on colonic mucosa. Thus,
defective bile acid dehydroxylation, due to suppression
of bacterial populations after antibiotic therapy, might
represent a mechanism that contributes to AAD.

CLOSTRIDIUM DIFFICILE INFECTION

C. difficile is a gram-positive anaerobic bacterium
and the most commonly identified causative agent of
AAD. C. difficile infection represents one of the
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commonest nosocomial infections around the world
and is responsible for approximately three million
cases of diarrhea and colitis per year in the United States.
The bacterium is primarily acquired in hospitals and
chronic care facilities following broad-spectrum anti-
biotic therapy. It has been estimated that 20% of patients
admitted to a general hospital either are colonized on
admission or acquire the microorganism during their
hospital stay, but only one-third of them develop AAD.
Although it is not clear why only a fraction of the colo-
nized patients develop AAD, risk factors associated with
disease expression include advanced age, severity of the
patient’s clinical condition, and most likely defective
immunity against C. difficile toxins.

Contamination of the hospital environment appears
to be the main reservoir of C. difficile and is considered
to be responsible for perpetuating human infections.
This notion is reinforced by recent prospective epide-
miological studies reporting the same C. difficile strains
in both symptomatic patients and ward environments,
after molecular characterization of the isolates by DNA
fingerprinting. Moreover, molecular characterization
revealed that some C. difficile strains have a greater pro-
pensity for nosocomial transmission (epidemic clones).

C. difficile exerts its effects in the human intestine by
the release of two large toxins, toxins A and B. C. difficile
toxins bind to and damage colonocytes by disrupting the
cellular cytoskeleton and increase intestinal permeabil-
ity by altering tight junctional integrity. The toxins
also lead to a severe inflammatory reaction, which, in
concert with colonocyte damage, results in micro-
ulcerations and the volcano lesion seen in pseudomem-
branous colitis patients. These micro-ulcerations are
usually covered by inflammatory pseudomembranes,
containing cellular debris, leukocytes, fibrin, and
mucin. A large number of animal studies also indicate
that intestinal nerves, by release of neuropeptides, are
important mediators of both diarrhea and inflammation
in response to C. difficile toxins in vivo.

Several studies have shown that the majority of
healthy adults and children have serum and mucosal
antibodies directed against C. difficile toxins that may
play a protective role in C. difficile disease expression.
Animal studies showed that immunization against toxin
A protects against C. difficile infection. It is therefore
believed that humoral immunity is important in the
development of C. difficile infection. A recent prospec-
tive study examined whether the presence of serum
antitoxin antibodies is associated with the development
of C. difficile infection in hospitalized patients. The
results indicated that antibodies against C. difficile tox-
ins or nontoxin antigens did not affect the develop-
ment of colonization. In contrast, patients who were
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colonized and had low serum immunoglobulin G (IgG)
antibodies to toxin A were more likely to develop diar-
rhea. Another prospective study showed that low serum
IgG antitoxin A antibodies after an initial episode of
diarrhea predispose to recurrent C. difficile infection.
These studies suggest that antibodies play a significant
role in disease development and that vaccination or
passive immunotherapy may be an effective strategy
to control C. difficile-associated diarrhea and colitis.

DIAGNOSIS OF ANTIBIOTIC-
ASSOCIATED DIARRHEA

The challenge for a clinician facing a patient with sus-
pected ADD is to document whether this particular case
is caused by C. difficile infection, a potentially serious
but also manageable condition. Laboratory diagnosis of
C. difficile is based on the demonstration of C. difficile
toxins in stool. The commonest methods used for diag-
nosis are summarized in Table I. The most accurate
diagnostic assay is the tissue culture assay for the detec-
tion of C. difficile cytotoxin (toxin B) in stool samples. In
brief, phosphate-buffered saline stool suspensions are
applied to monolayers of human fibroblasts after cen-
trifugation and filtration. A positive test is indicated by
cell rounding, which can be easily seen by light micro-
scopy after 24 or 48 h. Results are reported as positive
or negative since there is no clinical correlation between
levels of C. difficile toxins and severity of disease.
Moreover, a recent study suggests that the yield of toxin
detection increases by 15% if C. difficile is isolated and
cultured from stool samples before the cytotoxicity
assay (“second-look” cytotoxicity assay). Although
tissue culture assays are highly sensitive and specific
tests, they are time-consuming and therefore rapid
immunoassays have been developed with the goal of
replacing them.

TABLE I Diagnostic Tests for Clostridium difficile
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The latex agglutination test is not sufficiently sensi-
tive or specific to justify routine use. On the other hand,
enzyme-linked immunosorbent assays (ELISAs) that
detect toxins A and B in stool samples represent
quick and reliable methods. They have high specificity
and although they are not as sensitive as the tissue cul-
ture assay, their sensitivity improves if more than one
stool sample is tested. ELISA is now the method most
frequently used by clinical laboratories for diagnosis of
C. difficile infection, because it is quick, is easy to per-
form, is acceptably accurate, and does not require highly
trained personnel or tissue culture facilities. Specific
tests to target the other causes of AAD reported above
are not readily available in clinical laboratories. How-
ever, in suspicious cases, a quantitative test for Candida
in stool should be performed.

THERAPY OF ANTIBIOTIC-
ASSOCIATED DIARRHEA

In cases of non-C. difficile AAD, discontinuation of the
inciting antibiotics with or without administration of
anti-peristaltic agents is usually sufficient. If continua-
tion of antibiotic therapy is necessary, switching to anti-
biotics thought to have less risk of causing AAD, such
as fluoroquinolones, macrolides, and tetracycline,
together with the administration of a probiotic agent,
such as Saccharomyces boulardii or Lactobacillus
species, is a therapeutic option. Probiotics have been
shown to reduce the risk of AAD, although their
mechanism of action is not completely understood. If
Candida is documented as the causative agent for the
AAD, nystatin (250,000 or 1,000,000 U orally three to
four times daily) should be given for 7 days.

In approximately 25% of patients with C. difficile-
associated AAD, symptoms resolve after antibiotic
discontinuation, corresponding to reconstitution of

Type of assay

Advantages

Disadvantages

Anaerobic culture
outbreaks
Cytotoxicity assay for toxin B

“Second-look” cytotoxicity
assay

Enzyme immunoassays
for toxins A and B

Identify carriers in C. difficile
Excellent sensitivity and specificity
Excellent sensitivity and specificity
Very good sensitivity and specificity;

takes 4 h; does not require special
facilities; less expensive

3—5 days; expensive; also detects
nontoxigenic strains

1-3 days; expensive; requires tissue
culture facilities

At least 3 days; expensive; requires tissue
culture facilities

Less sensitive than cytotoxicity assays

Note. Adapted from Pothoulakis C. et al. (1993). Clostridium difficile colitis and diarrhea. J. Gastroenterol. Hepatol. 8, 311—312.
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normal bowel flora. Therefore, specific therapy should
be given when conservative therapy fails, when the
administration of the offending antibiotic must con-
tinue, or when symptoms are severe.

No therapy is required for asymptomatic carriers.
Per oral metronidazole (250—500 mg four times daily)
and vancomycin (125mg four times daily), for
10—14 days, are equally effective in C. difficile AAD,
with response rates ranging between 95 and 100%.
Metronidazole is usually the first-line treatment due
to its lower cost. Moreover, metronidazole, in contrast
to vancomycin, is effective when there is a need for
intravenous administration, as in patients with ileus
and C. difficile infection. The use of oral vancomycin
recently has been restricted because of the growing rates
of resistance among gut enterococci; metronidazole has
side effects including nausea, abdominal pain, and an
unpleasant metallic taste.

Despite the excellent initial response to specific
treatment, 20—25% of patients will relapse, usually
3 to 21 days after discontinuation of metronidazole
or vancomycin. This is a serious and difficult to manage
complication of C. difficile AAD. Prolonged treatment
with the same antibiotic is usually what is attempted
initially. Unfortunately, a substantial fraction of patients
relapse again. In cases of multiple relapses, several ther-
apeutic schemes have been developed and exhibit vary-
ing degrees of success, underscoring the difficulty of
treating this condition. Many experts suggest prolonged
administration of vancomycin followed by gradual
tapering; others advocate the coadministration of pro-
biotics, such as S. boulardii, in an attempt to help in the
reconstitution of normal colonic microflora. Intrave-
nous immunoglobulin has also been given, based on
putative defective antitoxin immunity in these subjects,
with promising results. However, this approach is
expensive and requires hospitalization. In severe
cases that are resistant to aggressive medical treatment
or when bowel perforation is suspected, subtotal or total
colectomy with temporary ileostomy may be required.

As indicated above, therapy of AAD is simple and
effective in the majority of patients. However, some
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cases may prove very difficult to treat and represent
therapeutic dilemmas. It is anticipated that future
research will provide more rational therapeutic alterna-
tives, by means of preventive or therapeutic immuniza-
tion against C. difficile infection.
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Caco-2 cells Human colon adenocarcinoma cell line used to
study intestinal epithelial cell functions.

chylomicrons Triglyceride-rich lipoprotein particles pro-
duced by the small intestine after a meal; larger in size
than very-low-density lipoproteins, chylomicrons trans-
port absorbed cholesterol and triglycerides to different
parts of the body.

high-density lipoproteins Class of serum lipoproteins; like
other lipoproteins, their core consists of neutral lipid
surrounded by an envelope of polar lipid and specific
proteins called apoproteins. High-density lipoproteins
protect against atherosclerosis through a process known
as reverse cholesterol transport, the pathway responsible
for transporting excess cholesterol from the peripheral
tissues back to the liver for excretion.

lecithin cholesterol acyltransferase Enzyme involved in the
esterification of free cholesterol present in circulating
plasma lipoproteins; a major determinant of the circulat-
ing level of high-density lipoproteins (for instance,
overexpression of this enzyme in animals significantly
increases the circulating plasma high-density lipoprotein
levels).

peroxisome proliferator-activated receptors Regulators of
differentiation and homeostasis; the y form has been
found to function as a regulator of adipogenesis and lipid
homeostasis.

Pluronic L-81 Member of a family of nonionic detergent
surfactants that contains block copolymers of propylene
oxide and ethylene oxide. Duodenal infusion of Pluronic
L-81 inhibits the formation of chylomicrons by the small
intestine.

very-low-density lipoproteins Triglyceride-rich lipoproteins
produced by the gut and liver. The gut produces
apolipoprotein B48 and the liver produces apolipopro-
tein B100, both of which contain very-low-density
lipoproteins.

The small intestine synthesizes several of the apoproteins
associated with chylomicrons, very-low-density lipopro-
teins (VLDLs), and high-density lipoproteins (HDLs),
which are all secreted by the small intestinal epithelial
cells (enterocytes). Chylomicrons are secreted only dur-
ing active lipid absorption, whereas VLDLs and HDLs are
secreted all of the time. The major apoproteins synthe-
sized by enterocytes are apolipoprotein (apo) Al, apo ALV,
apo B48, and apo CIII. Regulation of the production of
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these apoproteins by the gut is specific to each apoprotein.
For instance, it has been demonstrated that the synthesis
and secretion of apo AIV are markedly stimulated during
lipid absorption, whereas the synthesis of apo Al and apo
B48 is stimulated only marginally. Less information is
known about how apo CIII responds to lipid absorption.

APOLIPOPROTEIN Al

Apolipoprotein Al is abundantly expressed in the small
intestine, and as much as 2% of total mRNA in intestinal
enterocytes is ascribed to this protein. It has a molecular
mass of about 28 kDa and plays an extremely important
role in lipid metabolism because it is a major protein
associated with circulating HDLs and is a cofactor for
the circulating enzyme lecithin cholesterol acyltransfer-
ase. Both the liver and small intestine are major sources
of circulating apo Al and animal studies have indicated
that as much as half of the circulating apo Al comes
from the gut. Numerous animal and human studies
have demonstrated that an inverse relationship exists
between circulating HDL levels and the risk of coronary
arterial disease, which is thought to result from the
involvement of HDLs in “reverse cholesterol transport.”
High-density lipoproteins desorb free cholesterol from
the membranes of cells and return it to the liver for
storage or secretion.

Regulation of Intestinal Apo Al
Synthesis and Secretion

The synthesis of apo AI by the small intestine has
been studied quite thoroughly, because it is an integral
component of HDL and because of the role it plays in
reverse cholesterol transport. The absorption of fat
seems to affect the synthesis and secretion of apo Al
by the small intestine only marginally. For instance,
it has been demonstrated in both rats and suckling
pigs that active lipid absorption results in only a
small increase (between 10 and 20%) in apo Al produc-
tion by the small intestine, as measured by [’H]leucine
incorporation studies. In Caco-2 cells, it has been
demonstrated that oxidized fatty acid, a ligand for

Copyright 2004, Elsevier (USA). All rights reserved.
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peroxisome proliferator-activated receptor-y (PPAR-y),
stimulates both the mRNA level and the synthesis of apo
AL Incubation of porcine enterocytes with fatty acids
stimulates the production of apo Al Unsaturated fatty
acids are more potent than saturated fatty acids in sti-
mulating cellular apo Al production, and polyunsatu-
rated fatty acids are more efficient in enhancing the
cellular production of apo Al compared to monounsa-
turated fatty acids. Regulation of apo Al production
following dietary consumption of different fatty acids
by animals, however, is far more complex. For example,
it has been shown that intestinal apo Al synthesis is
twofold higher in preweaning piglets than in adult
pigs, mainly as a result of the effect of saturated fats.
Following weaning, however, polyunsaturated fats
appear to play a more important role in maintaining
apo Al production by the gut. In many of these studies,
however, the fact that polyunsaturated fatty acids are
taken up by enterocytes more efficiently than are satu-
rated fatty acids may have been ignored. Therefore, dis-
tinguishing between the effects of polyunsaturated and
saturated fatty acids and determining the differing
amounts of fatty acids that are taken up by the cells
following ingestion of either polyunsaturated or satu-
rated fats may be difficult.

It has been reported that intestinal apo Al produc-
tion is altered during different physiological and disease
states. For instance, the production of apo Al appears to
increase during aging; studies in rodents have demon-
strated that apo Al synthesis by the small intestine is
increased in older animals compared to younger ani-
mals. Increasing the circulating level of ethinylestradiol
appears to down-regulate gene expression of apo Al in
the gut whereas ovariectomy increases the apo AlmRNA
level. As would be expected, supplementing ovariecto-
mized animals with ethinylestradiol decreases the apo
Al mRNA level in the intestine. Thyroidal status also
impacts the synthesis of apo Al by the gut. Hyperthyr-
oidism is associated with increased apo Al synthesis and
secretion by the gut, but this increase is not associated
with increased triglyceride secretion. How gastrointest-
inal (GI) hormones affect apo Al gene expression is an
exciting area of investigation yet to be explored.

Clinical implications of intestinal apo Al production
have been demonstrated in humans as well as in ani-
mals. Patients suffering from abetalipoproteinemia have
reduced apo Al synthesis. It has been reported that apo
Al production is stimulated by copper deficiency and
that tumor necrosis factor o (TNFa) decreases apo Al
production by the small intestine. Both mRNA levels
and synthesis of apo Al are stimulated in nephritic ani-
mals. Further, the intestinal mucosa of patients with
celiac disease show decreased apo Al synthesis, which

APOPROTEINS

is reflected by a marked reduction in circulating apo Al
(~40%).

APOLIPOPROTEIN AIV

Apolipoprotein AIV was discovered in the 1970s, but its
physiological role was not firmly established until
recently. Apo AlV is a protein secreted by the human
small intestine; in rodents, apo AlV is secreted by both
the small intestine and liver; although the small intestine
is the organ most responsible for circulating levels of
apo AIV. It has been recently demonstrated in rodents
that the brain, specifically the arcuate nucleus, produces
apo AIV as well. The production of apo AIV is regulated
physiologically, i.e., it decreases with fasting and
increases with feeding.

Regulation of Intestinal Apo AIV
Synthesis and Secretion

Circulating apo AlIV in rodents exhibits a circadian
rhythm—the level increases at the beginning of the dark
period and peaks midway through the dark cycle. Fast-
ing significantly reduces the circulating level of apo ATV
but it does not affect the pattern of the circulating apo
AIV circadian rhythm. This circadian rhythm is abol-
ished in animals when enterohepatic circulation is inter-
rupted by bile diversion. Furthermore, it has been
demonstrated that bile diversion significantly reduces
apo AIV synthesis by the intestinal mucosa. Thus, intact
enterohepatic circulation is necessary both for normal
basal lymphatic output of apo AIV and for maintaining
its circadian rhythm.

In vivo studies have demonstrated that the synthesis
and secretion of apo ALV by the GI tract are regulated by
fat absorption as well as by peptides secreted by the
lower small intestine, e.g., peptide YY. It has been
demonstrated by numerous groups that intestinal
lipid absorption stimulates the synthesis and secretion
of apo AIV in a dose-dependent manner. Apo Al and apo
B48, however, are not stimulated in this way. Evidence
to date suggests that increased synthesis of apo AIV
following fat absorption results via a transcriptional
mechanism, although the precise cellular mechanism
responsible has not yet been determined. Increased
apo ALV production probably occurs locally and does
not involve the nervous system, because complete
vagotomy fails to inhibit an increase. It has been demon-
strated that intestinal lymphatic apo AIV transport
increases in a gradient manner with increasing
steady-state levels of intestinal triglyceride transport.
It is tempting to think that measuring the circulating
level of apo ATV may be an effective way of determining
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fat ingestion. If this correlation can be demonstrated,
measuring the circulating apo AIV level may be a con-
venient and effective way of following fat absorption by
the gut. It may also be a convenient way of monitoring
the intestinal absorptive function; formation and secre-
tion of chylomicrons by the small intestine are
among the most complex functions performed by the
enterocytes, involving lipid synthesis, apoprotein
synthesis, and carbohydrate synthesis (glycosylation
of apoproteins).

Understanding the mechanisms responsible for sti-
mulating intestinal apo AIV synthesis and secretion dur-
ing fat absorption is crucial. Evidence gathered thus far
suggests that the assembly and transport of chylomi-
crons are necessary for stimulating intestinal apo AIV
synthesis. A unique inhibitor of chylomicron formation,
Pluronic L-81 (L-81), a hydrophobic surfactant that
specifically inhibits the formation of chylomicrons,
has been used to explore the relationship between chy-
lomicron formation and the stimulation of apo AIV
synthesis and secretion by the gut. L-81 does not inhibit
the digestion, uptake, or reesterification of absorbed
lipid to form triglyceride inside the enterocytes. Because
of the inhibition of chylomicron formation by entero-
cytes, the absorbed lipid accumulates in the intestinal
mucosa. When L-81 is removed, lymphatic lipid trans-
port as chylomicrons resumes because the accumulated
mucosal lipid is cleared from the mucosa. These results
demonstrate that L-81 inhibits lymphatic transport of
chylomicrons and abolishes the increase in lymphatic
secretion of apo AIV normally associated with active fat
absorption. As expected, removing L-81 causes
chylomicron formation as well as the stimulation of
lymphatic apo AIV secretion, suggesting that the forma-
tion of chylomicrons stimulates apo AIV synthesis and
secretion.

Further evidence of the dependency of lymphatic
apo AIV output on chylomicron transport comes
from animal studies examining intestinal synthesis
and lymphatic secretion of apo AIV in response to intest-
inal infusion of fatty acids of different chain lengths (and
therefore the route of transport from the intestine, i.e.,
lymph vs. blood). Infusion of long-chain fatty acids
(oleic, Cyg; arachidonic, Cyg), which are transported
via the lymph in chylomicrons, stimulates synthesis
and output of apo AIV. However, medium- and short-
chain fatty acids (caprylic, Cg; butyric, Cy4), primarily
transported as free fatty acids in the portal vein, did not
elicit an apo AIV response. This finding in rodents dif-
fers from findings in neonatal swine, in which similar
increases in jejunal apo AIV mRNA expression and
synthesis in response to infusions of both medium-
(Cg.0 and Cyp,0) and long-chain triglyceride mixtures
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are observed. Additional studies are warranted to deter-
mine if the relationship between chylomicrons and apo
ALV synthesis and secretion is common to all species and
developmental stages. An extremely interesting but
still unanswered question is how the formation of
chylomicrons is signal transduced to stimulate intest-
inal apo AIV synthesis and whether this event occurs
intracellularly.

It has been demonstrated that lipid infused into the
ileum of rats stimulates both ileal and jejunal apo AIV
synthesis. This finding is different from that of lipid
infused into the duodenum, because only duodenal
and jejunal synthesis of apo AIV is stimulated. Animals
equipped with jejunal or ileal Thiry—Vella fistulas (seg-
ment of the intestine isolated luminally from the rest of
the GI tract, but still connected to the body via the
circulation and nervous system) increase proximal
jejunal apo AIV synthesis when lipid is infused into
the ileum. This stimulation of jejunal apo AIV synthesis
by ileal lipid absorption is independent of the presence
of lipid in the jejunum. These results strongly suggest
that a signal released by the ileum in response to the
presence of lipids stimulates apo AIV synthesis in the
proximal gut. Recent evidence suggests that peptide
YY (PYY) is potentially a primary factor contributing
to the stimulation of jejunal apo AIV synthesis and
secretion by the presence of lipids in the ileum. Con-
tinuous intravenous infusion of physiological doses of
PYY in fasting animals elicits significant increases in
both synthesis and lymphatic transport of apo AIV;
this process is mediated through the vagus nerve,
because vagotomy abolishes a jejunal increase in apo
AIV synthesis. Thus, jejunal stimulation of apo AIV
synthesis and secretion by fat absorption in the ileum
ismediated by PYY, which, in turn, acts centrally to send
a signal via the vagus nerve to the gut. This is the first
demonstration of GI hormone involvement in control-
ling the expression and secretion of an intestinal
apolipoprotein, thus bringing together two areas of
research in GI physiology.

Physiological Functions of Apo AIV

In vitro studies have suggested the role of apo AIV
in lipoprotein metabolism. Whether apo AIV plays the
same role in vivois uncertain, but the fact that apo Al can
also perform such a role casts doubt on this physiolo-
gical function of apo AIV. Here we discuss only in vivo
functions of apo AIV that are not shared by apo AL Apo
AIV has been shown to protect apo E knockout mice
from developing atherosclerosis despite their athero-
genic plasma lipid profile (increased total plasma cho-
lesterol with no significant change in HDL cholesterol).
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Moreover, apo AIV deters the formation of diet-induced
atherosclerotic lesions. These studies therefore suggest
thatapo AIV protects against atherosclerosis, possibly as
a result of the ability of apo AIV to protect against lipid
oxidation. Presently, the extent of this antioxidant effect
is unclear.

Apo ALV also plays a unique role in the regulation of
food intake. It is probably a satiety signal released by the
Gl tract following the ingestion of fat. Animals adminis-
tered intravenous intestinal lymph from fasted rats did
not respond normally to food intake. However, animals
administered intravenous intestinal lymph from rats
actively absorbing lipid demonstrated a marked sup-
pression in food intake. These data implicate the pre-
sence of an active component in chylous lymph
responsible for inhibiting food intake, and this active
component is apo AIV. This is supported by a study
demonstrating that the infusion of 200 ug of apo AIV
(a physiological dose) inhibits food intake to the same
degree as chylous lymph in 24-hour food-deprived rats.
This unique function of apo AIV is not shared by apo AL
Thus, it has been proposed that apo AlV is a circulating
signal released by the small intestine in response to fat
feeding and likely mediates the anorectic effect asso-
ciated with the ingestion of lipids. That the inhibiting
effect of apo AIV on food intake is centrally mediated is
based on a number of observations. First, administra-
tion of apo ALV in the brain results in an inhibitory effect
on food intake. Second, removing apo AIV in the cere-
brospinal fluid via apo AIV antibody results in feeding.

As well as inhibiting food intake, apo AIV has also
been shown to inhibit gastric acid secretion and gastric
motility. Administered doses of apo ALV, thought to
reproduce the levels of apo AIV in cerebrospinal fluid
after lipid feeding, markedly inhibit both gastric acid
secretion and gastric motility. This suggests that apo
AIV acts as an enterogastrone, a humoral mediator
released by the intestine that mediates the humoral
inhibition of gastric acid secretion and gastric motility
following the ingestion of fat. Recent data from inves-
tigators interested in vagal neural activities have pro-
vided convincing evidence showing that apo AIV also
inhibits intestinal motility. These findings have impor-
tant physiological implications. The distal intestine is
known to play an important role in the control of GI
function. Nutrients, including lipid, delivered to the
ileum result in inhibited gastric emptying, decreased
intestinal motility and transit, and decreased pancreatic
secretion. Ileal nutrients also inhibit food intake. The
mechanism responsible for producing these effects has
been collectively termed the “ileal brake” and is believed
to be related to the release of one or more peptide hor-
mones from the distal intestine. These effects have
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traditionally been considered operative only in the
abnormal delivery of undigested nutrients to the distal
gut, such as the malabsorptive state. Most GI physiol-
ogists as well as gastroenterologists interested in lipid
absorption consider the upper small intestine the pri-
mary site for absorbing fat, with the lower small intes-
tine absorbing fat only in the case of fat malabsorption
by the upper small intestine. This notion has been
recently challenged by investigators demonstrating
that nutrients frequently reach the distal gut, even
under normal conditions, due to rapid gastric emptying
during the early phases of food ingestion. Consequently,
it appears that a much greater length of intestine is
involved in the absorption of lipid and in the control
of gastric and upper gut functions, even under normal
conditions, than has been previously recognized. Thus,
the ileal brake may play an important role in the normal
control of gut function and the control of lipid absorp-
tion. Once the ileal brake sets in, the upper small intes-
tine unquestionably is the primary site for fat
absorption.

As mentioned earlier, a potential peptide mediating
the ileal brake phenomenon is peptide tyrosine-tyrosine
(PYY). It is synthesized by the endocrine cells in the
ileum and large intestine and is released in response to
intestinal nutrients, especially long-chain fatty acids.
PYY is also a potent stimulator of the synthesis and
secretion of apo AIV by the jejunum. Because apo
AIV exerts many of the actions associated with the
ileal brake, and PYY stimulates the synthesis and secre-
tion of apo AIV and PYY, apo AIV and the ileal brake
phenomenon may possibly be related. Recently, PYY has
been demonstrated to inhibit food intake, with this
action centrally mediated. Interestingly, stimulation
of apo AIV synthesis by PYY also involves the central
nervous system, and this stimulation can be abolished
by total vagotomy. The question of whether the action of
PYY on food intake and upper GI function is mediated
through apo AIV can be tested in apo AIV knockout
mice.

APOLIPOPROTEIN B

Two different forms of apo B are formed in humans—
enterocytes produce apo B48 and hepatocytes produce
apo B100. Apo B48 is a 264-kDa protein that is colinear
with the apo B100 amino terminus and is 48% of the apo
B100 molecule, hence the name apo B48. Both apo B48
and apo B100 utilize the same apo B gene. In the pro-
duction of apo B48, however, translation is stopped by
substituting the CAA codon that encodes glutamine
with the codon UAA, which specifies an in-frame
stop codon. This interesting mechanism is referred to
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as apo B mRNA editing and has since been found in
other proteins as well. Apo B editing has a very impor-
tant consequence. Apo B48 lacks the functional domain
for the binding of low-density lipoproteins. The lack of
LDL binding domain has led investigators to postulate
that a different set of receptors, other than LDL recep-
tors, is involved in the metabolism of chylomicrons. In
contrast, apo B100 containing VLDLs produced by the
liver, are catalyzed to form LDLs, which are subse-
quently taken up by the liver and other peripheral
organs via the LDL receptors.

Synthesis of Apo B48 by the Small Intestine

Adult human small intestinal cells produce mostly
apo B48, suggesting that the editing efficiency is very
high in the adult intestine. Evidence to date indicates
that neither apo B editing in the human small intestine
nor apo B synthesis by the rat small intestine is regulated
by fat absorption. Even chronic feeding of a high-fat diet
fails to stimulate intestinal apo B synthesis in rodents.
Not only are apo B editing and apo B synthesis unaf-
fected by fat absorption, but the secretion of apo B into
lymph as chylomicrons is also unaffected by the absorp-
tion of fat. This is very different from apo AIV, which is
markedly stimulated by fat absorption. This is also very
different from the synthesis of apo B100 in the liver, the
secretion of which by the hepatocytes is markedly
increased by the increase in VLDL secretion. Whether
this is related to the fact that the liver makes apo B100
and the intestine makes apo B48 has not been studied.

Bile is required for the secretion of apo B48 by the
small intestine, because the diversion of bile results in a
marked reduction in the synthesis and secretion of apo
B48 by the small intestine. The reintroduction of bile
salts, fatty acids, or phospholipids into the intestinal
lumen restores apo B biosynthesis by the enterocytes.
Using current molecular and cellular biology techni-
ques, the precise involvement of these various compo-
nents of bile in regulating apo B synthesis will become
clear. Perhaps the regulation of intestinal apo B synth-
esis by bile components is species specific, because bile
diversion in the suckling pig has little or no effect on
intestinal apo B synthesis.

Physiological Functions of Apo B

The clinical disorder abetalipoproteinemia, an auto-
somal recessive disorder, provided the first clue thatapo
B is important for the secretion of triglyceride-rich lipo-
proteins by the gut as well as by the liver. Patients
suffering from abetalipoproteinemia experience fat
malabsorption and the accumulation of large lipid
droplets in both enterocytes and hepatocytes. Other
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symptoms associated with this disease are acanthocyto-
sis and retinitis pigmentosa, mostly resulting from fat-
soluble vitamin deficiency. However, some studies have
questioned whether the mechanism for abetalipoprotei-
nemia is caused by failure to produce apo B. For
instance, immunohistochemistry has shown that enter-
ocytes of abetalipoproteinemic patients contain apo B.
Furthermore, it has been determined that abetalipopro-
teinemic patients have elevated levels of apo B mRNA.
Thus, it is either the elevated levels of posttranslational
apo B degradation or some other factor(s) critical to the
association of apo B and absorbed lipids to form intest-
inal chylomicrons and liver VLDLs that are absent. The
“other factor(s)” may be the microsomal triglyceride
transfer protein (MTP), because convincing evidence
points to either the absence or the mutation of MTPs
in abetalipoproteinemic patients. Modern tools of mole-
cular biology should provide a better understanding of
the relationship between apo B, MTP, and chylomicron
formation.

Because apo Bis critical to chylomicron formation, it
might be assumed that the availability of apo B is rate
limiting for the formation of chylomicrons and, conse-
quently, for the absorption of fat by the small intestine.
However, this is not the case. A number of studies have
found that apo B48 synthesis by the small intestine and
its subsequent secretion into lymph are unaffected by fat
absorption. This is different from the process in the
liver, where increased VLDL secretion is associated
with increased apo B100 secretion. Whether the rela-
tionship between lipid transport and apo B secretion is
different in the small intestine than it is in the liver is
because the gut makes apo B48 and the liver makes apo
B100 is yet to be determined. The availability of the
apoBEC-1 knockout mouse, whose small intestine pro-
duces only apo B100 due to its inability to perform apo B
editing, will open this field of study.

APOLIPOPROTEIN CIII

Apolipoprotein CIII is another apoprotein synthesized
by the small intestine. It is a much smaller protein com-
pared to apo Al, apo AIV, and apo B48. The mature apo
Clllis a 79-amino-acid protein with a molecular mass of
9 kDa. Apo Clllis secreted by the small intestine and the
liver. It is probably secreted in association with chylo-
microns, but it may also be secreted as a free protein by
the enterocytes of the small intestine. In the circulation,
it is mostly associated with VLDLs and HDLs.

Synthesis by Enterocytes

Relative to the other apolipoproteins, little is known
about the regulation of apo CIII. Whether fasting and
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lipid feeding affect the intestinal gene expression of apo
CIII is unclear, although results of an older, isolated
study show that fat absorption is inversely related to
the subjects’ fasting plasma HDL cholesterol and HDL
apo CIII and directly related to plasma triglycerides.
Vitamin A has been reported to regulate apo CIII posi-
tively in the small intestine. Apo CIII gene expression is
down-regulated by insulin both in animals and in cul-
tured cells.

Physiological Function of Apo CIII

The role of apo CIIIin lipoprotein metabolism is best
illustrated by the occurrence of hypertriglyceridemia,
which is associated with increased expression of apo
CIII, as in the case of transgenic animals. Two plausible
explanations for the occurrence of hypertriglyceridemia
might be that (1) apo CIII inhibits lipoprotein lipase
activity or (2) apo CIII decreases tissue uptake of trigly-
ceride-rich particles from the circulation as a result
of increased apo CIII and decreased apo E in VLDL
particles.

Appendicitis

CHRISTINE HSU AND STEPHEN JOHN FERZOCO

Brigham and Women’s Hospital, Boston

appendicalith A fecalith located in the appendix.

fecalith A small hard mass of feces.

incidental appendectomy Removal of the appendix when the
laparotomy or laparoscopy is performed for another
clinical reason.

McBurney’s point The point in the right lower quadrant of
maximal tenderness (overlying the appendix), described
by McBurney as being between 1.5 and 2 inches. from
the anterior iliac spine along the oblique line to the
umbilicus.

negative appendectomy Removal of a grossly and histologi-
cally normal appendix when appendicitis is expected.

peritoneum The serous lining of the abdominal cavity; the
parietal peritoneum lines the abdominal wall and the
visceral peritoneum covers the organs.

vermiform Wormlike, a term often used to describe the
appendix.
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Appendicitis, inflammation of the appendix, is one of the
most common surgical diseases affecting young people.
Although it can affect infants and the elderly, it generally
becomes manifest in young, otherwise healthy indivi-
duals. It can pose a diagnostic dilemma since many
other abdominal processes can mimic the findings.
With prompt diagnosis and treatment, the morbidity
and mortality of appendicitis have been greatly reduced
in the past century.

INTRODUCTION

Appendicitis is mostly a disease of the Western world,
with lower dietary fiber presumably predisposing to
appendiceal inflammation. Approximately 7% of the

Copyright 2004, Elsevier (USA). All rights reserved.



104

lipid feeding affect the intestinal gene expression of apo
CIII is unclear, although results of an older, isolated
study show that fat absorption is inversely related to
the subjects’ fasting plasma HDL cholesterol and HDL
apo CIII and directly related to plasma triglycerides.
Vitamin A has been reported to regulate apo CIII posi-
tively in the small intestine. Apo CIII gene expression is
down-regulated by insulin both in animals and in cul-
tured cells.

Physiological Function of Apo CIII

The role of apo CIIIin lipoprotein metabolism is best
illustrated by the occurrence of hypertriglyceridemia,
which is associated with increased expression of apo
CIII, as in the case of transgenic animals. Two plausible
explanations for the occurrence of hypertriglyceridemia
might be that (1) apo CIII inhibits lipoprotein lipase
activity or (2) apo CIII decreases tissue uptake of trigly-
ceride-rich particles from the circulation as a result
of increased apo CIII and decreased apo E in VLDL
particles.

Appendicitis

CHRISTINE HSU AND STEPHEN JOHN FERZOCO

Brigham and Women’s Hospital, Boston

appendicalith A fecalith located in the appendix.

fecalith A small hard mass of feces.

incidental appendectomy Removal of the appendix when the
laparotomy or laparoscopy is performed for another
clinical reason.

McBurney’s point The point in the right lower quadrant of
maximal tenderness (overlying the appendix), described
by McBurney as being between 1.5 and 2 inches. from
the anterior iliac spine along the oblique line to the
umbilicus.

negative appendectomy Removal of a grossly and histologi-
cally normal appendix when appendicitis is expected.

peritoneum The serous lining of the abdominal cavity; the
parietal peritoneum lines the abdominal wall and the
visceral peritoneum covers the organs.

vermiform Wormlike, a term often used to describe the
appendix.

Encyclopedia of Gastroenterology

APPENDICITIS

See Also the Following Articles

Barrier Function in Lipid Absorption e Cholesterol Absorp-
tion e Lipoproteins e Pancreatic Polypeptide Family e Protein
Digestion and Absorption of Amino Acids and Peptides o
Small Intestine, Absorption and Secretion

Further Reading

Davidson, N. O. (1994). Cellular and molecular mechanisms of
small intestinal lipid transport. In “Physiology of the Gastro-
intestinal Tract” (L. R. Johnson, ed.), 3rd Ed., pp. 1909—1934.
Raven Press, New York.

Levy, E. (1996). The genetic basis of primary disorders of intestinal
fat transport. Clin. Invest. Med. 19, 317—324.

Plump, A. (1997). Atherosclerosis and the mouse: A decade of
experience. Ann. Med. 29, 193—198.

Tso, P. (1994). Intestinal lipid absorption. In “Physiology of the
Gastrointestinal Tract” (L. R. Johnson, ed.), 3rd Ed., pp.
1867—1908. Raven Press, New York.

Tso, P., Liu, M., and Kalogeris, T. J. (2001). The role of
apolipoprotein A-IV in the regulation of food intake. Annu.
Rev. Nutr. 21, 231—-254.

Appendicitis, inflammation of the appendix, is one of the
most common surgical diseases affecting young people.
Although it can affect infants and the elderly, it generally
becomes manifest in young, otherwise healthy indivi-
duals. It can pose a diagnostic dilemma since many
other abdominal processes can mimic the findings.
With prompt diagnosis and treatment, the morbidity
and mortality of appendicitis have been greatly reduced
in the past century.

INTRODUCTION

Appendicitis is mostly a disease of the Western world,
with lower dietary fiber presumably predisposing to
appendiceal inflammation. Approximately 7% of the

Copyright 2004, Elsevier (USA). All rights reserved.



APPENDICITIS

population will have appendicitis in their lifetime, with
the peak between the ages of 10 and 30. Males are
affected more often than females (1.6:1) and perfor-
ation rates are higher in the elderly. The very young and
the elderly also incur a higher rate of rarer complications
such as fistula formation, intestinal obstruction, or sys-
temic sepsis. Mortality of appendicitis is low (0.6% in
nonperforated), but delay in appropriate treatment has a
significant morbidity of 15—20%, especially consider-
ing the generally young population it most commonly
affects.

HISTORY

In the early 1800s, right lower quadrant inflammation
was thought to arise from near the cecum and the term
“perityphlitis” was used to describe this entity. Amyand
performed the first recorded appendectomy in 1736
when he removed the appendix upon exploration of a
hernia sac. Melier described autopsy cases of inflamma-
tion of the appendix and outlined a pathophysiology
similar to the present understanding. Then in 1886,
Reginald Fitz first used the term “appendicitis” and
recommended surgical treatment for the inflammatory
disease. Several years later, Chester McBurney
described the classic pain of appendicitis and the loca-
lization of pain to the point that bears his name, on an
oblique line from the anterior superior iliac spine to the
umbilicus. As the understanding of appendicitis as a
surgical disease evolved and antibiotics became readily
available by the mid-1900s, the mortality decreased to
less than 2%. Early recognition and surgical therapy
then greatly reduced the morbidity.

ANATOMY

The appendix is believed to be a vestigial organ, without
a functional purpose in humans. However, because of its
lymphoid aggregates, there are some who speculate that
the appendix may be involved in immune surveillance.
Embryologically, the cecal diverticulum (the origin of
the cecum and appendix) presents in the sixth gesta-
tional week as a swelling on the antimesenteric border of
the midgutloop. The appendix, which is initially a small
diverticulum of the cecum, arises from the inferior tip of
the cecum, becoming delineated during the fifth gesta-
tional month. The anatomic position of the appendix
is variable depending on embryologic development,
contributing to difficulty in diagnosis. After birth, the
appendix rests on the medial side of the cecum because
the wall of the cecum grows unequally. During elonga-
tion of the colon, the appendix may settle posterior to
the cecum, anterior or posterior to the ileum, below the

105

cecum, or over the brim of the pelvis. In over half of the
population, the appendix is not fixed in one position but
can move freely with postural and colonic changes.

The appendix opens to the cecum with a valve
formed by a fold of mucosa. Average appendiceal length
is 9 cm, and the width of the lumen is generally between
1 and 3 mm. The appendiceal artery, off the ileocolic
artery, provides the blood supply to the appendix. The
lymphatics drain to the ileocolic nodes along the ileo-
colic artery. Sympathetic fibers from the superior
mesenteric plexus and parasympathetic fibers from
the vagus provide innervation. Histologically, from
outside to inside, the appendix consists of the serosa;
longitudinal muscle fibers, which form taeniae contin-
uous with the colonic taeniae coli; circular muscle; the
submucosa, which contains lymphoid tissue; and the
mucosal lumen. The taeniae coli of the ascending
colon converge at the base of the appendix, enabling
localization of the appendix during appendectomy by
following the cecal taeniae.

PATHOPHYSIOLOGY

Most commonly, appendicitis results from obstruction
of the appendiceal lumen. In older adults, fecaliths are a
frequent cause of obstruction, whereas the most com-
mon cause in children and young adults is lymphoid
hyperplasia. Fecaliths and appendicitis occur more fre-
quently in populations that have alower fiber and higher
fat content in the diet, suggesting that diet plays a role in
disease development. In less than 2% of cases, a foreign
body, carcinoma, or carcinoid causes obstruction.

The appendix secretes an increased amount of
mucus in response to the obstruction. Bacterial over-
growth also develops secondary to obstruction and sub-
sequent stasis. The increased mucus and bacterial load
lead to appendiceal dilation, eventually causing com-
promise of venous and lymphatic flow. The appendiceal
artery can thrombose as the appendix enlarges.
Ischemic injury can then lead to necrosis, and if the
gangrene becomes full-thickness, perforation occurs.
With rupture, fecal contents enter the abdominal cavity
and produce peritoneal irritation. An abscess results
when local inflammation produces adhesions and
walls off the perforated appendix. If the rupture is
not contained within an abscess, gross spillage and gen-
eralized peritonitis result.

Histopathologically, the gross specimen shows
edema of serosal vessels early in appendicitis. The
appendix then develops a dilated lumen, thickened
wall, dusky serosa, and fibrinous serosal exudates.
Late in the progression of the disease, there is mucosal
necrosis, wall gangrene and softening, and purulent
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serosal exudates. Microscopically, appendicitis demon-
strates a neutrophilic infiltrate early, which progresses
to mucosal necrosis and eventually to muscularis necro-
sis and microabscesses in the appendiceal wall. If
allowed to progress untreated, the appendix ultimately
perforates and leads to a walled-off abscess or general-
ized peritonitis.

DIAGNOSIS

The classic history of appendicitis is one of dull peri-
umbilical pain followed by anorexia and then localized
pain developing in the right lower quadrant (RLQ).
Nausea and then vomiting generally precede localiza-
tion of pain to the right lower quadrant, although nausea
is present at some time during the clinical course in 90%
of patients with appendicitis (Table I). The absence of
anorexia makes the diagnosis of appendicitis question-
able and the “hamburger sign” (asking the patientif he or
she would want to eat a favorite food) is one way to
assess this.

The usual order of events is as follows: epigastric or
periumbilical pain, anorexia, nausea, vomiting, RLQ
tenderness, fever (usually low grade), and leukocytosis.
Since the innervation of the appendix migrates to the
right lower quadrant from autonomic efferents asso-
ciated with the spinal cord around T10 and the abdom-
inal organs lack direct innervation by pain fibers, dull
pain is initially felt around the umbilicus. As inflamma-
tion progresses, the parietal peritoneum in the right
lower quadrant becomes more irritated, resulting in
localized pain. The pain becomes constant as the
lumen of the appendix develops increasing distension
and ischemia results. Approximately 40% of patients

TABLEI Common Signs and Symptoms of Appendicitis

Symptoms
Abdominal pain, periumbilical

RLQ pain
Anorexia
Nausea /vomiting
Pain migration
Signs
RLQ tenderness
Guarding
Rebound tenderness
Low-grade fever
Elevated white blood cell count
Rovsing’s sign (see text for description)
Psoas sign
Obturator sign
Dunphy’s sign
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TABLE II Differential Diagnosis of Acute Appendicitis

Gastrointestinal
Cholecystitis
Inflamed or leaking duodenal ulcer
Crohn’s disease
Cecal cancer
Inflamed Meckel’s diverticulum
Intestinal obstruction
Diverticulitis with or without abscess
Gastroenteritis
Typhlitis
Omental torsion
Perforated viscus
Pancreatitis
Intussusception

Musculoskeletal
Psoas abscess
Rectus sheath hematoma

Urologic
Ureteral stone
Urinary tract infection
Pyelonephritis
Nephrolithiasis
Perinephric abscess
Hydronephrosis
Prostatitis
Gynecologic
Tubo-ovarian abscess
Ectopic pregnancy
Endometriosis
Salpingitis
Ruptured ovarian cyst
Ovarian torsion
Ruptured follicular cyst (mittelschmerz)
Pyosalpinx
Pelvic inflammatory disease
Systemic
Diabetic ketoacidosis
Porphyria
Sickle cell disease
Henoch-Schonlein purpura

Tropical areas
Amebic typhlitis
Malaria
Leaking liver abscess
Yersinia infection

will present with atypical pain. Perforation is rare if
symptoms have been present for less than 24 h.

The differential diagnosis of abdominal pain that can
mimic appendicitis is broad (Table II). Conversely,
because of its potential for variable presentation, appen-
dicitis should always be considered when evaluating any
acute abdominal pain. Tenderness to percussion
demonstrates peritoneal irritation, as does guarding
and pain with motion. Occasionally, a tender mass,
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which is either the distended, inflamed appendix or an
appendiceal abscess, can be palpated in the right lower
quadrant. Hyperesthesia of the skin overlying the right
lower quadrant is an occasional finding in the distribu-
tion of the 10th through 12th dorsal spinal segments and
1st lumbar spinal segment.

Various physical signs are often present in appendi-
citis. The psoas sign elicits pain on passive extension of
the right thigh with the patient lying on the left side
since the inflamed appendix overlies the psoas muscle.
Pain on passive internal rotation of the flexed thigh is
called the obturator sign. Additional findings include
Rovsing’s sign, which is pain in the right lower quadrant
on palpation of the left lower quadrant, and Dunphy’s
sign, which is pain on coughing. The presence of these
signs helps to confirm the diagnosis, but they are by no
means sensitive or specific. Tenderness on rectal exam
may be helpful in making the diagnosis if there is an
abscess or pelvic appendicitis. Bimanual/speculum
exam should be performed in women to evaluate for
gynecologic causes of pain such as pelvic inflammatory
disease.

Laboratory tests often demonstrate an elevated
white blood cell count and/or bandemia. The BUN to
creatinine ratio may be elevated if the patient is dehy-
drated from decreased intake and vomiting. Urine ana-
lysis is useful in assessing for ureteral stones, which
produce hematuria, or urinary tract infections (bacter-
uria, pyuria). Local inflammatory reaction to appendi-
citis, however, can also give white blood cells and red
blood cells in the urine. A test for human chorionic
gonadotropin in the urine should be checked in all
women of childbearing age, both to exclude normal
or ectopic pregnancy as a cause of pain and to tailor
diagnostics and treatment if necessary.

Although the diagnosis of appendicitis is generally
made on the basis of history and physical exam, radi-
ologic studies are effective tools in equivocal diagnoses.
Plain film rarely contributes to the diagnosis, although
findings in appendicitis can include a visible fecalith,
localized ileus, loss of the peritoneal fat stripe from the
right lower quadrant inflammatory process, and right
psoas muscle deformation from the patient splinting
away from right lower quadrant pain. Ultrasound and
computed tomography (CT) scan are the most effective
methods of elucidating a diagnosis of appendicitis. On
ultrasound, a positive study shows a distended appendix
that measures greater than 6 mm in diameter, is non-
compressible, and is tender with probe compression.
The transverse images show a “target” or “bullet” sign,
which is the side view of the distended, thickened
appendix (Fig. 1). A normal appendix must be seen
to rule out appendicitis. Depending on the operator,
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FIGURE 1 Ultrasound image of acute appendicitis. On trans-
verse view, a “target” or “bullet” sign is seen underneath the
abdominal wall. Figure courtesy of Stephen Ledbetter, M.D.,
Department of Radiology, Brigham and Women’s Hospital,
Boston, MA.

appendiceal ultrasound has a sensitivity of approxi-
mately 85% and a specificity of 90%.

The use of CT images to diagnose appendicitis has
greatly affected management of suspected appendicitis.
Although the initial studies with CT-diagnosed appen-
dicitis were performed with rectal contrast, Brigham
and Women’s Hospital favors a standard abdominal/
pelvic CT scan with oral and intravenous contrast. If
the radiologist is unable to make or exclude the diag-
nosis with the initial scan and there is a high index
of suspicion, a rectal contrast CT scan can then be
performed. An advantage of this technique is con-
trast-aided imaging of the entire abdomen for other
possible diagnoses. Positive studies show a thick-
walled, distended, non-contrast-filling appendix, peri-
appendiceal inflammation, fluid collections or abscess,
and often, an appendicalith (Fig. 2). If contrast fills the
appendix and there is no evidence of surrounding
inflammation, the diagnosis is considered to be
excluded.
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FIGURE 2 CT of appendicitis. A spiral CT with oral and
intravenous contrast demonstrates two appendicaliths obstruct-
ing a fluid-filled, distended, thick-walled appendix (white arrow)
with surrounding fat stranding consistent with local inflamma-
tion. Figure courtesy of Stephen Ledbetter, M.D., Department of
Radiology, Brigham and Women’s Hospital, Boston, MA.

Depending on the radiologist, appendiceal CT scans
have a sensitivity of approximately 90—99% and a spe-
cificity of 97%. Multiple studies have demonstrated the
cost effectiveness of CT when used in equivocal cases of
appendicitis. In general, patients with a questionable
history and physical who would have been observed
closely in the past are now undergoing CT scans and
either being discharged or taken to the operating room.
As clinicians become more comfortable with using CT
scans as a diagnostic tool, the rate of negative explora-
tion is expected to decrease.

TREATMENT

Operative removal of the inflamed appendix is the
accepted treatment for appendicitis. In nonperforated
cases, broad-spectrum antibiotics are usually adminis-
tered prior to the start of the operation. No further
antibiotics are routinely necessary. However, in cases
of perforation, the broad-spectrum antibiotics are gen-
erally continued to complete a course of 5 to 7 days.

The appendix can be removed through an open inci-
sion or using a laparoscope. Incisions for the open
approach include a transverse right lower quadrant
(Rockey—Davis), oblique RLQ (McArthur—McBurney)
with muscle splitting in the direction of the fibers, or less
commonly, a paramedial incision. If the diagnosis is in
question, an abdominal exploration can be performed
through a periumbilical midline incision.

The appendix is located by following the taeniae coli
to the cecum and lifting the appendix out of the incision.
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After it is dissected off the mesoappendix, the specimen
can be removed by stapling across its base or suture
ligation. Some surgeons use either a Z-stitch or a
purse-string stitch to invert the stump. There is no
evidence, however, that this maneuver reduces the inci-
dence of stump leak or fistulae. The wound is closed in
nonperforated cases. In perforated appendicitis, a Pen-
rose or other drain is often placed in the wound and /or
the wound is left open with packing. Neither practice
has been definitively shown to reduce the incidence of
postoperative wound infection. The patient then com-
pletes a course of broad-spectrum antibiotics.

The laparoscopic approach involves longer opera-
tive time but is supposed to result in less pain and a
quicker recovery time. However, a significant overall
advantage of the laparoscopic procedure compared to
the open procedure has not been shown in routine
appendicitis. The main benefit of the laparoscopic
approach is that it can be helpful initially as a diagnostic
tool and then the surgeon can proceed to appendectomy
in positive cases. The appendix is divided at its base
using a linear stapler and there is no inversion of the
stump.

Classically, a 15—20% rate of removal of normal
appendix was acceptable given the broad differential
diagnosis and high morbidity of missed appendicitis.
With the use of ultrasound and CT, rates of negative
appendectomy are expected to decrease. Despite this
expectation with technological advances, recent studies
have not yet demonstrated a reduction in the rate of
perforation or negative exploration.

SPECIAL CASES

The existence of “chronic appendicitis” is controversial
but generally involves chronic waxing-and-waning RLQ
pain from intermittent obstruction and inflammation.
Patients usually feel better after the appendix is removed
and almost all surgical specimens demonstrate abnor-
mal histology.

Rarely, patients may present with a RLQ mass that is
an abscess or a phlegmon associated with a perforated
appendix. Standard treatment is to percutaneously
drain the abscess using image guidance and give intra-
venous antibiotics. An interval appendectomy, using
either the open or the laparascopic procedure, can
then be performed 6 to 8 weeks later.

Incidental appendectomy (removal of the appendix
when an operation is being performed in the abdomen
for another reason) is not warranted unless future diag-
nostic difficulties are anticipated. It can lead to
increased infectious complications during certain
procedures such as those involving vascular grafts.
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Even in operations not associated with increased
complications from incidental appendectomy, it is
associated with increased operative time and cost
with questionable benefit. Most patients who develop
appendicitis are young, whereas most people who
undergo other intra-abdominal operations are elderly
and have a much smaller chance of ever needing an
appendectomy.

Appendicitis in pregnancy poses a particularly dif-
ficult diagnostic problem because the enlarging uterus
displaces the appendix. Appendicitis can occur during
any trimester, although perforation is more common in
the third trimester. The pregnant woman may complain
of abdominal pain at any location to which the appendix
is shifted. However, right lower quadrant pain is still
the most common location of discomfort in pregnant
women with appendicitis. Symptoms such as nausea,
vomiting, and anorexia occur in both appendicitis
and pregnancy and thus do not contribute to differen-
tiating the diagnosis. Ultrasound is particularly helpful
in making a diagnosis in pregnant women, both because
it does not pose a radiation risk and because it enables
visualization of pelvic pathology. Early appendectomy
is preferable because ruptured appendicitis can lead to
fetal death and maternal morbidity, whereas appendect-
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omy prior to perforation and negative explorations
generally pose less risk to the fetus.

See Also the Following Articles

Bacterial Overgrowth e Computed Tomography e Dietary
Fiber e Emesis e Laparoscopy e Nausea e Pylephlebitis
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Appetite

MARGO A. DENKE
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anorexigenic Appetite suppressing.

appetite Instinctive desire to eat. Appetite promotes eating
behaviors to sustain life.

leptin Adipocyte peptide hormone that serves to decrease
appetite.

orexigenic Appetite stimulating.

Appetite dysregulation exacerbates disease, thus mechan-
isms that regulate appetite are a major research focus in
the fields of obesity, cancer, eating disorders, and AIDS.

REGULATION BY THE HYPOTHALAMUS

Eating behaviors are chemically encoded in the hypo-
thalamus. Orexigenic signals of neuropeptide Y,
galanin, endogenous opioid peptides, melanin-
concentrating hormone, glutamate, and y-aminobutyric
acid promote food consumption behavior. Anorexi-
genic signals, including the entire family of corticotro-
pin-releasing hormone (CRH)-related peptides,
neurotensin, glucagon-like peptide-1, melanocortin,
and agoutiprotein, promote the cessation of food con-
sumption. Each neuropeptide has its own specific cel-
lular receptors, occurring in high concentration in the
paraventricular nucleus of the hypothalamus but pre-
sent in other areas of the brain. All appear intercon-
nected with feedback loops whereby one signal
peptide can alter the secretion of another signal peptide.
No single peptide is the gatekeeper to turning on or off
appetite; whatis apparentis an entire network of signals,
and their frequency and amplitude are responsible for
triggering behaviors.

The network of appetite signals accounts for the
behavioral observations that appetite and food con-
sumption patterns are dynamic. Biological, environ-
mental, and psychological events readily influence
behavior. Habitual intake, memories of food-related
activities, and the sheer anticipation of consumption
have been shown to influence single meal consumption
of specific foods. External clues, such as the appearance
of food, aroma, anticipated palatability, and the number
of food choices, have been shown to modify the percep-
tion of appetite as well as the behaviors of eating.
Psychosomatic consequences of eating, such as
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reduction in anxiety, can exert additional influences
on behavior. Appetite appears analogous to memory;
although memory and appetite are chemically encoded,
every individual has their own unique signal circuitry
underlying their eating behaviors. Just as memories
change over time, the circuitry for appetite can also
be modified.

REGULATION BY FAT CELLS

A major breakthrough in the physiology of appetite
regulation came with the discovery of leptin and resis-
tin, two hormones synthesized by adipocytes.

Leptin secretion increases as adipocytes enlarge, and
decreases during fasting. Identification of leptin recep-
tors in the hypothalamus has provided an intriguing
biochemical explanation for the ability of an animal
to regulate body weight tightly within a fairly narrow
set point range. The leptin signal may serve as an anor-
exin by its ability to alter secretion of orexins and anor-
exins. Obese persons have appropriately elevated leptin
levels, but whether this is an epiphenomenon of obesity
or a clue to its pathologic cause is uncertain.

Resistin secretion increases during feeding and dur-
ing adipose tissue exposure to insulin. In contrast to
leptin, a hypothalamic receptor for resistin has not
yet been identified. Instead, resistin appears to induce
adipocyte resistance to insulin. Resistin also inhibits
adipocyte differentiation. Rosiglitazone, a drug classi-
fied as an “insulin sensitizer,” reduces resistin levels,
suggesting that resistin plays a key role in determining
insulin resistance.

GENETIC DISORDERS OF
APPETITE REGULATION

The importance of the orexigenic and anorexigenic
signals and their receptors has been highlighted by
the identification of rare families with specific
genetic defects associated with childhood obesity.
Mutations in leptin, the leptin receptor, prohormone
convertase 1 (PCl), pro-opiomelanocortin (POMO),
melanocortin 4 receptor (MC4-R), and peroxisome

Copyright 2004, Elsevier (USA). All rights reserved.
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proliferator-activated receptor (PPAR) y2 genes have
been described in children with severe obesity.

Prader—Willi syndrome is a rare disorder character-
ized by a preoccupation with food, lack of satiation, and
incessant food-seeking behaviors due to loss of paternal
gene expression from chromosome 15q11—ql3. The
dysregulation of appetite in Prader—Willi patients
may be due to deletion of key genes that alter synthesis,
release, metabolism, binding, intrinsic activity, or reup-
take of appetite-regulating neurotransmitters.

See Also the Following Articles

Obesity, Treatment of e Prader—Willi Syndrome e Satiety

Arachidonic Acid

STEFANO FIORE
University of Illinois, Chicago

nonsteroidal anti-inflammatory drugs (NSAIDs) Chemicals
endowed with pharmaceutical anti-inflammatory activ-
ities. Unlike glucocorticoids, NSAIDs do not impact
endocrine and immunological functions and are there-
fore favored as therapeutic agents for long-term treat-
ment of inflammatory conditions. Some of the most
widely used NSAIDs include oxicam, salicylate (aspirin),
acetic acid (indomethacin, diclofenac), fenamate, pro-
pionic acid (ibuprofen, naproxen), and pyrazole.

polyunsaturated fatty acids (PUFAs) A particular class of
fatty acid sharing the general characteristics of a linear
carbon backbone substituted with hydrogen atoms and
bearing a carboxylic group at one end of the molecule
(C1). The distinguishing features of specific PUFAs are
the dietary source and the presence of double bonds
within the molecule. Another characteristic that demon-
strates a correlation with distinct biological actions is the
distance of the last double bond from the last carbon
atom of the molecule (C20 in the case of AA).

Arachidonic acid is the most extensively studied of the
polyunsaturated fatty acids (PUFAs) present in eukaryo-
tic cell membranes and it is typically found esterified to
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membrane phospholipids in the sn-2 position of the gly-
cerolbackbone. Like all eicosanoids (fatty acids composed
of a 20-carbon-atom backbone, noted as C20) and other
essential PUFAs, such as linoleic acid and linolenic acid,
arachidonate can be subjected to a complex rearrange-
ment via remodeling of its all-cis double-bond configura-
tion and chemical modification by insertion of chemical
groups.

INTRODUCTION

Various pathways using arachidonic acid (AA) as the
initial substrate are composed of dioxygenases that
carry out a complex reaction involving abstraction of
selected hydrogens and insertion of molecular oxygen.
Two major classes of enzymes, cyclooxygenases (COX)
and lipoxygenases (LOX), are recognized for their pro-
minent role in generating a number of important bio-
logical mediators. Among these, prostaglandins (PGs)
and leukotrienes (LTs) are widely studied given their
recognized role in human disease conditions as well as
physiological and/or pathophysiological activities. Of

Copyright 2004, Elsevier (USA). All rights reserved.
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these biological actions, one of the most significant is the
major role played by eicosanoids in inflammation,
where they contribute to all of the clinical symptoms
associated with the inflammatory condition, namely,
pain, redness, and swelling. The ever-growing number
of molecules derived from AA includes other families
such as lipoxins (LXs), hepoxilins, hepoxides, mono-
hydroxyeicosatretraenoic acids (HETEs), dihydroxy-
eicosatretraenoic  acids, and their hydroperoxy
precursors. Whereas synthesis of most of these media-
tors involves the non-heme iron catalytic center typical
of cyclo- and lipoxygenases, hepoxilins and hepoxides
originate via heme proteins such as hematin and
cytochrome P450.

ARACHIDONATE RELEASE

Although the number of compounds originating from
AA exceeds the hundreds, an overarching consistency is
found as to the carefully orchestrated synthesis of these
mediators. A hallmark of these tightly regulated synth-
eses is the controlled release of esterified AA from the
membrane phospholipid storage, a task accomplished
via stimulus-induced activation of cytosolic and
secreted forms of phospholipase A, (cPLA,, sPLA,)
that cleave AA from the sn-2 position and lead to accu-
mulation of the free acid form, the initial substrate for
subsequent enzymatic catalysis. Upon availability of
substrate, a second level of regulation involves the
COX and LOX enzymes that require several cofactors
and are subject to so-called “suicide inactivation,” a self-
inactivation process that effectively limits the amount of
bioactive mediators that can be generated.

ARACHIDONATE BIOLOGY

AA per se is endowed with biological activities such as
activation of leukocyte responses and is known to inter-
act and modulate the function of several intracellular
targets such as guanosine 5'-triphosphate-binding
proteins. Structurally related molecules such as anande-
mide are known to play an important role in regulating
specific central nervous system activities, and specific
gastrointestinal (GI) activities for AA include the mod-
ulation of gallbladder contraction.

THE CYCLOOXYGENASE PATHWAYS:
PROSTANOIDS

An impressive list of gastroenterological-specific
actions can be assigned to the COX- and LOX-derived
AA products. Prostaglandins (PGs), for example, in
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addition to acting as cellular and physiological media-
tors (i.e., their receptor-mediated regulation of cyclic
AMP levels and their role in parturition), are known to
carry out important physiological tasks in mucosal
secretion and motility as well as pathophysiological
activities contributing to mucosal inflammation, injury,
and tumor progression. PG-mediated gastric protective
activities include mucus production, production of
surface-active phospholipids, and bicarbonate secretion
as well as regulation of mucosal blood flow and cell
proliferation. The physiological role of PGs in mucosal
protection is exemplified by the well-known gastroin-
testinal adverse events (dyspepsia, bleeding, and ulcera-
tion) caused by inhibitors of PG synthesis. The largest
and most widely used class of drugs inhibiting PG synth-
esis targets the COX enzymes and is better known as the
family of nonsteroidal anti-inflammatory drugs
(NSAIDs), which includes agents such as aspirin and
ibuprofen. Only in the past 10 years has the discovery of
two COX isoforms, the constitutive form, or type 1
(COX-1), and the inducible form, or type 2 (COX-2),
allowed the issue of gastric toxicity of NSAIDs to be
addressed. In an ongoing effort to elucidate the specific
role of these two enzymes, it is now generally assumed
that COX-1 is mainly involved in the physiological
aspects of prostanoid biology, whereas the inducible
COX-2 is associated with expression of inflammatory
events and the pathophysiology of several disease con-
ditions. In addition to the GI toxicity of NSAIDs, which
has at least been partially addressed by the development
of new drugs such as rofecoxib and colecoxib that take
advantage of the slightly larger substrate pocket of COX-
2 to selectively inhibit this enzyme sparing the COX-1
isoform, recent epidemiological studies suggest that
selective NSAIDs have chemopreventive properties
toward solid tumors including colon adenocarcinoma.
At present, however, it is highly debated whether this
NSAID property is linked to suppressed synthesis of PGs
[and most notably the major product prostaglandin E2
(PGE2)] or involves an as yet to be identified mechan-
ism of action. Conversely, PGE2 is known to contribute
to accelerated tumor progression, with marked pro-
angiogenic properties, and animal models show a posi-
tive correlation between overexpression of COX-2 and
progression from early stages of adenoma and polyp
formation to adenocarcinoma. These active areas of
investigation will likely provide critical new knowledge
about the extensive networks of interactions mediated
by PGs in the GI tract including inflammatory bowel
disease (IBD), for which, in contrast to the ex juvantibus
criteria by which the beneficial use of anti-inflammatory
drugs such as sulfosalazine suggests that eicosanoids
are relevant to IBD pathogenesis, it has not yet been
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demonstrated that excess synthesis of lipid mediators
plays a major role in establishing or maintaining the
disease condition. In addition to PGE2, the prostaglan-
din family of mediators in the GI tract includes PGI2,
PGF2,, and thromboxanes. To each of these compounds
have been attributed specific actions within various seg-
ments of the GI system. The response to each group of
PGsis determined not only by their structural specificity
but also by the specific form of the receptors that are
expressed. Four major subtypes of prostaglandin recep-
tors, EP;—EP,, have been identified to date, in addition
to a thromboxane receptor and a PGI2 receptor. The
tissue distribution and the intrinsic properties of these
G-protein-coupled receptors are under active investiga-
tion and selective agonists as well as antagonists are in
early or late stages of in vivo animal studies, clinical
trials, or clinical use (i.e., misoprostol, iloprost).

THE LIPOXYGENASE PATHWAYS:
LEUKOTRIENES AND LIPOXINS

Although the experience in GI clinical practice high-
lights the role of COX-derived prostanoids, other
families of eicosanoids, such as the LOX-derived LTs,
play a significant role in modulating GI functions. Ele-
vated LTB, levels, for example, are found in GI tissues
affected by inflammatory conditions and peptido-leuko-
trienes LTC4 and D, are known to be among the most
potent stimuli causing intestinal smooth muscle con-
traction. Based on this evidence, inhibitors of the 5-
lipoxigenase enzyme, a common biosynthetic element
in LTBy, -Cy, -Dy, and -E4 synthesis, have been used in
an IBD clinical trial leading to improvement of symp-
toms and sigmoidoscopic appearance. In manner ana-
logous to PGs, many of the LT-induced responses are
mediated by specific G-protein-coupled receptors. Two
forms have been identified thus far for both peptido-
leukotrienes (cys-LT1 and cys-LT2) and LTB, (BLTR1
and BLTR2) and they are characterized by specific tissue
distributions. For example, cys-LT2 seems to be the
main receptor involved in peptido-leukotriene-induced
contraction of ileum smooth muscle cells and BLTR1
and BLTR2 are present on leukocytes and lymphocytes,
respectively. BLTR2 is of particular interest because of
its expression on T cells and its role in mediating the
immune-regulatory effects of HETEs and LTB4. The
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activation of these signaling pathways and the resulting
interactions between immune competent cells and
inflammatory infiltrates and the gastrointestinal tissues
are recognized as an increasingly important contribu-
tion to the pathophysiology of GI disorders and may
play an important role in IBD.

The interactions between leukocytes and lympho-
cytes and the intestinal mucosa cell components also
play a major role in eicosanoid production. In fact, it is
mostly via transcellular routes of biosynthesis that spe-
cific classes of AA-derived mediators are formed.
Among these, the LXs, a class of compound generally
endowed with anti-inflammatory/inhibitory effects ori-
ginated by sequential recruitment of multiple LOX
enzymes (three major LOX enzymes are expressed in
mammalian cells: 5-, 12-, and 15-LOX), have been the
subject of specific studies examining their gastrointest-
inal effects. Inhibition of neutrophil transmigration
across intestinal epithelial monolayers, inhibition of
pathogen-induced release of cytokines from the intest-
inal epithelium, and reduced severity and mortality in
an animal model of dextran sodium sulfate-induced
colitis are some of the GI-specific effects observed to
date. As with the previously described PGs and LTs, LX
specificity is also based on the interaction with specific
G-protein-coupled receptors (ALXR, LXA4R).
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azotemia Elevation of blood urea nitrogen due to impaired
renal function.

Budd—Chiari syndrome Obstruction of the hepatic venous
outflow at the level of the large hepatic veins or the
suprahepatic or intrahepatic segment of the inferior vena
cava.

Child—Pugh classification Grouping based on determination
of hepatic functional reserve; a useful predictor of
surgical morbidity and mortality.

cirrhosis Advanced liver disease characterized by distorted
architecture secondary to hepatic fibrosis and regenera-
tive nodules.

constrictive pericarditis Fibrous scarring and noncompli-
ance of the pericardium that results from causes of
chronic pericarditis, including tuberculosis, malignancy,
or radiation.

hepatic hydrothorax Pleural effusion (more than 500 ml) in
patients with cirrhosis, in the absence of cardiopulmon-
ary or subdiaphragmatic pathology.

hepatojugular reflux Sustained increase in jugular venous
pressure elicited by compression of the abdomen in
patients with right heart failure.

hepatorenal syndrome Impaired renal function in the
presence of advanced liver disease.

Meig’s syndrome Triad of benign ovarian fibroma with
ascites and right-sided pleural effusion.

myxedema Thyroid deficiency in adults associated with skin
and soft tissue edema.

pseudomyxoma peritonii Metastatic peritoneal tumor that
results in gelatinous implants on the peritoneum.

pulsus paradoxicus Exaggerated decrease (greater than
20 mmHg) in inspiratory systolic blood pressure.

renin—angiotensin—aldosterone system Vasoactive system
that causes renal vasoconstriction and retention of
sodium and water.

spontaneous bacterial peritonitis Primary infection of ascitic
fluid in patients with advanced liver disease.

venoocclusive disease Hepatic venous outflow obstruction
that occurs in patients undergoing bone marrow
transplantation, radiation therapy, liver transplantation,
or ingestion of alkaloid toxins; the result of occlusion of
hepatic sinusoids and small venules.

Ascites is defined as the excessive accumulation of fluid in

the peritoneal cavity. Cirrhosis is the most common cause
of ascites, followed by malignancy and cardiac failure.
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Patients with advanced liver disease develop infections
of the ascitic fluid, a condition known as spontaneous
bacterial peritonitis. Moreover, these patients can
develop hepatorenal syndrome, a functional renal failure.
Finally, patients may have hepatic hydrothorax, which
involves symptomatic pleural effusions.

MALIGNANT ETIOLOGY

Cirrhosis is the cause of ascites in up to 80% of cases;
malignancy and cardiac failure are the causes in 10%
and 5%, respectively. Other causes account for fewer
than 5% of cases of ascites. About 5% of patients have
ascites due to more than one cause. Fifty percent of
cirrhotic patients eventually develop ascites; up to
10% of these have ascites refractory to treatment.
Ovarian cancer is the most common cause of malignant
ascites and accounts for almost 50% of cases of the dis-
ease. Occult malignancies account for 20% of cases of
malignant ascites and the remaining 30% of cases result
from pancreatic cancer, gastric cancer, colon cancer,
lung cancer, breast cancer, or lymphoma. The causes
of ascites are summarized in Table 1.

PATHOGENESIS

Ascites in cirrhotic patients results from a combination
of portal hypertension and renal retention of sodium. As
a result of factors such as nitric oxide (NO), which are
present in excess in cirrhosis, there is splanchnic and
peripheral vasodilatation. This results in a decrease in
the effective arterial blood volume (EABV). In an
attempt to correct the EABV, there is stimulation of
the renin—angiotensin—aldosterone system (RAAS),
the sympathetic nervous system (SNS), and vasopressin.
These vasoactive systems work in concert to cause renal
retention of sodium and water, as well as renal vasocon-
striction. The result is an increase in plasma volume.
The excessive fluid retained is compartmentalized to the
peritoneal cavity as a result of portal hypertension,
which is an increase in pressure within the hepatic

Copyright 2004, Elsevier (USA). All rights reserved.
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TABLE 1 Etiology of Ascites

Hepatic
Cirrhosis
Budd—Chiari syndrome
Liver metastases
Alcoholic hepatitis
Venoocclusive disease
Portal vein thrombosis
Cardiac
Congestive heart failure
Constrictive pericarditis
Right atrial myxoma
Malignant
Peritoneal carcinomatosis
Pseudomyxoma peritonii
Infectious
Tuberculous peritonitis
HIV infection
Renal
Nephrotic syndrome
Continuous ambulatory peritoneal dialysis
Other
Pancreatitis
Myxedema
Meig’s syndrome
Lymphatic obstruction/disruption
Collagen vascular diseases
Protein-losing enteropathy

sinusoids. A hepatic sinusoid pressure greater than
12 mmHg is usually required for ascites to develop.

Malignant ascites results from exudation of fluid
from peritoneal carcinomatosis and occlusion of
diaphragmatic lymphatics, with impairment of perito-
neal fluid absorption. Tumor infiltration in the liver,
leading to hepatic venous obstruction, is a less common
cause of malignant ascites. Ascites in patients with
hepatocellular carcinoma may be secondary to portal
hypertension or to portal vein thrombosis due to tumor.

Tuberculous peritonitis leads to exudation of pro-
teinaceous fluid into the peritoneal cavity, and resultant
ascites. Pancreatic ascites can be seen in both acute and
chronic pancreatitis and results from disruption of the
pancreatic duct and leakage of pancreatic secretions
into the peritoneum. Chylous ascites occurs from a lym-
phatic disruption as a result of trauma or malignant
obstruction of the lymphatic ducts.

PHYSICAL EXAMINATION

Normally there is less than 75—100 ml of fluid in the
peritoneal cavity. Ascites can be detected by eliciting
shifting dullness when peritoneal fluid collection
exceeds 500 ml. Fluid wave is positive in the presence
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of tense ascites; patients with tense ascites may also have
concomitant lower extremity edema. Ultrasonography,
which is frequently used to confirm the diagnosis, can
detect as little as 100 ml of peritoneal fluid.
Peripheral stigmata of chronic liver disease, includ-
ing spider angiomata, palmar erythema, caput medusae,
gynecomastia, and testicular atrophy, may be seen when
ascites results from cirrhosis and portal hypertension.
Some patients may have generalized anasarca. The cir-
rhotic liver in patients with an advanced stage of disease
is usually shrunken and may not be palpable. The spleen
may be palpable following a therapeutic paracentesis.
Patients with congestive heart failure and ascites
have elevated jugular venous pressure, peripheral
edema, and presence of S3 or S4 (low-pitched sounds
detected using the stethoscope) on cardiac examination.
Constrictive pericarditis is characterized by presence of
pulsus paradoxicus, rapid X and Y descents of the jugu-
lar venous pulse, pericardial knock, and ascites out of
proportion to peripheral edema. The presence of hepa-
tojugular reflux confirms a cardiac cause for the ascites.

DIFFERENTIAL DIAGNOSIS

Other etiologies of a distended abdomen, including
pregnancy, ovarian mass, gaseous distension from
bowel obstruction, and obesity, must be excluded in
a patient suspected to have ascites. On percussion of
the abdomen, ascites presents with flank dullness,
whereas an ovarian mass typically presents with central
dullness and tympanitic flanks.

DIAGNOSIS

Abdominal paracentesis is the most rapid and cost-
effective method of diagnosing the etiology of ascites.
Paracentesis should be performed in all patients with
new-onset ascites and at the time of every hospital
admission in all patients with ascites. A low threshold
must be maintained for repeating the paracentesis,
because infection may present with only minimal symp-
toms. The only absolute contraindication to paracent-
esis is an uncooperative patient. Complications occur in
fewer than 1% of cases and include abdominal wall
hematomas. Serious complications such as hemoperi-
toneum and bowel perforation occur in less than 1 in
1000 paracenteses. Ascitic fluid analysis should include
total protein and albumin concentration, total and dif-
ferential cell count, and, in selected patients, gram stain,
bacterial culture, and cytology. The serum-ascitic fluid
albumin gradient, which is the difference between
the serum albumin and ascitic fluid albumin, has a
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TABLE II Serum and Ascitic Fluid Albumin Gradient

Cause of ascites

Ascitic fluid total Ascitic fluid total

Gradient protein <2.5 g/dl protein >2.5 g/dl
>1.1 Cirrhosis Congestive heart failure
Fulminant hepatic Constrictive pericarditis
failure Budd—Chiari syndrome
Venoocclusive disease
<11 Nephrotic syndrome Peritoneal carcinomatosis

Myxedema Tuberculous peritonitis
Pancreatic ascites

Chylous ascites

sensitivity and specificity of greater than 95% in differ-
entiating ascites secondary to portal hypertension from
other causes (Table II).

Other tests include ascitic fluid amylase, trigly-
ceride, glucose, and lactate dehydrogenase (LDH)
concentration. The nucleated cell count is less than
500 cells/mm’, with fewer than 250 neutrophils/mm’
in uninfected ascites secondary to portal hypertension.
Ascitic fluid cytology has a low sensitivity in the diag-
nosis of malignancy but is highly specific. Ascitic fluid
culture has a sensitivity of only 50% in the diagnosis of
tuberculous peritonitis. Chylous ascites is diagnosed
when ascitic fluid triglyceride concentrations are higher
than simultaneously drawn serum triglyceride concen-
trations. Grossly hemorrhagic ascites may occur in 22%
of cases of malignant ascites and in 50% of cases of
ascites secondary to metastatic hepatocellular carci-
noma. Hemorrhagic ascites due to malignancy is differ-
entiated from hemorrhage caused by a needle trauma
during paracentesis by the absence of clotting of the
sample in malignant ascites.

MANAGEMENT

The goal of the management of ascites is to maintain a
negative sodium balance. This is achieved with dietary
sodium restriction and the use of diuretics. Response to
dietary sodium restriction alone, manifesting as weight
loss of between 250 and 500 g/day and a decrease in
ascites, occurs in 10—20% of patients. Most patients
with ascites can be managed with dietary sodium restric-
tion (90 mEq/day) along with use of a diuretic. Spiro-
nolactone is the diuretic of choice administered as a
single dose. The initial dose is 50 mg/day and can be
increased to a maximum dose of 400 mg/day as toler-
ated. Weight loss should not exceed 0.5—0.75 kg/day
in patients without pedal edema, because this can lead
to intravascular volume depletion and azotemia.
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Furosemide can be used in combination with spirono-
lactone, but is associated with a greater likelihood of
azotemia. The metabolic alkalosis and hypokalemia
induced by excessive diuretic use may be associated
with precipitation or worsening of hepatic encephalo-
pathy.

REFRACTORY ASCITES

Most patients with ascites that is difficult to manage are
noncompliant with their sodium restriction. A 24-hour
urine sodium in excess of the restriction, in the presence
of increasing ascites, indicates noncompliance. Refrac-
tory ascites includes diuretic-resistant ascites and
diuretic-intractable ascites. Diuretic-resistant ascites
is defined as ascites that cannot be managed with dietary
sodium restriction and intensive diuretic use of spiro-
nolactone (400 mg/day) and furosemide (160 mg/day)
for at least 1 week, or ascites that reaccumulates early
despite this treatment regime. Diuretic-intractable
ascites is defined as ascites that cannot be treated or
that recurs as a result of inability to use an adequate
diuretic regime due to diuretic-induced complications.

The mortality rates for patients with refractory
ascites exceed 50% in 1 year and 80% in 2 years.
Most patients with refractory ascites belong to Child
class C. Medications that inhibit prostaglandin synth-
esis, such as nonsteroidal antiinflammatory drugs
(NSAIDs), worsen renal function in patients with ascites
and should not be used.

HEPATORENAL SYNDROME

Hepatorenal syndrome is the presence of impaired renal
function as demonstrated by a glomerular filtration rate
below 40 ml/minute or a serum creatinine >1.5 mg/dlin
the presence of advanced liver disease and portal hyper-
tension. Shock, bacterial sepsis, nephrotoxic agents,
fluid loss, or excessive diuretic use should be excluded
before the diagnosis is made. Patients with hepatorenal
syndrome have proteinuria <500 mg/day with normal
renal structure on light microscopy. Hepatorenal syn-
drome is of two types. In type 1 hepatorenal syndrome,
there is a rapid progression in renal dysfunction, with
the creatinine reaching a level >2.5 mg/dl or the crea-
tinine clearance decreasing to <20 ml/minute in a per-
iod of less than 2 weeks. The progression in renal
dysfunction is more gradual in type 2 hepatorenal
syndrome. Type 1 hepatorenal syndrome is probably
amore advanced stage of type 2 hepatorenal syndrome.
Type 1 hepatorenal syndrome is seen predominantly in
patients with alcoholic hepatitis and in patients with
spontaneous bacterial peritonitis or other infections.
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On the other hand, type 2 hepatorenal syndrome pre-
sents predominantly with refractory ascites.

The initial step in the approach to a patient sus-
pected to have hepatorenal syndrome is to demonstrate
areduction in glomerular filtration rate or worsening in
renal function by measuring serum creatinine or crea-
tinine clearance. The next step is to rule out other causes
of renal dysfunction. The fractional excretion of sodium
helps in these cases, with a fractional excretion of
sodium of <1.0 being seen in prerenal azotemia, hepa-
torenal syndrome, and glomerulonephritis. In glomeru-
lonephritis, the urine sediment is grossly abnormal,
whereas in prerenal azotemia, renal function improves
with volume expansion. It must be emphasized that in
the presence of aggressive use of diuretics, the fractional
excretion of sodium can be >1.0, even when the under-
lying diagnosis is hepatorenal syndrome.

MANAGEMENT OF REFRACTORY
ASCITES AND HEPATORENAL
SYNDROME

Therapeutic Paracentesis

Refractory ascites can be managed with repeated
large-volume paracentesis. However, removal of
excessive peritoneal fluid can result in decreased effec-
tive intravascular volume, with decreased pulmonary
capillary wedge pressure and atrial natriuretic peptide
levels, and increased renin—angiotensin—aldosterone
activity, the so-called postparacentesis circulatory dys-
function. Therefore, 6—8 grams of albumin should be
infused intravenously for every liter of ascitic fluid that
is removed to counteract this circulatory dysfunction.
Patients undergoing large-volume paracenteses have
been shown to have a higher response rate, shorter hos-
pital stay, and fewer complications, with similar survival
as compared to patients treated with diuretics.

Peritoneovenous Shunt

The LeVeen shunt is a subcutaneous peritoneove-
nous shunt placed between the superior vena cava and
peritoneum via the internal jugular vein. It has no ben-
efit in the reduction of mortality or complication rate as
compared to patients undergoing repeated paracenteses
for the treatment of refractory ascites. Complications
include catheter infection, thrombosis, occlusion, and
low-grade disseminated intravascular coagulation. Peri-
toneovenous shunts are currently seldom used because
the alternative of transjugular intrahepatic portosyste-
mic shunts is available for patients who fail paracentesis
therapy.
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Transjugular Intrahepatic Portosystemic Shunt

The transjugular intrahepatic portosystemic shunt
(TIPS), placed by interventional radiologists, has largely
replaced surgical shunts in the management of refrac-
tory ascites. The TIPS is effective in reducing activity of
the renin—angiotensin—aldosterone system and hence
leads to diuresis and natriuresis. Relatively normal renal
function is required for a TIPS procedure to be effective
inreducing ascites. The TIPS has been shown to be more
effective than paracentesis in the treatment of ascites,
but without a significant survival benefit and at
increased costs. Small studies suggest a potential benefit
of using the TIPS for type 1 hepatorenal syndrome, but
the results may be influenced by patient selection.
Important predictors of survival after a TIPS procedure
include etiology of liver disease, prothrombin time,
serum bilirubin, and serum creatinine. Complications
include a high incidence of encephalopathy and shunt
stenosis. The recommended indication for the TIPS in
the management of refractory ascites is for patients who
have an unsatisfactory response to paracentesis.

Surgical Portosystemic Shunts

Creating a side-to-side anastomosis between the
portal vein and inferior vena cava leads to a reduction
in portal pressure, natriuresis, diuresis, and relief of
ascites. However, the high rates of mortality and com-
plications from the procedure have led to the abandon-
ment of the procedure for refractory ascites.

Orthotopic Liver Transplantation

Liver transplant is the only therapy for refractory
ascites and hepatorenal syndrome associated with an
improvement in long-term survival.

Summary

In summary, treatment of type 1 hepatorenal
syndrome involves treatment of the underlying sepsis.
A few studies have shown the benefit of using volume
expansion with albumin in association with splanchnic
vasoconstrictor agents such as terlipressin or mido-
drine, octreatide, or norepinephrine. The treatment of
type 2 hepatorenal syndrome, which in effect is treat-
ment of refractory ascites, is with large-volume para-
centesis and, if this fails, transjugular intrahepatic
portosystemic shunts. The role of a TIPS in the treat-
ment of type 1 hepatorenal syndrome is not established.
Liver transplantation is the only treatment option asso-
ciated with long-term improvement in survival in
patients with hepatorenal syndrome.
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SPONTANEOUS BACTERIAL
PERITONITIS

Ascitic fluid paracentesis should be carried out in all
patients with new-onset ascites, at the time of hospital
admission, and in patients with fever, abdominal pain,
worsening encephalopathy, or renal insufficiency. An
ascitic fluid absolute neutrophil count of >250/mm’
(neutrocytic ascites) is required for the diagnosis of
spontaneous bacterial peritonitis (SBP). The ascitic
fluid protein concentration is usually less than 1 g/dlL
Most common organisms seen in SBP include Escher-
ichia coli, Streptococcus pneumoniae, and Klebsiella pneu-
moniae. Diagnostic yield of ascitic culture is increased if
ascitic fluid is inoculated into blood culture bottles
immediately on paracentesis. Secondary bacterial peri-
tonitis is polymicrobial, as opposed to monomicrobial
SBP. SBP is characterized by a very low bacterial count
and thus gram stain carries a sensitivity of 10% or lower
in the diagnosis of spontaneous bacterial peritonitis.
Secondary bacterial peritonitis should be suspected if
ascitic fluid protein is more than 1 g/dl, glucose is less
than 50 mg/dl, and ascitic fluid LDH is greater than
serum LDH. The antibiotic of choice for the treatment
of SBP is a third-generation cephalosporin, usually cefo-
taxime. Response to treatment is determined by demon-
strating a reduction in the ascitic fluid neutrophil count
of greater than 25%. Patients who have experienced
even one episode of SBP should be treated indefinitely
with quinolones such as norfloxacin to prevent subse-
quent episodes. The only other indication for antibiotic
prophylaxis is in the patient with cirrhosis who has
acute gastrointestinal bleeding, for which norfloxacin
is given for up to 7 days. SBP is associated with a 1-year
survival of between 40 and 70%, and consequently
all patients with SBP should be evaluated for liver
transplantation.

HEPATIC HYDROTHORAX

Hepatic hydrothorax is defined as pleural effusions
>500ml in patients with cirrhosis of the liver in the
absence of cardiopulmonary or subdiaphragmatic
pathology. The pathophysiology of hepatic hydrothorax
is similar to the pathophysiology of ascites. In fact, it is
ascitic fluid that moves from the peritoneal cavity into
the pleural space through diaphragmatic defects.
Because intrathoracic pressure is negative, this favors
movement of fluid into the thoracic space. Thus,
patients may have hepatic hydrothorax even in the
absence of ascites. The right pleural space is more
commonly involved. Similar to patients with ascites,
patients with hepatic hydrothorax can have sponta-
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neous bacterial infection of the fluid that results in
spontaneous bacterial empyema.

Patients with hepatic hydrothorax have advanced
liver disease and are usually candidates for liver
transplantation. Therapy in such patients is directed
at relieving symptoms and preventing pulmonary com-
plications until such time that a liver transplant can be
carried out. The initial management is with sodium
restriction and diuretics, similar to the management
of patients with ascites. Therapeutic thoracocentesis
is carried out to relieve symptoms of dyspnea. Pleuro-
desis and chest tube placement should be avoided at
all costs. If sodium restriction and diuretics fail, then
transjugular intrahepatic portosystemic shunts can be
placed. These shunts are usually effective in preventing
the accumulation of fluid in the pleural space.

MANAGEMENT OF
MALIGNANT ASCITES

Diuretics are not effective in the treatment of malignant
ascites. Therapeutic paracenteses may be employed to
alleviate pressure symptoms related to large-volume
ascites. Peritoneovenous shunts have occasionally
been placed in patients with malignant ascites and
may have a role in treating patients with a life expec-
tancy greater than a few months. There is no evidence to
support the theory of widespread metastases due to
dissemination of malignant cells via the shunt, leading
to decreased survival rates.

See Also the Following Articles

Alcoholic Liver Injury, Hepatic Manifestations of e
Budd—Chiari Syndrome e Cirrhosis ¢ Fulminant Hepatic
Failure o Hepatorenal Syndrome o Portal Hypertension and
Esophageal Varices e Portal Vein Thrombosis

Further Reading

Arroyo, V., Gines, P., et al. (1996). Definition and diagnostic criteria
of refractory ascites and hepatorenal syndrome in cirrhosis.
Hepatology 23, 164—176.

Gines, P., Uriz, J., Calahorra, G., et al. (2002). Transjugular
intrahepatic portosystemic shunting versus paracentesis plus
albumin for refractory ascites in cirrhosis. Gastroenterology 123,
1839—-1847.

Lazaridis, K. N., Frank, J. W., Krowka, M. J., and Kamath, P. S.
(1999). Hepatic hydrothorax: Pathogenesis, diagnosis, and
management. Am. J. Med. 107, 267—-272.

Malinchoc, M., Kamath, P. S., Gordon, F. D., Peine, C. J., Rank, J.,
and ter Borg, P. C. (2000). A model to predict survival in
patients undergoing transjugular intrahepatic porto-systemic
shunts. Hepatology 31, 864—871.



ATROPHIC GASTRITIS

Rimola, A., Garcia-Tsao, G., and Navasa, M. (2000). Diagnosis,
treatment and prophylaxis of spontaneous bacterial peritonitis:
A consensus document. International Ascites Club. J. Hepatol.
32, 142—-153.

Atrophic Gastritis

ERNST J. KUIPERS

119

Runyon, B. A. (1994). Care of the patient with ascites. N. Engl. J.
Med., 330, 337—342.

Runyon, B. A. (1998). Management of adult patients with ascites
caused by cirrhosis. Hepatology 27, 264—272.

Erasmus MC University Medical Center, Rotterdam, The Netherlands

atrophic gastritis Loss of the glandular structures and a
collapse of the reticulin skeleton of the gastric mucosa,
with thinning of the glandular layer of the mucosa and
replacement of glands by fibrosis and sometimes by
intestinal-type cells.

chronic active gastritis Condition of chronic inflammation
of the gastric mucosa associated with neutrophilic
infiltration.

Helicobacter pylori Gram-negative rod-shaped bacterium
that is able colonize the human gastric mucosa and
induce chronic active gastritis.

intestinal metaplasia Condition in which the intestinal cells
in the gastric mucosa become metaplastic.

The anatomy and function of the gastric mucosa remain
unchanged throughout life, but can be disturbed by the
occurrence of chronic active gastritis. Although this can
be due to a variety of conditions, the most common cause
is colonization with Helicobacter pylori. In a considerable
proportion of affected subjects, chronic active gastritis
leads to a loss of the glandular structures and a collapse
of the reticulin skeleton of the mucosa, a condition called
atrophic gastritis. As a result, the glandular layer of the
mucosa becomes thinner and glands are replaced by fibro-
sis and sometimes by intestinal-type cells. This intestinal
metaplasia may resemble either small bowel mucosa with
sialomucin-containing goblet cells or colonic mucosa with
sulfomucin-containing columnar cells, or a mixture

of both.

INTRODUCTION

The exact mechanisms by which inflammation leads to
atrophic gastritis and intestinal metaplasia are still
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unknown, but toxic bacterial and inflammatory prod-
ucts, dysregulated cell turnover, and autoimmunity may
all play a role. In those with Helicobacter pylori gastritis,
H. pylori eradication may halt the process, or even lead
to a partial regression of atrophic gastritis. The risk for
atrophic gastritis in subjects with chronic active gastritis
particularly depends on the severity and distribution of
inflammation.

SYMPTOMS

Chronic active gastritis and atrophic gastritis are mostly
symptomless conditions, although some H. pylori-
positive subjects may suffer from dyspepsia and may
possibly benefit from H. pylori eradication. Subjects
with severe atrophic gastritis of the corpus mucosa
may ultimately develop megaloblastic anemia or myelo-
pathy; these signs of vitamin B;, deficiency are due to
impaired vitamin uptake as aresult of insufficient intrin-
sic factor secretion and reduced peptic digestion of
food—B;, complexes.

DIAGNOSIS

Atrophic gastritis is usually diagnosed by means of
microscopic evaluation of gastric biopsy specimens
obtained during endoscopy. Endoscopy without biopsy
sampling is insufficient to diagnose or rule out atrophic
gastritis. The demonstration of reduced basal and sti-
mulated gastric acid output may support a diagnosis of
atrophic gastritis, but this test is not routinely used.
Serum pepsinogen and gastrin levels can also help to

Copyright 2004, Elsevier (USA). All rights reserved.
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sampling is insufficient to diagnose or rule out atrophic
gastritis. The demonstration of reduced basal and sti-
mulated gastric acid output may support a diagnosis of
atrophic gastritis, but this test is not routinely used.
Serum pepsinogen and gastrin levels can also help to

Copyright 2004, Elsevier (USA). All rights reserved.
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diagnose atrophic gastritis, in particular for the purpose
of population screening. A diagnosis of chronic active
gastritis is then usually based on a positive serology for
H. pylori, and a diagnosis of atrophic gastritis is based on
a combination of increased serum gastrin levels and
decreased serum pepsinogen levels, in particular a
decrease of the serum pepsinogen I/pepsinogen II ratio.

ASSOCIATION WITH
GASTRIC CANCER

The major clinical importance of atrophic gastritis is the
increased risk for the intestinal type of gastric cancer.
This risk may be elevated up to 90-fold in subjects with
severe atrophic gastritis throughout the entire stomach.
The annual incidence of gastric cancer among patients
with atrophic gastritis is estimated to be between 0.3
and 1.0%.

Different factors may play a role in the increased
risk for gastric cancer. Among these are the persistently
increased cell turnover in atrophic mucosa, the
increased mutagenesis caused by higher levels of nitrite
and decreased levels of ascorbic acid in the gastric juice,
and the lack of acid secretion, leading to decreased

ATROPHIC GASTRITIS

clearance of cells from newly arising carcinoma in situ
microlesions.

See Also the Following Articles
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Autoimmune Liver Disease
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autoimmune hepatitis Self-perpetuated liver inflammation
of unknown cause associated with autoantibodies,
increased serum gamma globulin level, interface hepa-
titis on histological examination, and responsiveness to
corticosteroid therapy.

bridging necrosis Histological pattern of severe liver
inflammation in which the inflammatory infiltrate and
evidence of hepatocyte damage extend from portal tract
to portal tract or portal tract to central vein.

interface hepatitis The sine qua non for the histological
diagnosis of autoimmune hepatitis involves disruption of
the limiting plate of the portal tract with extension of
a mononuclear, frequently plasmacytic, infiltrate into
acinar tissue in association with evidence of hepatocyte
damage.

multiacinar necrosis Histological pattern of severe liver
inflammation in which the inflammatory infiltrate and
evidence of hepatocyte damage extend across and
collapse lobules of liver tissue.

primary biliary cirrhosis Autoimmune liver disease char-
acterized by antimitochondrial antibodies, cholestatic
laboratory indices, and histological features of bile duct
injury, including destructive or granulomatous cholan-
gitis (“florid duct lesions”).

primary sclerosing cholangitis Autoimmune liver disease,
frequently associated with inflammatory bowel disease,
that is characterized by cholangiographic changes of bile
duct narrowing, cholestatic laboratory indices, and
histological features of bile duct injury or biliary
obstruction.

relapse Recrudescence of clinical, biochemical, and histolo-
gical activity after discontinuation of corticosteroid
therapy following induction of remission.

remission Disappearance of symptoms, improvement in
serum aspartate aminotransferase activity to normal or
less than twice normal, normal serum bilirubin and
gamma globulin levels, and histological resolution to
normal or near normal.

treatment failure Worsening of symptoms, laboratory
indices of liver inflammation, and/or histological features
despite compliance with therapy.

variant Lack of classical features of a single disease.

Autoimmune hepatitis is a self-perpetuated inflammation
of the liver of unknown cause; it is characterized by inter-
face hepatitis on histological examination, hypergamma-
globulinemia, autoantibodies, and responsiveness to
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corticosteroid therapy. There are no pathognomonic fea-
tures, and the diagnosis requires exclusion of virus-
related, drug-induced, and hereditary conditions that
may resemble it.

PREVALENCE

In the United States, 100,000—200,000 persons have
autoimmune hepatitis and the condition accounts for
5.9% of the liver transplantations. The incidence of
autoimmune hepatitis among Caucasian Northern Eur-
opeans is 1.9 per 100,000 population and its point pre-
valence is 16.9 per 100,000 population. Women have a
threefold greater incidence of the disease compared to
men, and the disease occurs in all age groups, in diverse
ethnic populations, and in far-flung geographic regions.

DIAGNOSIS

The diagnostic criteria for autoimmune hepatitis have
been codified by an international panel. An acute, occa-
sionally fulminant, presentation has been recognized,
and the requirement for 6 months of disease activity to
establish chronicity has been waived. Cholestatic bio-
chemical changes and histological features of bile duct
destruction dissuade the diagnosis, whereas viral infec-
tion or drug-induced injury precludes it.

Clinical Criteria

The definite diagnosis requires a normal ol-anti-
trypsin phenotype; normal serum ceruloplasmin,
iron, and ferritin levels; absence of markers of active
hepatitis A, B, and C virus infection; daily alcohol intake
of less than 25g; no recent exposure to hepatotoxic
drugs; predominant serum aminotransferase abnormal-
ity; serum globulin, gamma globulin, or immunoglobu-
lin G levels of atleast 1.5 times the upper limit of normal;
presence of antinuclear antibodies (ANAs), smooth
muscle antibodies (SMAs), or antibodies to liver/kidney
microsome type 1 (anti-LKM1) in titers >1:80;
absence of antimitochondrial antibodies (AMAs); at

Copyright 2004, Elsevier (USA). All rights reserved.
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least moderate to severe interface hepatitis on histolo-
gical examination; and no histological evidence of bili-
ary lesions, granulomas, or other prominent changes
suggestive of another disease.

The probable diagnosis is justified by partial o1 -anti-
trypsin deficiency; nonspecific abnormalities in serum
ceruloplasmin, iron, and ferritin levels; alcohol intake of
up to 50g/day; low-level hypergammaglobulinemia;
and low titers (<1:80) of ANA, SMA, or anti-LKM1,
or the presence of other autoantibodies, including anti-
bodies to soluble liver antigen/liver pancreas (anti-SLA /
LP), asialoglycoprotein receptor (anti-ASGPR), actin
(anti-actin), neutrophil cytoplasm (perinuclear anti-
neutrophil cytoplasm antibodies, pANCAs), or liver
cytosol type 1 (anti-LC1). Moderate to severe interface
hepatitis must be present in the liver tissue, and promi-
nent biliary lesions, granulomas, or features suggesting
another diagnosis must be absent.

Scoring Criteria

A scoring system has been promulgated by the Inter-
national Autoimmune Hepatitis Group to quantify the
strength of the diagnosis, prevent isolated inconsistent
findings from discounting the disease, and ensure the
homogeneity of patient populations in clinical reports
and treatment trials (Table I). The score based on pre-
treatment features can be upgraded or downgraded by
the response to treatment. The sensitivity of the scoring
system for definite autoimmune hepatitis ranges from
97 to 100%, and its specificity for excluding the disease

AUTOIMMUNE LIVER DISEASE

in patients with chronic hepatitis C ranges from 66 to
92%. Its major weakness has been in discounting chole-
static syndromes with autoimmune features. In most
instances, the scoring system is unnecessary for diag-
nosis, and its major value may be in the objective assess-
ment of variant or atypical syndromes.

TYPES

Three types of autoimmune hepatitis have been pro-
posed based on their autoantibody profiles. This sub-
classification has not been established because the
various types do not have different etiologies, outcomes,
or treatment requirements.

Type 1 Autoimmune Hepatitis

Type 1 autoimmune hepatitis is the most common
form of autoimmune hepatitis worldwide, affecting at
least 80% of all patients. ANAs and/or SMAs are its
serological hallmarks. Concurrent immune diseases,
especially autoimmune thyroiditis, are present in 38%
of patients, and cirrhosis is established at presentation in
25% of patients. The target autoantigen is unknown.

Type 2 Autoimmune Hepatitis

Type 2 autoimmune hepatitis is characterized by
anti-LKM1. It affects mainly children from ages 2 to
14 years, and it can occur in the autoimmune
polyendocrinopathy-candidiasis-ectodermal dystrophy

TABLE 1 Scoring Criteria for Definite and Probable Diagnoses of Autoimmune Hepatitis®”

Feature Score Feature Score
Female +2 Hepatotoxic drug exposure —4
AP : AST ratio No drug or toxin exposure +1
Low ratio (<1.5) +2 Average alcohol <25 g/day +2
High ratio AP (>3.0) -2 Average alcohol >60 g/day -2
Globulin, gamma globulin, or Interface hepatitis +3
immunoglobulin G level Lymphoplasmacytic infiltrate +1
High level (>2 ULN) +3 Rosette formation +1
Moderate level (1.5—2 ULN) +2 No typical histologic features -5
Mild level (1—1.5 ULN) +1 Biliary changes -3
Autoantibodies (conventional) Other features (fat, granulomas) -3
Titer >1:80 +3 Concurrent immune disease +2
Titer 1:80 +2 Other autoantibodies +2
Titer 1:40 +1 HLA DR3 or DR4 +1
Antimitochondrial antibodies —4 Response to corticosteroids +2
Active hepatitis A, B, or C -3 Relapse after drug withdrawal +3
Absent hepatitis markers +3

“ Abbreviations: AP, alkaline phosphatase; AST, aspartate aminotransferase; ULN, upper limit of normal; HLA, human leukocyte antigen.
bDiagnostic scores pretreatment, definite, >15; probable, 10—15; diagnostic scores posttreatment, definite, >17; probable, 12—17.
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(APECED). The disease is most common in Germany
and France, where 20% of patients are adults. The target
autoantigen is the cytochrome monooxygenase, CYP
2D6. Concurrent immune diseases include insulin-
dependent diabetes mellitus, autoimmune thyroiditis,
and vitiligo.

Type 3 Autoimmune Hepatitis

Type 3 autoimmune hepatitis is characterized by the
presence of anti-SLA /LP. The target autoantigen may be
a transfer ribonucleoprotein complex involved in the
incorporation of selenocysteine into polypeptide
chains. The clinical features and outcome are indistin-
guishable from type 1 autoimmune hepatitis.

PATHOGENESIS
Loss of Self-Tolerance

The negative selection of autoreactive immunocytes
within the thymus can be defective during ontogeny.
Polymorphisms in autoimmune regulator genes can
enhance this defect. Molecular mimicry between foreign
and self-antigens can result in cross-reactive immuno-
logical responses. Autoimmunity induced against one
self-antigen can spread via intermolecular epitope
mimicry to other homologous self-antigens and to ana-
tomically distant tissue sites. The degree of antigenic
homologies, the antigenic dose, and the genetic predis-
position of the host determine the risk of disease.

Genetic Predisposition

The risk factors for type 1 autoimmune hepatitis in
Caucasian North Americans and Northern Europeans
are human leukocyte antigens (HLAs) HLA DR3 and
HLA DR4. HLA DR3 is associated with early age-
onset disease and a higher frequency of treatment failure
and requirement for liver transplantation, compared to
HLA DR4. In contrast, HLA DR4 is associated with late
age onset, responsiveness to corticosteroid therapy, and
frequent concurrent immune diseases.

The principal susceptibility allele of type 1 autoim-
mune hepatitis is DRB1*0301, and the secondary and
independent susceptibility allele is DRB1*0401. Each
allele encodes an identical six-amino-acid sequence
(LLEQKR) between positions 67 and 72 on the DR
polypeptide chain of the class II molecule of the major
histocompatibility complex (MHC). Alysine residue (K)
at position DRB71 is the critical contact point between
the antigenic peptide, class I MHC molecule, and T cell
antigen receptor of the CD4 T helper cell. It may be the
principal single determinant of susceptibility.
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Other HLA DR#4 alleles affect susceptibility in dif-
ferent ethnic groups, but they each encode an amino
acid of charge and structure similar to that of lysine at
position DRB71. The principal susceptibility allele in
Mestizo Mexicans is DRB1*0404, and it is DRB1%*0405
in Japanese and Argentine adult patients. The principal
susceptibility allele among Argentine children and Bra-
zilian patients is DRB1*1301, which may predispose to
protracted infection with hepatitis A virus and pro-
longed exposure to hepatic self-antigens.

Polymorphisms of disease-nonspecific autoimmune
promoters may act in synergy with the principal risk
factors to affect disease susceptibility and outcome.
Among Caucasian North Americans and Northern Eur-
opeans, polymorphisms of the tumor necrosis factor-o
gene (TNFA*2), at position —308, and the cytotoxic T
lymphocyte antigen-4 gene (CTLA-4) are associated
with the risk of disease.

Cytodestructive Mechanisms

The principal effectors of liver cell destruction
are antigen-specific clones of liver-infiltrating CD8
cytotoxic lymphocytes, the differentiation of which
is modulated by type 1 cytokines, including interleu-
kin-2, interferon vy, and tumor necrosis factor o. Anti-
body-dependent cell-mediated cytotoxicity is also
involved under the mediation of type 2 cytokines, espe-
cially interleukin-10, and antigen—antibody complexes
on the hepatocyte surface can attract natural killer cells
that destroy the cell.

TREATMENT
Indications

Symptoms of fatigue, myalgia, and/or jaundice;
serum (asparate aminotransferase, AST) levels of at
least 10-fold normal or at least 5-fold normal in con-
junction with serum gamma globulin levels of at least
twice normal; and the presence of moderate to severe
interface hepatitis, bridging necrosis, or multilobular
necrosis on histological assessment are absolute indica-
tions for treatment. Less severe indices of disease activ-
ity are relative indications for treatment, and inactive
disease does not require therapy.

Schedules

Regimens based on prednisone alone or alower dose
of prednisone in combination with azathioprine are
equally effective and superior to no therapy or nonster-
oidal schedules in managing all forms of autoimmune
hepatitis (Table II).
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TABLE II Treatment Regimens in Autoimmune Hepatitis

AUTOIMMUNE LIVER DISEASE

Starting treatment dose (mg/day)

Withdrawing treatment dose (mg/day)

Week Prednisone only Prednisone Azathioprine Prednisone only Prednisone Azathioprine
1 60 30 50 15 7.5 50
2 40 20 50 10 7.5 50
3 30 15 50 5 5 50
4 30 15 50 5 5 25
5 20 10 50 25 25 25
6 Fixed daily doses thereafter 25 25 25
7 Maintenance until end point None None None

End Points

Treatment should be continued until disappearance
of symptoms; normal or near normal serum AST, bilir-
ubin, and gamma globulin levels; and inactive or mini-
mally active histological findings. The average duration
of treatment until remission in severe disease is 22
months. Therapy should then be withdrawn in a tapered
fashion over a 6-week period while serum AST, biliru-
bin, and gamma globulin levels are monitored for
relapse (Table II). Deterioration despite compliance
with therapy (treatment failure) and drug intolerance
are other end points of standard therapy.

TREATMENT FAILURE

Worsening symptoms, an increase in the serum AST
and/or bilirubin levels by 67% of pretreatment values,
and/or histological progression to bridging necrosis
or multiacinar collapse indicate treatment failure.
The management strategy must be modified by increas-
ing the doses of medication or proceeding to liver
transplantation.

Drugs

The dose of prednisone is increased to 60 mg daily if
itis the sole drug or to 30 mg daily if it is combined with
azathioprine. The dose of azathioprine is increased to
150 mg daily. The prednisone dose is then reduced by
10 mg and the azathioprine dose is reduced by 50 mg
after each month of improvement until conventional
maintenance levels are reached.

Liver Transplantation

Manifestations of decompensation despite therapy
compel liver transplantation. Patient and graft survival
rates after liver transplantation for autoimmune hepa-
titis range from 83 to 92%, and the actuarial 10-year

survival is 75%. Autoimmune hepatitis recurs in 17% of
patients, especially in those who are receiving inade-
quate immunosuppression, but it is usually managed
satisfactorily by adjustments in the immunosuppressive
regimen.

RELAPSE

Recrudescence of symptoms, increase in the serum AST
level to more than threefold normal, and/or histological
features of interface hepatitis after corticosteroid with-
drawal connote relapse of the disease and the need for
retreatment. Reapplication of the original treatment
schedule reliably induces remission, but another relapse
is common after drug withdrawal. Long-term mainte-
nance schedules based on low-dose prednisone alone
(less than 10 mg daily) or azathioprine alone (2 mg per
kg daily) are effective indefinite management strategies
after multiple relapses following conventional treat-
ment and withdrawal.

PROMISING TREATMENTS
Drugs

Anecdotal successes with cyclosporine (5—6 mg per
kg daily), tacrolimus (3 mg twice daily), mycophenolate
mofetil (1 g twice daily), and 6-mercaptopurine (1.5 mg
per kg daily) have been reported in the treatment of
small numbers of patients recalcitrant to conventional
corticosteroid therapies. Rigorous clinical trials are
necessary to establish fully their benefit—risk ratios
and their superiority to prednisone and azathioprine.

Site-Specific Interventions

Treatments based on targeted interruptions of the
critical pathogenic pathways are the hopes for the
future. These would include (1) peptides that could
compete with self-antigens for the antigen-binding
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groove of class I MHC molecules, (2) soluble cytotoxic
lymphocyte antigen-4, which could dampen immuno-
cyte activation, (3) T cell vaccines that could protect
against clonal expansion of antigen-sensitized, liver-
infiltrating CD8 cytotoxic T cells, (4) oral tolerance
programs that could induce CD4 T helper cell anergy
or apoptosis, (5) cytokine antibodies or recombinant
products that could modulate the cytokine profile,
and (6) gene therapies that could deliver regenerative
growth factors and/or counterbalance polymorphic
genes promoting immune reactivity.

VARIANT FORMS

Variant forms are conditions in which the classical fea-
tures of autoimmune hepatitis are intermixed with fea-
tures of primary biliary cirrhosis, primary sclerosing
cholangitis, or chronic viral hepatitis. Eighteen percent
of patients with autoimmune liver disease can be reclas-
sified as having variant syndromes. Treatment is empiric
and based on the predominant manifestations of the
disease. Corticosteroids are used in the treatment of
patients with serum alkaline phosphatase levels of
less than twofold normal. Ursodeoxycholic acid alone
or in combination with corticosteroids is appropriate for
patients with pruritus and/or higher serum alkaline
phosphatase levels. Patients with chronic viral hepatitis
and autoimmune features must be distinguished from
patients with autoimmune hepatitis and coincidental
viral infection, because antiviral or immunosuppressive
drugs are treatment options.
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Autonomic Innervation
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ganglia Clusters of nerve cell bodies outside the central
nervous system.

postganglionic neuron A ganglionic neuron that receives
synaptic input from the central nervous system and
sends its axon to innervate peripheral organs.

preganglionic neuron A neuron that projects from the brain
or spinal cord to form synapses with neurons in ganglia.

Innervation of the digestive tract by the autonomic ner-
vous system (ANS) automatically controls contractile
behavior of the musculature, secretion and absorption
across the mucosal lining, and blood flow inside the
walls of the esophagus, stomach, intestines, and gallblad-
der. Autonomic control is ongoing and normally occurs
below the level of conscious perception. Depending on the
kind of neurotransmitter released, ANS motor neurons
may evoke muscle contraction or actively inhibit contrac-
tion. Secretion of water, electrolytes, and mucus into the
lumen and absorption from the lumen are determined by
motor neurons of the ANS innervation. The amount of
blood flow and the distribution of flow between the mus-
cle layers and mucosa are also controlled by ANS nervous
activity.

AUTONOMIC INTEGRATIVE CENTERS

Autonomic integrative centers are positioned both in
the central nervous system (CNS) and in peripheral
locations. The autonomic nervous system (ANS) control
centers are hierarchically structured with five basic
levels of integrative organization that can be identified
(Fig. 1). Level 5 is the enteric nervous system (ENS),
which behaves like a local “minibrain” within the gut
itself. The next higher level of integrative organization is
in the prevertebral ganglia of the sympathetic division of
the ANS. Levels 1, 2, and 3 are within the CNS. Sympa-
thetic and parasympathetic divisions of the ANS trans-
mit signals to the digestive tract. The signals originate in
central parasympathetic and sympathetic centers repre-
sented by Levels 2 and 3 in the medulla oblongata
(Fig. 1). The nerves that carry the outflow from these
medullary centers are the final common pathways out of
the CNS en route to the gut. Level 1 includes higher
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brain centers that provide input for integrative functions
at Levels 2 and 3. The peripheral ANS innervation,
which connects the CNS to the gut, is subdivided
into three parts consisting of the sympathetic, parasym-
pathetic, and enteric divisions (Fig. 2).

The pathways formed by the sympathetic and para-
sympathetic divisions represent the extrinsic compo-
nent of ANS innervation. Neurons of the enteric
division form the local intramural control networks
and are the intrinsic components of innervation. The
parasympathetic and sympathetic divisions are identi-
fied by the location of the last neuron in the pathway to
the gut and by the point of outflow from the CNS.

PERIPHERAL AUTONOMIC
CONNECTIONS

The cell bodies of the last neurons in autonomic
pathways to the gut are in structures called ganglia. A

@ HIGHER BRAIN CENTERS !

l l

@ CENTRAL PARASYMPATHETIC @ CENTRAL SYMPATHETIC
CENTERS CENTERS

@ PREVERTEBRAL
GANGLIA

() ENTERIC NERVOUS I

SYSTEM

d

GASTROINTESTINAL, ESOPHAGEAL, AND BILIARY TRACT MUSCULATURE
AND MUCOSA

FIGURE 1 Autonomic neural control of the digestive tract is
hierarchic with five basic integrative centers positioned as succes-
sively higher levels in the nervous system. Level 1 includes higher
brain centers that provide input for integrative functions at Levels
2 and 3. Sympathetic and parasympathetic signals originate at
Levels 2 and 3 in the brain’s medulla oblongata and represent
the final common pathways for outflow of information from the
central nervous system to the gut. The fourth level of organization
is in prevertebral sympathetic ganglia located in the abdomen.
Level 5 is the enteric nervous system, which behaves like a
local “minibrain.”

Copyright 2004, Elsevier (USA). All rights reserved.
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ganglion is defined as a cluster of neuronal cell bodies
located outside the ENS. Cell bodies of the next to last
neurons in the autonomic pathways are in the CNS.

Sympathetic Division

Figure 3 illustrates the location of the ganglia of the
sympathetic nervous system in relation to the spinal
cord and ENS. The neurons in the spinal cord are called
preganglionic neurons. Preganglionic sympathetic neu-
rons have their cell bodies in the intermediolateral horn
of the spinal cord between the first thoracic and the third
lumbar spinal segments. The locations and areas of
emergence of sympathetic preganglionic neurons
from the spinal cord are the basis for sometimes refer-

AUTONOMIC NERVOUS SYSTEM

ENTERIC

THORACO-LUMBAR | [ SUBMUGOSAL-MYENTERIC| | craNIO-SACRAL |

FIGURE 2 Three divisions of the autonomic nervous system
innervate the digestive tract. The digestive tract is innervated by
the autonomic nervous system and by sensory nerves that project
from the gut to the brainstem and spinal cord. The cell bodies of
autonomic neurons are found in the brainstem, in the sacral region
of the spinal cord, in ganglia within the walls of the digestive tract,
and outside the digestive tract in the abdomen. The sympathetic,
parasympathetic, and enteric divisions make up the autonomic
innervation. Sympathetic and parasympathetic pathways transmit
signals from the brain and spinal cord to the gut. This is called the
extrinsic component of innervation. Neurons of the enteric divi-
sion form the local intramural control networks making up the
intrinsic component of innervation. The parasympathetic and
sympathetic divisions are identified by the positions of the ganglia
containing the cell bodies of the second-order postganglionic neu-
rons and by the point of outflow from the brain or spinal cord.
Postganglionic neurons of the sympathetic division are located in
prevertebral sympathetic ganglia located in the abdomen and the
outflow is from the spinal cord between the first thoracic and third
lumbar segments. The sympathetic division can therefore be
referred to as the thoraco-lumbar division of the autonomic ner-
vous system. Second-order parasympathetic neurons are part of
the neural networks that make up the enteric division and the
outflow is from the medulla oblongata of the brain and the sacral
segments of the spinal cord. Another term for the parasympathetic
division is therefore the cranio-sacral division of the autonomic
nervous system. The neurons of the enteric division are synapti-
cally interconnected into local neural networks that behave like a
“brain-in-the-gut.” The cell bodies of the neurons of the enteric
division are positioned in the submucosal and myenteric plexuses
within the walls of the gut.
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FIGURE 3 Sympathetic neural pathways to the digestive tract
consist of preganglionic neurons that have their cell bodies in the
spinal cord and postganglionic neurons with their cell bodies
located in prevertebral sympathetic ganglia in the abdomen.
There are three prevertebral ganglia known as the celiac, superior
mesenteric, and inferior mesenteric. There are two synapses in the
sympathetic pathways. One is a synapse in the prevertebral ganglia
between pre- and postganglionic neurons that uses acetylcholine
and nicotinic receptors in neurotransmission. The second is a
synapse between postganglionic sympathetic neurons from the
sympathetic ganglia and neurons of the enteric nervous system
that uses norepinephrine as a neurotransmitter.

ring to the sympathetic nervous system as the ANS
thoraco-lumbar division. Preganglionic sympathetic
neurons project their axons out of the spinal cord to
form synapses with neurons in ganglia that are located in
the abdomen. The ganglia in the abdomen are called
prevertebral sympathetic ganglia. There are three pre-
vertebral ganglia. One is the celiac ganglion, the second
is the superior mesenteric, and the third is the inferior
mesenteric ganglion. Neurons in the prevertebral gang-
lia are postganglionic neurons. These postganglionic
sympathetic neurons form synapses with neurons in
the ENS. The primary neurotransmitter released at
synapses between pre- and postganglionic neurons is
acetylcholine. The main neurotransmitter released at
synapses with enteric neurons is norepinephrine.

Parasympathetic Division

Cell bodies of neurons of the parasympathetic divi-
sion of the ANS are located either in the brainstem
(medulla oblongata) or in the sacral region of the spinal
cord. The parasympathetic division is sometimes
referred to as the ANS cranio-sacral division, based
on the anatomical distribution of the parasympathetic
neuronal cell bodies. These neurons project their axons
to form synapses with neurons in the ganglia of the ENS
(Fig. 4). The terms “preganglionic” and “postganglionic”
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FIGURE 4 Neurons of the autonomic parasympathetic divi-
sion project from the medulla oblongata and sacral regions of the
spinal cord. The parasympathetic division of the autonomic inner-
vation is subdivided anatomically into cranial and sacral divisions
due to the neuroanatomic organization in which neurons that
project to the digestive tract are located both in the brainstem
and in the sacral region of the spinal cord. Neuronal cell bodies of
the cranial division reside in the medulla oblongata and project
in the vagus nerves. Cell bodies of the sacral division are located in
the sacral regions of the spinal cord and project in the pelvic nerves
to the large intestine. Efferent vagal fibers form synapses with
neurons in the enteric nervous system of the esophagus, stomach,
small intestine, colon, gallbladder, and pancreas. Efferent fibers in
the pelvic nerves form synapses with neurons in the enteric ner-
vous system.

are no longer used in discussion of the parasympathetic
innervation of the gastrointestinal tract. These terms
imply that ganglia of the enteric nervous system are
like parasympathetic ganglia in other organs and func-
tion as simple relay-distribution centers for information
from the central nervous system. Ample evidence sug-
gests that the neurophysiology of enteric ganglia is more
complex than that of other parasympathetic ganglia that
function as simple relay-distribution stations.

ENTERIC DIVISION

The vagus nerves are a major parasympathetic transmis-
sion pathway for control signals from the brain to the
digestive tract as far down as the proximal to mid large
intestine and the sacral nerves represent the major path-
way to the distal large intestine. Both vagal and sacral
parasympathetic nerves are a source of synaptic input to
neurons in the ENS. Earlier concepts portrayed the
ganglia of the ENS as a simple relay-distribution func-
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tion for transmission from the CNS to the gut muscu-
lature and secretory glands. This concept has been
modernized and changed.

New awareness of the independent integrative prop-
erties of the ENS has led to revision of earlier concepts of
mechanisms of vagal and sacral nerve influence. Earlier
concepts of parasympathetic innervation presumed that
ganglia of the digestive tract were the same as parasym-
pathetic ganglia in other visceral systems where the
ganglia generally have a relay-distribution function.
The previous concepts assumed that parasympathetic
innervation of the gut was similar. Preganglionic para-
sympathetic fibers were believed to form synapses
directly with ganglion cells that innervated the muscles
and thereby evoke muscle contractions. This concept,
illustrated in Fig. 5, is inconsistent with later evidence
and has been abandoned.

The earlier concept placed the “computer” entirely
within the brain. Current concepts place integrative
neural networks in the ENS in close proximity to the
motor and secretory systems that require control. Num-
bers of neurons equal to those of the spinal cord are
present in the ENS. The large number of neurons
required for program control of the digestive processes
would greatly expand the volume of the CNS if situated
there. Rather than having the neural control circuits
packed exclusively within the CNS and transmitting
control information over long transmission lines to
the gut, vertebrate animals have most of the neural
circuits for automatic feedback control (i.e., setpoint
control) located in close apposition to the musculature,
secretory glands, and blood vessels.

Figure 5 illustrates the current concept of CNS
involvement in gut function. Local integrative circuits
of the ENS are organized for program operations inde-
pendent of input from the CNS. Subsets of neural cir-
cuits are preprogrammed for control of distinct patterns
of behavior in each effector system (i.e., musculature,
glands, and blood vascular system) and for the coordi-
nation of activity of multiple systems. Enteric motor
neurons are the final common transmission pathways
for the variety of different programs and reflex circuits
required for ordered gut function.

Rather than controlling a multitude of motor neu-
rons individually, messages transmitted by parasympa-
thetic efferent fibers are command signals for the
activation of expanded blocks of integrated circuits
positioned in the gut wall. This explains the strong
influence of a small number of parasympathetic efferent
fibers (only 10% of fibers in the vagus nerves go to the
gut and other viscera; 90% of the fibers are sensory
afferents) on the musculature and glands over extended
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OUTMODED CONCEPT CURRENT CONCEPT

Brain Spinal Brain Spinal
Spinal Cord Cord Spinal Cord Cord
Parasympathetic Sympathetic
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Parasympathetic Sympathetic System System
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FIGURE 5 Concepts of how the autonomic nervous system controls the behavior of the digestive
tract have been changed by improved knowledge of the neurophysiology of the enteric nervous system.
The current concept (right) recognizes that the enteric nervous system, like the brain and spinal cord,
consists of networks of interneurons and motor neurons with directional flow of neural information
from interneurons to motor neurons to the effectors (i.e., the musculature, glands, and blood vessels).
Commands to the enteric nervous system from the central nervous system are transmitted by para-
sympathetic and sympathetic neural pathways. The outmoded concept (left) assumed that all of the
integrative circuitry for the minute-to-minute control of the digestive tract resided in the central
nervous system and that parasympathetic and sympathetic postganglionic neurons were the motor
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neurons to the effector systems of the digestive tract.

regions of the stomach or intestine. In this respect, the
ENS is analogous to a microcomputer with its own inde-
pendent software, whereas the brain is like a larger
mainframe with extended memory and processing cir-
cuits that receive information from and issue commands
to the enteric computer.

SENSORY INNERVATION

The ANS is an automatic control system that maintains
the many parameters of digestive function at constant
levels, sometimes referred to as setpoint determinations.
Examples are the determination of constant acidity (i.e.,
pH setpoint) in the small intestine, constant osmolarity
in the small intestine, and a set amount of contractile
tension in a given muscle. In order to control a para-
meter so that its value remains at or close to the setpoint,
the integrative neural networks of the ANS must be able
to make continuous calculations of the deviation of the
actual value of the parameter from the setpoint. Calcu-
lation of the deviation from setpoint requires a contin-
uous flow of information on the actual value of the

parameter as various perturbations cause the parameter
to increase or decrease. Information on parameters such
as acidity, osmolarity, and muscle tension is generated
by the sensory innervation of the gut. The sensory infor-
mation is transmitted to the central nervous system by
sensory afferent nerves that project to the spinal cord
and the brainstem.

Sensory projections to regions of the spinal cord
above the sacral region are called splanchnic afferents;
the projections to the sacral cord are known as sacral
afferents. Splanchnic afferent fibers from the intestines
and sympathetic efferent fibers to the intestine occur in
the same “mixed” nerves. The mixed nerves accompany
the blood vessels in the mesentery and carry two-way
traffic between the spinal cord and the gut. A common
error of referring to the sensory nerves as “sympathetic
afferents” has emerged from the anatomical presence of
splanchnic afferents and sympathetic efferents in the
same mixed nerves. The sympathetic division of the
autonomic nervous system does not include sensory
nerves and to apply the term sympathetic afferent is
incorrect.
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Crohn’s disease Chronic disorder characterized by patchy
transmural inflammation; may affect any portion of the
gastrointestinal tract, but most commonly involves the
ileum and colon.

malabsorption Failure to digest and absorb dietary nutrients.

steatorrhea Increased fat in stool due to malabsorption.

The development of malabsorption in a patient with
overgrowth of bacteria within the small intestine is
known as bacterial overgrowth, a condition that develops
when the mixture of bacterial flora of the proximal small
intestine becomes more like that of the healthy colon.
When colonic-type flora inhabit the proximal small
intestine, the bacteria compete for the nutrients ingested
by the human host. What ensues is a complex array
of clinical problems resulting from intraluminal
bacterial catabolism of nutrients, often leading to toxic
metabolites and direct injury to the small intestinal
enterocyte.

NORMAL ENTERIC FLORA

The proximal small intestine is normally inhabited by a
few bacteria, usually lactobacilli, enterococci, gram-
positive aerobes, or facultative anaerobes, present in
concentrations of up to 10° viable organisms per milli-
liter of jejunal secretions. Qualitative and quantitative
changes appear at the ileum and become quite striking
in the colon. In the colon, the bacterial population in-
creases up to 1 million times and reaches 10°—10"?
bacteria per gram of colonic content. In the colon, in
contrast to the proximal small intestine, the anaerobic
bacteria outnumber the aerobic bacteria by as much as
10,000 to 1. In bacterial overgrowth, Bacteroides, anaer-
obic lactobacilli, and Clostridium are prevalent. Entero-
bacteria, including coliforms, are abundant in the
overgrowth flora.

CLINICAL CONDITIONS ASSOCIATED
WITH BACTERIAL OVERGROWTH

Table 1 lists the recognized clinical conditions
associated with bacterial overgrowth. In the past,
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bacterial overgrowth was usually associated with struc-
tural abnormalities of the gastrointestinal tract, such as
Billroth II anastomosis, Crohn’s disease, stagnant loops
of intestine resulting from fistulae or surgical enteros-
tomies, and multiple duodenal and/or jejunal diverti-
cula. It became appreciated that obstruction of the small
intestine caused by Crohn’s disease, adhesions, radia-
tion damage, lymphoma, or tuberculosis may lead to
small bowel bacterial overgrowth. In those conditions,
although a primary disease may lead to malabsorption,
superimposed overgrowth may be the most treatable
form of malabsorption. Currently, motility disturbances
in the gastrointestinal tract are the most important
settings for bacterial overgrowth to occur. This is
particularly important if this dysmotility syndrome
is associated with hypo- or achlorhydria. In this cate-
gory, diseases such as scleroderma, intestinal pseudo-
obstruction, and diabetic autonomic neuropathy are
found.

Certain individuals have been demonstrated to have
clinically important malabsorption associated with bac-
terial overgrowth, but no radiographic abnormalities.
Some of these individuals have an absent or disordered
migrating motor complex. Their intestinal “house-
keeper” is not operating appropriately. Elderly patients
may develop malabsorption secondary to bacterial over-
growth and many believe that bacterial overgrowth
is the most frequent cause of clinically important mal-
absorption in the elderly. The elderly are at risk for
bacterial overgrowth because of their often-associated
motility disturbances, either from the aging gut or from
previous gastrointestinal surgery, and the decreased
acid secretion that many elderly patients manifest.
The importance of having normal motility and appro-
priate acid secretion is underscored by the observation
that patients with scleroderma, who are manifesting
esophageal reflux and doing well on histamine-2 (H2)
receptor antagonists, have developed severe malabsorp-
tion secondary to bacterial overgrowth when the H2
receptor antagonist was replaced with a proton pump
inhibitor. Patients with chronic pancreatitis may have
malabsorption secondary to bacterial overgrowth be-
cause they manifest hypomotility as a result of pain,
the use of narcotics, and previous surgery. Management

Copyright 2004, Elsevier (USA). All rights reserved.
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TABLE 1 Clinical Conditions Associated with Bacterial Overgrowth

Site

Associated clinical condition

Gastric proliferation

Small intestinal stagnation
Anatomical

Motor

Abnormal communication between proximal
and distal gastrointestinal tract
Miscellaneous

Hypochlorhydria or achlorhydria, especially when combined
with motor or anatomical disturbances
Sustained hypochlorhydria induced by proton pump inhibitor

Afferent loop of Billroth II partial gastrectomy
Duodenal—jejunal diverticulosis

Surgical blind loop (end-to-side anastomosis)
Surgical recirculating loop (end-to side anastomosis)
Ileal anal pouch

Obstruction (stricture, adhesion, inflammation, neoplasm)
Scleroderma

Idiopathic intestinal pseudo-obstruction

Absent or disordered migrating motor complex
Diabetic autonomic neuropathy

Gastrocolic or jejunocolic fistula

Resection of diseased ileocaecal valve

Chronic pancreatitis

Immunodeficiency syndromes

Cirrhosis

Modified with permission from Toskes, P. and Kumar, K. (1998). Enteric bacterial flora and bacterial overgrowth syndrome. In
“Gastrointestinal and Liver Disease” (M. Feldman, B. Scharschmidt, and M. Sleisenger, eds.), 6th Ed., pp. 1523—1535. W. B. Saunders,

Philadelphia, PA.

of such patients may be quite difficult unless pancreatic
enzymes are given along with antibiotic therapy to treat
the maldigestion of the chronic pancreatitis and the
associated overgrowth.

Further observations have also confirmed that an
appreciable number of patients with irritable bowel
syndrome may develop bacterial overgrowth. Just
how frequently this occurs is still being defined and
is rather controversial. Several other clinical entities
listed in Table I are associated with bacterial over-
growth. Their pathogenesis in respect to the overgrowth
is ill understood. These entities include end-stage renal
disease, cirrhosis, myotonic muscular dystrophy,
fibromyalgia, chronic fatigue syndrome, and various
immunodeficiency syndromes such as chronic
lymphocytic leukemia, immunoglobulin deficiencies,
and selected T cell deficiency.

CLINICAL FEATURES OF
BACTERIAL OVERGROWTH

The clinical features noted in patients with bacterial
overgrowth are listed in Table II. it is now rather com-
mon that the presenting symptoms of a patient with
bacterial overgrowth are often very nonspecific. Diag-
nosis should not be delayed until cobalamin malabsorp-
tion or steatorrhea is present. Again, it is important to
underscore the observation that bacterial overgrowth

may be superimposed on a number of common clinical
conditions that may be primary causes of malabsorp-
tion, but the overgrowth that is present may be the most
easily treatable part of the patient’s malabsorption. The
clinical conditions that comprise dysmotility syndromes
usually do not present with malabsorption due to the
dysmotility per se but will have malabsorption, not in-
frequently, due to superimposed bacterial overgrowth.
These would include patients with gastroparesis, irrita-
ble bowel syndrome, diabetes, and scleroderma. Weight
loss associated with clinically apparent steatorrhea has
been observed in about one-third of patients with
bacterial overgrowth severe enough to cause cobalamin
deficiency. Osteomalacia, vitamin K deficiency,
night blindness, hypocalcemic tetany, and vitamin E
deficiency may ensue.

TABLE II Clinical Features of Bacterial Overgrowth

Bloating

Abdominal distension

Abdominal pain

Diarrhea

Steatorrhea

Decreased urinary xylose excretion
Hypoalbuminemia

Cobalamin (vitamin B,,) deficiency
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PATHOGENESIS OF METABOLIC
ABNORMALITIES ASSOCIATED WITH
BACTERIAL OVERGROWTH

The malabsorption that is observed in patients with
bacterial overgrowth results from an abnormal
intraluminal catabolism of substrates by the bacterial
flora and direct injury to the small intestinal enterocyte
induced by the overgrowth flora. A patchy, intestinal
mucosal lesion has been demonstrated in both exper-
imental animals and human subjects with bacterial
overgrowth; at times, this overgrowth can obliterate
the intestinal villi and lead to a flat biopsy. Steatorrhea
in this condition may be due to bacterial alteration of
bile salts, which leads to a decrease in micelle forma-
tion. The accumulation of toxic concentrations of free
bile acids may also contribute to the steatorrhea by
inducing a patchy intestinal mucosal lesion. The ane-
mia of bacterial overgrowth is primarily a cobalamin
deficiency. The anemia is megaloblastic and serum co-
balamin levels are low. Patients may develop neurolog-
ical abnormalities, both central and peripheral, from
the cobalamin deficiency. The anemia can be corrected
by the administration of cobalamin. The cobalamin
deficiency is primarily due to gram-negative anaerobes.
Iron deficiency may also occur in bacterial overgrowth
due to blood loss resulting from the patchy ulcerated
areas. Thus, in some patients, there may be two pop-
ulations of red cells; those that are macrocytic and
those that are microcytic. Folate deficiency, however,
is not a common occurrence in bacterial overgrowth.
Indeed, patients with bacterial overgrowth may man-
ifest high levels of folate because the overgrowth flora
can synthesize folate. Low levels of albumin in the
serum occur and occasionally this is severe enough
to lead to edema. The reasons for the hypoalbuminemia
are multifactorial but include decreased uptake of
amino acids by the damaged small intestinal entero-
cyte, intraluminal breakdown of protein and protein
precursors by the bacteria of the overgrowth flora, and
a protein-losing enteropathy. It has been appreciated
for a long time that as many as 60% of patients with
bacterial overgrowth may have a decreased urinary
xylose excretion. The primary reason for the decreased
urinary xylose excretion is catabolism of the xylose by
the intraluminal bacterial flora. Diarrhea in the over-
growth state can come from the production of organic
acids caused by the overgrowth flora, leading to an
increased osmolarity of the small intestine and de-
creased intraluminal pH. Bacterial metabolites such
as free bile acids, hydroxy fatty acids, and organic
acids can stimulate water secretion and electrolytes
into the lumen.
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DIAGNOSIS OF
BACTERIAL OVERGROWTH

In any patient who presents with unexplained diarrhea,
steatorrhea, macrocytic anemia, or weight loss, bacterial
overgrowth should be suspected. This suspicion should
be very great if the patient is elderly or has had a pre-
vious abdominal surgery. At most medical centers, the
most common causes of clinically important malabsorp-
tion are bacterial overgrowth or chronic pancreatitis.
Figure 1 speaks to that issue. It presents an algorithm
for the evaluation of patients with malabsorption, in-
cluding those with bacterial overgrowth. The algorithm
emphasizes the use of noninvasive and inexpensive
tests. An attempt should be made to document the pres-
ence of steatorrhea. If the patient has clinically signif-
icant bacterial overgrowth, cobalamin absorption is
usually impaired, even though the patient may not
have yet developed cobalamin deficiency. Intrinsic fac-
tor administration will not improve the cobalamin mal-
absorption in patients with bacterial overgrowth. The
urinary excretion of xylose is often decreased, in con-
trast to patients with pancreatic steatorrhea, for whom
the urinary excretion of xylose is usually normal. It is
remarkable that the serum folate level may be increased
in some but not all patients with bacterial overgrowth.

The definitive diagnosis of bacterial overgrowth re-
quires a properly collected and appropriately cultured
aspirate from the proximal small intestine. This speci-
men should be collected under anaerobic conditions,
serially diluted, and cultured on selected media. In pa-
tients with bacterial overgrowth, the total concentration
of bacteria usually exceeds 10> organisms/ml of the je-
junal secretions. However, it is important to stress that
patients are now presenting with symptoms of bloating,
abdominal distension, and pain with bacterial levels as
low as 10%/ml of jejunal secretions. Usually, these pa-
tients do not have cobalamin malabsorption or steator-
rhea, compared to patients with higher amounts of
organisms. Qualitatively, the organisms are colonic-
like flora, i.e., Bacteroides, anaerobic lactobacilli, col-
iforms, and enterococci. Intestinal cultures, properly
done, are time consuming, uncomfortable for the pa-
tient, and expensive. Consequently, they are not usually
done in clinical practice. Therefore, a variety of surrog-
ate tests for detecting bacterial overgrowth have been
devised based on the various metabolic actions of the
bacteria within the overgrowth flora. Table III lists var-
ious tests done worldwide and reports on their ease of
performance, sensitivity, specificity, and safety. A num-
ber of these tests cannot distinguish malabsorption from
other causes from that caused by bacterial overgrowth.
A 1-g "*C-labeled xylose breath test has been found to be
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!

:

Normal

:

Abnormal

Urinary xylose test

.

v

Selective tests Normal
Serum folate

Serum iron

Serum cobalamin (B1,)
Lactose breath test
14C-xylose breath test
Cholyl-1-14C-glycine
breath test

Schilling test

Secretin test

Normal
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14C-xylose breath test
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Abnormal
Antibiotic therapy

Small bowel biopsy
Small bowel culture

FIGURE 1 Algorithm for evaluation of malabsorption. From Toskes, P.P. (2002), with per-

mission from Lippincott Williams & Wilkins.

a sensitive and specific test for detecting the presence of
bacterial overgrowth. When this test is evaluated in
comparison to a properly performed intestinal culture,
the reliability is around 90%. It is not recommended that
the "*C-labeled xylose be used as a substrate in the
diagnosis of bacterial overgrowth in children. There-
fore, nonradioactive substrates such as *>C-labeled sor-
bitol have been developed and appear to be excellent
tests for detecting bacterial overgrowth while affording
no radiation risk to the human host. These '>C-labeled
substrates have not yet been approved for clinical use.
Analysis of breath hydrogen following the administra-
tion of various carbohydrate substrates has been em-
ployed as a test for overgrowth, but this test suffers
greatly from a lack of sensitivity and specificity. It is
noteworthy that an elevated fasting level of hydrogen
is present in up to 30% of people with bacterial over-
growth, and if found, can be used to make the diagnosis.

MANAGEMENT OF
BACTERIAL OVERGROWTH

The aim of therapy is to correct, when appropriate,
the cause of the stasis, but surgery is often impractical
for patients with scleroderma, multiple diverticula,

diabetes, intestinal pseudo-obstruction, etc. Thus, anti-
microbial therapy is the cornerstone of treatments.
Remarkable improvements can be achieved in most
patients such that they have a cessation of diarrhea
and steatorrhea, and gain weight, leading to a better
quality of life. Sensitivities of a culture obtained from
the proximal intestine for selection of the proper ther-
apy are not employed because of the many different
bacterial species present, which often with very different
antimicrobial sensitivities. Thus, it is important to
select an antimicrobial agent that will be effective
against the two main groups of bacteria responsible
for the abnormalities observed in bacterial overgrowth.
Antibiotics that have been shown to be effective, either
by controlled trials or extensive clinical practice, against
both the aerobic and anaerobic enteric bacteria are
shown in Table IV. Antibiotics that are known to have
poor activity against anaerobes should not be utilized in
treating bacterial overgrowth. Such antibiotics include
penicillin, ampicillin, the oral aminoglycosides, kana-
mycin, and neomycin. In most patients, a single 10-day
course of therapy will markedly improve symptoms and
the patient may remain symptom free for a considerable
time. In others, the symptoms recur quickly after treat-
ment and acceptable results can be obtained only
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TABLE III Diagnostic Tests for Bacterial Overgrowth
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Tests Ease of performance Sensitivity Specificity Safety
Culture Poor Excellent Excellent Good
Urinary indican Good Poor Poor Excellent
Jejunal fatty acids Poor Fair Excellent Good
Jejunal bile acids Poor Fair Excellent Good
Fasting breath H, Excellent Poor Excellent Excellent
#C-Labeled bile acid breath test Excellent Fair Fair Good
1*C-Labeled xylose breath test Excellent Excellent Excellent Good
Lactulose-H, breath test Excellent Fair Fair Excellent
Glucose-H, breath test Excellent Good Fair Excellent

Modified with permission from Toskes, P. P., and Kumar, K. (1998). Enteric bacterial flora and bacterial overgrowth syndrome. In
“Gastrointestinal and Liver Disease” (M. Feldman, B. Scharschmidt, and M. Sleisenger, eds.), 6th Ed., pp. 1523—1535. W. B. Saunders,

Philadelphia, PA.

with cyclic therapy, such as 10 days out of each month.
In still others, continuous therapy may be needed for up
to 30 days. If the antimicrobial agent is effective, there
will be a resolution or marked diminution of symptoms
within 7 days. Diarrhea and steatorrhea will decrease
and cobalamin malabsorption will be corrected.
Prolonged antibiotic therapy poses potential clinical
problems, including diarrhea, enterocolitis, patient in-
tolerance, and bacterial resistance. A prokinetic agent
that could help clear the intestine of the overgrowth
flora would be most advantageous. Salutary results
have been obtained with both cisapride and octreotide
(50 pg, nightly) in a small number of studies. Hydroxy-
tryptamine (HT3 and HT4) antagonists are available
to use in patients with dysmotility syndromes. The
value of these agents in patients with overgrowth
remains to be defined, but their use is provocative.
Other recommendations for managing the patient
with bacterial overgrowth include supplementation
with cobalamin, calcium, fat-soluble vitamins, and
iron. A lactose-free diet is suggested because the patients
often develop lactase deficiency secondary to mucosal

TABLE IV Therapy for Bacterial Overgrowth

Antimicrobial agent Dose/day (10-day course) ¢

Tetracycline 250 mg qid
Doxycycline 100 mg bid
Minocycline 100 mg bid
Amoxicillin—clavulanic acid 875 mg bid

Cephalexin+metronidazole 250 mg qid and 250 mg tid

Trimethoprim— One double-strength tab bid
sulfamethoxazole

Ciprofloxacin 500 mg bid

Norfloxacin 400 mg bid

Chloramphenicol 250 mg qid

“ Abbreviations: qid, quarter in die (four times/day); bid, bis in die
(twice/day); tid, ter in die (three times/day).

injury, and this may linger on even though the patient’s
antimicrobial therapy has decreased most of their
symptoms. The use of medium-chain triglycerides in-
stead of long-chain triglycerides is recommended be-
cause the medium-chain triglycerides, in contrast to
the long-chain triglycerides, are not rendered ineffective
by the bile salt-deconjugating activity of the overgrowth
flora. The use of probiotics for the treatment of bac-
terial overgrowth has been disappointing. Controlled
trials comparing antibiotic therapy to treatment with
Saccharomyces boulardii have demonstrated the effec-
tiveness of antibiotics but the ineffectiveness of the ad-
ministered probiotic supplements.

The clinician should have a very low threshold for
suspecting bacterial overgrowth as a cause of malab-
sorption, because this condition can be easily diagnosed
and well treated. An appropriate attempt should be
made to document whether bacterial overgrowth is
present and then to administer proper therapy.
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cytotoxins Virulence factors secreted or released by patho-
genic bacteria, causing cytoskeletal destruction of target
cells.

enterochromaffin cells Largest endocrine cell types in the
gastrointestinal tract; dispersed among mucosal epithe-
lial cells. The cytoplasm of enterochromaffin cells is
filled with a large number of secretory granules,
characteristic of endocrine cells.

enterotoxins Virulence factors secreted or released by
pathogenic bacteria, causing fluid accumulation in
closed intestinal or colonic loops of experimental
animals.

G proteins Heterotrimeric GTP-binding proteins composed
of o, B, and v subunits; usually coupled with cell surface
receptors containing seven membrane-spanning do-
mains. Agonist binding to these receptors stimulates
the exchange of GDP for GTP on the G, subunit,
resulting in the dissociation of G,, from B and y subunits.
These subunits separately activate their downstream
effectors, including adenylyl cyclases, phospholipases,
and ion channels.

lipid rafts Plasma membrane microdomains enriched with
cholesterol and glycosphingolipids; serve as entry routes
for bacterial toxins in target cells.

tight junctions Cell—cell contact sites localized in the
uppermost region of polarized intestinal epithelium,;
regulate paracellular flux of ion and solutes and consist
of fibril proteins, claudins, and occludin, and peripheral
proteins such as zonula occludens.

Bacterial toxins derived from enteric pathogens partici-
pate in the pathophysiology of intestinal infections;
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enterotoxins trigger intestinal fluid secretion and inflam-
mation, cytotoxins cause cytopathogenic effects, and
further damage involves stimulating host immune re-
sponses. Toxins are enzymes that can biochemically
modify specific molecules on the plasma membrane or
cytosol of target cells. They are secreted or released by
pathogenic bacteria and often utilize existing host cellular
pathways to cross the plasma membrane barrier. Entero-
toxins traffic to subcellular organelles of intestinal epi-
thelial cells, where they can be proteolytically processed,
leading to the release of enzymatically active toxin frag-
ments. These toxin fragments are able to alter specific
host cell signaling cascades, leading to cell injury and
inflammation. Some bacterial toxins share structural
similarities in their enzymatically active toxin domains,
which are different from the receptor-binding domains
that are responsible for toxin internalization and traffick-
ing to the target site. Various molecular mechanisms in-
volving the receptors, enzymatic activity, and cell targets
play a role in the pathophysiology of the most common
bacterial toxins that affect the gastrointestinal tract
(Table I).

VIBRIO CHOLERAE TOXINS

Vibrio cholerae toxin is the major virulence factor re-
sponsible for cholera epidemics, representing a major
public health burden in developing countries. Patients
with cholera experience voluminous loss of salt and
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mains. Agonist binding to these receptors stimulates
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resulting in the dissociation of G,, from B and y subunits.
These subunits separately activate their downstream
effectors, including adenylyl cyclases, phospholipases,
and ion channels.

lipid rafts Plasma membrane microdomains enriched with
cholesterol and glycosphingolipids; serve as entry routes
for bacterial toxins in target cells.

tight junctions Cell—cell contact sites localized in the
uppermost region of polarized intestinal epithelium,;
regulate paracellular flux of ion and solutes and consist
of fibril proteins, claudins, and occludin, and peripheral
proteins such as zonula occludens.
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enterotoxins trigger intestinal fluid secretion and inflam-
mation, cytotoxins cause cytopathogenic effects, and
further damage involves stimulating host immune re-
sponses. Toxins are enzymes that can biochemically
modify specific molecules on the plasma membrane or
cytosol of target cells. They are secreted or released by
pathogenic bacteria and often utilize existing host cellular
pathways to cross the plasma membrane barrier. Entero-
toxins traffic to subcellular organelles of intestinal epi-
thelial cells, where they can be proteolytically processed,
leading to the release of enzymatically active toxin frag-
ments. These toxin fragments are able to alter specific
host cell signaling cascades, leading to cell injury and
inflammation. Some bacterial toxins share structural
similarities in their enzymatically active toxin domains,
which are different from the receptor-binding domains
that are responsible for toxin internalization and traffick-
ing to the target site. Various molecular mechanisms in-
volving the receptors, enzymatic activity, and cell targets
play a role in the pathophysiology of the most common
bacterial toxins that affect the gastrointestinal tract
(Table I).

VIBRIO CHOLERAE TOXINS

Vibrio cholerae toxin is the major virulence factor re-
sponsible for cholera epidemics, representing a major
public health burden in developing countries. Patients
with cholera experience voluminous loss of salt and
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TABLEI Receptor, Enzymatic Activity, and Cellular Target of the Most Common Bacterial Toxins Affecting the Intestine

Enterotoxin Receptor Enzymatic activity Cellular target
Vibrio cholerae toxin GM1 ganglioside ADP-ribosyltransferase Heterotrimeric G protein (Gys)
Zonula occludens toxin Unknown Unknown Phospholipase C/PKC-a
Heat-labile enterotoxins GD1b ganglioside ADP-ribosyltransferase Heterotrimeric G protein (Ggs)
Heat-stable enterotoxins Unknown Unknown Receptor-coupled guanylyl cyclase
Shiga and shiga-like toxins Gbs ceramide N-Glycosidase 28S RNA
Clostridia toxins A and B Unknown Glucosyltransferase Rho GTPases
Bacteroides fragilis enterotoxin Unknown Zinc metalloprotease E-Cadherin

fluid that may lead to metabolic acidosis and death.
Cholera toxin (CT) is encoded in the genome of a fil-
amentous phage (CTX¢) that is integrated into one of
the two bacterial chromosomes. CT, which belongs to
the ABs type family of toxins, consists of one A subunit,
containing Al and A2 peptide chains linked by a disul-
fide bond, and five identical B subunits. The ABs family
of toxins also includes the Escherichia coli heat-labile
enterotoxin and shiga and pertussis toxins. The binding
domain, or the B subunit, of CT forms a pentamer and
binds stoichiometrically to cell surface glycolipid recep-
tor GM1 ganglioside. The internalization of CT into
target cells is mediated via a lipid raft-dependent mech-
anism. CT, which is transcytosed in membrane vesicles
pinched off form the plasma membrane, passes through
the Golgi cisternae and enters the endoplasmic reticu-
lum, where the holotoxin is unfolded. A luminal chap-
erone protein, protein disulfide isomerase, aids in the
unfolding of CT and in the subsequent proteolytic re-
lease ofits Al chain. The A1 chain exits the endoplasmic
reticulum through a protein-conducting channel
(Sec6lp) and travels back to the plasma membrane.
This enzymatically active toxin peptide modifies (by
adenosine diphosphate ribosylation) the heterotrimeric
G protein, G, resulting in activation of adenylyl cyclase
and increased cyclic adenosine monophosphate
(cAMP) levels. This leads to the opening of chloride
channels in intestinal epithelial cells and loss of salt
and water, a major characteristic of cholera diarrhea.
Physiology studies in whole animals demonstrate
that in addition to its cAMP stimulatory mechanism,
CT-mediated intestinal fluid secretion in vivo may in-
volve extensive interactions between enterochromaffin
cells, intestinal nerves, and epithelial cells. Evidence
indicates that CT binds to enterochromaffin and intes-
tinal epithelial cells in the intestinal mucosa and stim-
ulates release of serotonin and prostaglandins,
respectively. These molecules activate neurons in the
intestinal submucosa region, leading to release of sub-
stances that interact with crypt cells, i.e., acetylcholine,

substance P, and vasoactive intestinal peptide (VIP),
resulting in secretion of chloride and water. Thus, phar-
macologic blockade of CT-associated neuroendocrine
pathways may have a place in the treatment of cholera
diarrhea.

In addition to the stimulation of secretory pathways,
CT also induces the release from epithelial cells of
several antiinflammatory cytokines, such as IL-1 antag-
onist, IL-6, and IL-10, and inhibits antigen presentation
by macrophages. This is believed to increase the viru-
lence potential of CT by compromising the host’s im-
mune defense. The binding subunit of CT also
modulates host immune responses and includes the de-
pletion of CD8+ T cells, alterations of CD4+ T-cell
differentiation, activation of B cells, and promotion of
antigen processing and presentation by macrophages.
The potent capacity of the CT B subunit to modulate
immune responses suggests its potential application in
the treatment of inflammatory autoimmune diseases
and/or as an adjuvant for mucosal or systemic delivery
of specific antigens.

Zonula occludens toxin (Zot) is an enterotoxin pro-
duced by V. cholerae. Zot, like CT, is encoded in the
genome of filamentous phage CTX¢ integrated into
one of the two chromosomes of V. cholerae. Newly
synthesized Zot (45kDa) is transported across the
inner membrane of the bacterium and undergoes pro-
teolytic cleavage to an N-terminal polypeptide
(33 KDa), and to a small C-terminal domain (12 KDa).
The N terminus may aid in the assembly of the CTX¢
phage whereas the C terminus induces paracellular
permeability changes in intestinal epithelial cells. Zot
binding to cell surface receptors decreases along the axis
of the intestinal tract and correlates with its effect on
intestinal permeability, which is more pronounced in
the jejunum and ileum and absent in colon. After bind-
ing, Zot is internalized and activates the signaling
molecule phospholipase C. This leads to production
of inositol 1,4,5-trisphosphates and diacylglycerol
and activation of protein kinase C-a (PKC-o), leading
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to actin polymerization and opening of epithelial tight
junctions. Thus, both Zotand CT may be responsible for
the diarrheal effects of V. cholerae.

Escherichia coli TOXINS

Heat-labile enterotoxin (LT) has been isolated from en-
terotoxigenic E. coli (ETEC), representing the most fre-
quent cause of traveler’s diarrhea worldwide. LT is
highly homologous to CT, and the tertiary structures
of these two toxins are almost superimposed. The mode
of LT action is also similar to that of CT in that the A
chain of LT possesses adenosine diphosphate (ADP)-
ribosyltransferase activity against the G, substrate.
The loss of GTPase activity results in activation of ad-
enylyl cyclase followed by massive loss of fluid and
solutes. The LT-mediated fluid secretion involves
secretomotor neurons, but, in contrast to CT-mediated
fluid secretion, serotonin and substance P do not appear
to be involved in LT-induced intestinal fluid secretion.
Moreover, intestinal diarrhea induced by LT is less se-
vere than CT-induced diarrhea, possibly because of dif-
ferent intestinal cell receptors for these two toxins.
Several LT variants (LTI, LTIIa, and LTIIb) have been
isolated from different ETEC serogroups. LTIla binds to
ganglioside GD1b with high affinity, but it also binds to
the gangliosides GD1a, GT1b, GQ1b, and GM1 with
lower affinity. Binding of LTIIa to the CT receptor
GM1 fails to produce CT-like effects in cultured
colonocytes. In contrast, LTIIa binds to lipid raft-asso-
ciated GD1b and mediates trafficking of the toxin into
host cells, eliciting a chloride secretory response.
Heat-stable enterotoxins (STs) represent a family of
cysteine-rich peptides that bind to specific intestinal
receptors and cause diarrhea. STa and STb are two sub-
families of STs that display structural and immunolog-
ical differences. STa consists of toxins secreted by
enterotoxigenic E. coli, V. cholerae non-O1 strains,
Yersinia enterocolitica, and Citrobacter freundii. STa
from ETEC is synthesized as a 72-amino-acid precursor
that is proteolytically cleaved to a mature C-terminal
23-amino-acid peptide. The conserved “toxic domain”
of mature STa contains six cysteine residues, forming
intramolecular disulfide bonds that are essential for the
tertiary structure and the biological activity of toxin. STa
binds to receptors belonging to the family of natriuretic
peptide receptors characterized by an extracellular li-
gand binding site and a cytoplasmic guanylyl cyclase
domain. Activation of guanylyl cyclase C increases in-
tracellular cyclic GMP and cyclic GMP-dependent pro-
tein kinase activity, leading to the phosphorylation and
opening of the cystic fibrosis transmembrane conduc-
tance regulator (CFTR), a chloride channel. This results
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in the net efflux of ions and water into the intestinal
lumen.

ETEC STb contains 48 amino acids and resides in
the C-terminal end of a precursor protein. The four
conserved cysteine residues in STb form two disulfide
bonds that are essential for toxicity. STb does not alter
cAMP or cGMP levels in the intestinal mucosa. How-
ever, injection of STb into rabbit intestinal loops in-
creases secretion of serotonin and prostaglandin E2,
known intestinal secretagogues that may mediate
STb-induced diarrhea.

Shigella dysenteriae TOXINS

Shiga and shiga-like toxins are produced by Shigella
dysenteriae (type 1) and some strains of entero-
hemorrhagic E. coli (EHEC) O157:H7. Humans are
often infected by these pathogens after ingestion of con-
taminated food and develop symptoms ranging from
mild gastroenteritis to hemorrhagic colitis and hemo-
lytic uremic syndrome. The amino acid sequence of
shiga toxin is almost identical to that of shiga-like
toxin-1, but shares only 56% sequence homology
with shiga-like toxin-2. These toxins are members of
the ABs family that include one enzymatic (A) and five
binding (B) peptide chains. The B subunit binds with
high binding affinity to its glycolipid receptor globotria-
soyl ceramide (Gbs;), which is highly expressed in the
gastrointestinal tract, kidney, and brain, reflecting the
ability of the toxin to affect these organs. The holotoxin
is internalized from the apical side of host cells via en-
docytosis, and travels in a retrograde fashion to the
endoplasmic reticulum. The A polypeptide is then re-
leased into the cytosol whereas the B polypeptide may be
delivered to the basolateral membrane and released into
the subepithelial layer. The A chain is proteolytically
cleaved to the Al and A2 peptides. The cytosolic target
of the A1 chain is the 28S RNA of the 60S ribosomal unit.
The specific cleavage of an N-glycosidic bond in the 28S
RNA by the Al chain blocks the binding of aminoacyl-
tRNA to its acceptor site, resulting in inhibition of cel-
lular protein synthesis and cell death.

Shigella dysenteriae invades the intestinal mucosal
epithelium and induces severe inflammation in the
ileum and colon. Shiga toxin may penetrate the intes-
tinal epithelial barrier either by transcytosis or via a
paracellular route that can be compromised by epithel-
ial cell damage during inflammation. On entering the
intestinal microcirculation, shiga toxin affects vascular
endothelial cells and causes vascular thrombosis.
Subsequently, the toxin travels to the kidney via the sys-
temic circulation and causes severe histopathological
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kidney changes known to be associated with hemolytic
uremic syndrome.

Clostridium difficile TOXINS

Clostridium difficile mediates diarrhea and pseudo-
membranous colitis in some patients receiving anti-
biotic therapy. Clostridium difficile is the most frequently
diagnosed cause of infectious diarrhea in hospitalized
patients and is associated with significant morbidity and
mortality. This bacterium releases two exotoxins, A and
B, which belong to the large clostridial toxin family that
includes Clostridium sordellii and Clostridium novii tox-
ins. Clostridial toxins have large molecular masses
(>250kDa), demonstrate extensive amino acid simi-
larities, and are characterized by absence of subunits
and similar cytopathogenic (cell rounding) effects on
cultured cells. Clostridium difficile toxins A and B share
49% amino acid sequence homology and overall struc-
tural similarity. The cytotoxic effects of toxins A and B
involve modification of the Ras superfamily small
GTP-binding proteins that regulate cellular actin. The
N-terminal domains of toxins A and B possess glucosyl-
transferase activity that catalyzes the transfer of a glu-
cose moiety from UDP-glucose to the Rho family of the
small GTP-binding proteins RhoA, Rac, and Cdc42, the
major regulators of cellular actin dynamics. Glucosy-
lated RhoA exhibits reduced intrinsic GTPase activity
and loses its ability to couple with its downstream
effectors, leading to actin depolymerization and cell
death. The C-terminal receptor-binding domain con-
tains several repetitive oligopeptide subunits that, in
animal intestine, are responsible for toxin A binding
to enterocyte receptors containing terminal a-galactose
epitopes. The human intestinal receptor for these tox-
ins, however, has yet to be identified.

Both toxins A and B can damage colonic epithelial
cells and increase paracellular flux in human colonic
explants. However, only toxin A has enterotoxic activ-
ities in animal intestine. Toxin A-induced paracellular
permeability changes are mediated by a protein kinase C
o/B-dependent pathway and involve translocation of the
proteins ZO-1, occludin, and claudins from the tight
junction to the cytoplasmic compartment. The in vivo
pathophysiology of toxin A-induced inflammation in-
volves activation of immune cells and neurons
and secretion of proinflammatory cytokines from
colonic epithelial and lamina propria cells. Pharmaco-
logic blockade of receptors for the neuropeptides
substance P, calcitonin gene-related peptide, and
neurotensin inhibits toxin A-induced intestinal inflam-
mation and fluid secretion, suggesting participation
of intestinal neurons in toxin A-mediated host
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inflammatory responses. Toxin A triggers interleukin
(IL-8) secretion via stimulation of mitogen-activated
protein kinase cascades and activation of the nuclear
transcription factor NF-«kB in monocytes and colonic
epithelial cells. Proinflammatory cytokines, released
in response to C. difficile toxins from intestinal mucosal
cells, may be responsible for activation of intestinal
nerves observed in animal models of toxin A-induced
enterocolitis.

Antibodies against C. difficile toxins A and B are
present in the majority of healthy adults and children,
and immunization against toxin A protects animals from
C. difficile infection. Recent evidence indicates that the
development of symptomatic C. difficile infection is well
correlated with the immune response to C. difficile tox-
ins and that a defective antibody response to toxin A is
linked to recurrent C. difficile infection. Thus, vaccina-
tion or passive immunotherapy for C. difficile-associated
diarrhea and colitis may represent exciting possibilities
for prophylaxis and treatment of this disease.

Bacteroides fragilis ENTEROTOXIN

Bacteroides fragilis enterotoxin (BFT) has been associ-
ated with strains of B. fragilis isolated from animals and
children with diarrheal disease. BFT, also known as
fragilysin, is synthesized by enterotoxic strains of
B. fragilis (ETBF) as a precursor protein (397 amino
acids) and is proteolytically cleaved into a mature
toxin (amino acids 212—397). Three distinct BFT-en-
coding genes (bft-1, -2, and -3) have been cloned from
different ETBF strains with 92—96% amino acid homol-
ogy. Sequence comparison reveals that BFT contains a
zinc-binding metalloprotease motif. The C-terminal 20
amino acids of the bft-2 gene product exhibits an am-
phipathic structure and may be responsible for mem-
brane insertion of BFT-2 into host cells. The mature
toxin cleaves the extracellular domain of the transmem-
brane adherence junction protein E-cadherin. This is
followed by degradation of the remaining cytoplasmic
domain of E-cadherin by cellular proteases. The degra-
dation of E-cadherin apparently triggers reorganization
of cell actin filaments, leading to increased cell volume
and diminished tight junction barrier functions.
Purified BFT stimulates fluid secretion in ligated
ileal and colonic loops in experimental animals. Anal-
ysis of the fluid content of intestinal loops reveals in-
creased levels of sodium, chloride, albumin, and protein.
In addition, mildly hemorrhagic fluid and patchy mu-
cosal wall hemorrhage are observed, suggesting that
BFT evokes an intestinal inflammatory response. BFT
stimulates release of the proinflammatory cytokine IL-8,
increases paracellular permeability, and causes
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alterations of tight junctional proteins in cultured in-
testinal epithelial cells. These data indicate that BFT is
the virulent factor responsible for ETBF-induced intes-
tinal diarrhea and inflammation.

See Also the Following Articles
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Barium Radiography
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aspiration Inhalation of ingested substances.

barium enema Radiographic examination of the colon and
rectum.

barium sulfate White powdery substance used to facilitate
radiographic visualization of internal structures of the
body.

colonoscopy Examination of the colon using a colonoscope
to visualize the lumen of the colon directly.

contrast media Substances used to facilitate radiographic
visualization of internal structures of the body.

deglutition Swallowing.

diverticula Outpouchings of mucous membrane through the
muscular wall of a tubular organ.

dysphagia Difficulty swallowing.

endoscopy Visual inspection of any cavity of the body by
means of an endoscope, which is an instrument to
visualize the interior of a hollow organ.

en face Face-on.

enteroclysis Type of radiographic examination of the small
bowel.

fluoroscopy Examination by means of a fluoroscope, which
is a device used for examining deep portions of the body.

gastric Pertaining to the stomach.

gastric fundus Upper portion of the stomach.

gastrointestinal tract Portion of the body comprising the
pharynx, esophagus, stomach, small bowel, colon, and
rectum.

gastrointestinal tract contrast examination Radiographic
examination of the gastrointestinal tract utilizing a radio-
opaque substance to facilitate visualization of portions of
the gastrointestinal tract.

intubation Obtaining access to the gastrointestinal tract with
a tube.

lumen Cavity within a tubular organ, such as the gastro-
intestinal tract.

manometry Examination measuring pressure in the gastro-
intestinal tract.

mastication Chewing.

mucosal Pertaining to the mucous membrane.

pharyngoesophagram Radiographic examination of the
pharynx and esophagus.

pharyngogram Radiographic examination of the pharynx.

pharynx Uppermost portion of the gastrointestinal tract
between the mouth and the esophagus.

proctography Radiographic evaluation of the rectum and
anus.
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radiographic examination Using X rays to evaluate portions
of the body.

small bowel series Radiographic examination of the small
bowel.

upper gastrointestinal tract examination Assessment of the
esophagus, stomach, and duodenum.

viscus Tubular portion of the gastrointestinal tract.

Barium radiographic examinations are often crucial in the
investigation of patients with suspected gastrointestinal
disease. The examination involves a certain element of
routine, although every examination can and should be
specifically tailored to answer the clinical question. Bar-
ium radiography should be tailored to the patient’s ability
to undergo the examination. It is therefore of extreme
importance that the radiologist be given all of the appro-
priate clinical information to ensure that the examination
yields useful diagnostic information.

INTRODUCTION

Gastrointestinal tract contrast examinations can be per-
formed using what is commonly known as single- or
double-contrast technique, or in some circumstances, a
combination of both techniques (biphasic technique).
The single-contrast technique is performed by filling the
lumen with a relatively low-density barium preparation
and utilizing compression for detection of contour
irregularities or abnormalities or filling defects in the
barium pool. Because of the density of the barium-filled
organ, the compression helps to displace barium into
ulcer craters and to better allow detection of polypoid
and ulcerated lesions en face. Unfortunately, several
technical problems occur with this technique. Superfi-
cial mucosal abnormalities cannot be easily recognized,
the rectum and gastric fundus become very dense and
are relatively inaccessible to compression, thereby pre-
cluding demonstration of en face lesions, and compres-
sion may be impossible because of obesity or because
of recent abdominal surgery or trauma. Double-contrast
examinations are performed with a smaller amount of
high-density barium to coat the mucosal surface and

Copyright 2004, Elsevier (USA). All rights reserved.
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with swallowed effervescent carbon dioxide granules to
distend the viscus with gas. This allows visualization of
lesions en face and in profile. Compression is routinely
performed and is especially helpful for anterior wall
lesion demonstration and for lesions characterized by
areas of narrowing. Double-contrast techniques allow
detection of contour abnormalities as well as fine mu-
cosal abnormalities and irregularities and are also often
helpful in detecting lesions that cannot be detected by
endoscopy, are missed or misinterpreted at endoscopy,
and are often helpful in evaluating patients who refuse
or are not candidates for endoscopy. Double-contrast
examinations are, however, not adequate where there is
poor coating, where there is insufficient distension
(which may hide lesions), or where there is over-
distension (which can obscure lesions). In some
cases, in addition to the double-contrast examination,
it may be necessary to perform a single-contrast exam-
ination afterward to gain additional information.

PHARYNX

Swallowing and feeding problems are common in all
age groups, but particularly in older patients and are
becoming an increasingly frequent problem in medical
practice.

Applications

A radiographic pharyngeal examination is most fre-
quently performed on patients with feeding difficulty or
difficulty swallowing, and is also helpful in evaluating
patients with respiratory problems, for whom laryngeal
penetration and aspiration may result in aspiration
pneumonia, chronic bronchitis, chronic coughing, or
choking. Radiographic pharyngeal examination may
also be helpful in detection of soft palate insufficiency,
which may resultin nasal regurgitation or a nasal quality
to the voice. In addition, radiologic evaluation of the
pharynx may be helpful in assessing pharyngeal mor-
phology and function in patients with certain neuro-
logic diseases and degenerative mneurologic or
muscular abnormalities, cerebrovascular accidents,
head injury, pharyngeal neoplasia, and complications
of head and neck surgery or radiation. Radiographic
evaluation of swallowing is often needed to assist the
swallowing therapist in the choice of an appropriate
nutritional option in those patients suspected of aspi-
ration with different nutritional consistencies. In addi-
tion, the swallowing therapist can visualize the effect of
various therapeutic maneuvers that can be performed to
help diminish laryngeal penetration and aspiration.
Pharyngoesophagrams are useful in evaluating patients
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for suspected foreign body, fistula, or abscess. A prom-
inent cricopharyngeus muscle, which may cause pa-
tients to complain of dysphagia, may be detected
during a pharyngogram. Pharyngography may be help-
ful in diagnosing lateral pharyngeal pouches and diver-
ticula, which may result in spillage of contents into the
hypopharynx with resultant aspiration into the larynx
and tracheobronchial tree, and may be complicated by
ulceration or neoplasia. Zenker’s diverticula are usually
detectable with radiographic examinations of the phar-
ynx (Fig. 1). Barium studies are of limited value in pa-
tients with viral, bacterial, or fungal infection of the
pharynx because these patients usually have normal
pharyngograms or lymphoid hyperplasia of the palatine
tonsil or base of the tongue. Occasionally, Candida or
herpes pharyngitis may be detected, especially in pa-
tients with AIDS. Barium studies may also be helpful in
patients with chronic sore throat, in which underlying
gastroesophageal reflux or reflux esophagitis may be the
contributing factor. Double-contrast pharyngography
plays a role in the detection and workup of pharyngeal
neoplasms. The size, level, and extent of the lesion can

FIGURE 1 Fluoroscopic spot image from a barium esopha-
gram showing a large Zenker’s diverticulum (arrow) projecting
from the posterior aspect of the proximal esophagus.
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be determined and regions of the pharynx that are dif-
ficult to visualize or easily missed at endoscopy (such as
submucosal masses) can be visualized.

Contraindications

Contrast examination of the pharynx may be dan-
gerous in a patient with acute airway obstruction. The
most notable clinical example for which barium studies
are contraindicated is suspected epiglottitis. Patients
with suspected airway obstruction should have plain
films of the neck as the initial radiographic examination.

Technique

Radiographic examination of the pharynx includes a
cine or video pharyngoesophagram to evaluate motility,
and a series of spot films to evaluate structural abnor-
malities. In a patient with suspected foreign body, fis-
tula, or abscess, frontal and lateral plain films of the neck
should be obtained in addition.

The videofluoroscopic swallowing examination is
normally limited to the oral cavity, pharynx, and cervi-
cal esophagus and is designed to study the anatomy and
physiology of the oral preparatory, oral, pharyngeal, and
cervical esophageal stages of deglutition. Small amounts
of contrast material are used to minimize the risk while
evaluating the physiology of the oral cavity and phar-
ynx. Four consistencies of material are used to investi-
gate patient complaints of variable swallowing
disability: thin and thick liquid barium, barium paste
mixed with applesauce, and material requiring masti-
cation (crackers mixed with barium paste). Swallowing
therapists who may be involved in the care of the patient
often attend the radiographic examination and assist in
deciding in the types and amounts of testing materials to
be used. The cine or video recording of each swallow
allows a frame-by-frame analysis of the various param-
eters of swallowing. Movement of the tongue, soft pal-
ate, and epiglottis, as well as laryngeal closure and
cricopharyngeal opening, symmetry of tongue motion,
pharyngeal peristalsis, and epiglottic tilt, can be as-
sessed using a combination of lateral and frontal
projections.

Double-contrast views of the pharynx are obtained
in frontal and lateral projections to demonstrate the
contours of the valleculae and piriform sinuses, lateral
walls of the tonsillar fossae and hypopharynx, superior
and inferior borders of the base of the tongue, the
soft palate, the posterior pharyngeal wall, the
anterior hypopharyngeal wall, the epiglottis, and
the cricopharyngeus.
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UPPER GASTROINTESTINAL TRACT

Currently, most patients presenting with epigastric pain
or other gastrointestinal symptoms are initially treated
empirically with a trial of medication without undergo-
ing any diagnostic investigations. However, compliant
patients who fail to respond to this therapy will usually
undergo either endoscopy or an upper gastrointestinal
radiographic examination as the first diagnostic test,
with proponents existing for both endoscopy and
upper gastrointestinal radiographic examinations.
Those that advocate endoscopy feel that the additional
expense and definite risk of the procedure are warranted
because of its perceived greater accuracy and possibility
for definitive treatment. With the use of the biphasic
technique (combination of single- and double-contrast
techniques), the ability to diagnose accurately disorders
of the esophagus, stomach, and duodenum has dramat-
ically improved. A meticulously performed biphasic ex-
amination, although not as sensitive for detection of
mild inflammatory conditions, remains an excellent
cheaper, less risky, and relatively accurate alternative.
In addition, although the upper endoscopy can only
directly evaluate the mucosa, the radiographic upper
gastrointestinal examination is capable of evaluating
the mucosa as well as the wall of the upper gastrointes-
tinal tract and is helpful in evaluating motility disorders.

Applications
Esophagus

The esophagus should be evaluated with a dedicated
examination directed to the esophagus, if patient
symptoms suggest localized esophageal disease. Alter-
natively, if the symptoms cannot be specifically local-
ized to the esophagus, the esophagus can be evaluated as
part of a dedicated upper gastrointestinal examination.

In patients presenting with reflux symptoms, the
barium examination may be helpful for documentation
of a hiatal hernia (Fig. 2), for demonstration of
suspected reflux, and for detection of possible reflux
sequelae, such as reflux esophagitis and ulceration,
strictures, Barrett’s esophagus, and esophageal adeno-
carcinoma (Fig. 3).

Patients presenting with dysphagia often benefit
from a barium examination, whereby abnormalities of
both structure and function responsible for the dyspha-
gia may be detected. Structural lesions include benign
lesions such as rings, webs, and strictures; benign neo-
plasms; and malignancies such asadenocarcinoma, lym-
phoma, or Kaposi’'s sarcoma. In addition, esophageal
motility disorders, both primary and secondary, can
cause dysphagia. Primary motility disorders such as
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FIGURE 2  Alarge hiatal hernia (arrow) containing most of the
gastric fundus in the chest.

achalasia (Fig. 4), diffuse esophageal spasm (Fig. 5),
nonspecific esophageal motility disorder, and
presbyesophagus can all be evaluated with barium ex-
aminations of the esophagus. Nutcracker esophagus,
and hypertensive lower esophageal sphincter, which
can cause dysphagia, are best diagnosed with manom-
etry. Secondary motility disorders such as those occur-
ring with collagen vascular disease, especially
scleroderma, mixed connective tissue disease, derma-
tomyositis, and polymyositis, may be detected with bar-
ium radiography. Other secondary motility disorders
that can be evaluated with barium studies include mo-
tility abnormality secondary to reflux esophagitis, caus-
tic esophagitis, and radiation therapy. In addition, other
secondary causes of motility abnormality and
subsequent dysphagia include infectious disorders
such as Chagas’ disease, metabolic and endocrine dis-
orders such as diabetes mellitus, and alcohol abuse, and
many neuromuscular disorders, including cerebrovas-
cular accidents, multiple sclerosis, amyotrophic lateral
sclerosis, myasthenia gravis, and postpoliomyelitis. All
these entities may be evaluated with barium studies of
the esophagus.
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Infectious esophagitis has become a relatively recent
problem, particularly in patients who are immunocom-
promised and present with dysphagia. When a patient is
suspected of having infectious esophagitis, double-
contrast examination of the esophagus may confirm
the diagnosis and often helps to diagnose the offending
organism (Fig. 6).

Barium radiography is of use in evaluating patients
with dysphagia caused by any of the other forms of
clinically suspected esophagitides, including drug-in-
duced and radiation-induced esophagitis, caustic
esophagitis, Crohn’s disease, epidermolysis bulosa,
pemphigoid, nasogastric intubation esophagitis, eosin-
ophilic esophagitis, alcohol-induced esophagitis, graft-
versus-host disease, Behcet’s disease, and esophageal
intramural pseudodiverticulosis.

Various other abnormalities of the esophagus can be
detected using barium radiographic examinations.
These include Mallory—Weiss tears, varices, esophageal
hematomas, esophageal perforations (Fig. 7), foreign
body impactions, fistulas, diverticula, congenital esoph-
ageal stenosis, and extrinsic impressions on the esoph-
agus. Water-soluble contrast media, rather than barium,
are used as the initial materials to diagnose esophageal

FIGURE 3 Spot image from a double-contrast esophagram
revealing a markedly irregular area of narrowing in the distal
esophagus (arrow), compatible with esophageal carcinoma.
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FIGURE 4 Fluoroscopic image from an esophagram showing
marked narrowing in the distal esophagus with the “bird’s beak
appearance” (arrow), with dilatation of the esophagus proximally,
all features characteristic of achalasia.

perforations. Barium has been shown to excite an in-
flammatory reaction in the mediastinum with sub-
sequent fibrosis, whereas water-soluble media have
not. Water-soluble media are also rapidly absorbed
from the mediastinum so that followup studies are
not compromised by residual contrast in the mediasti-
num. Because water-soluble contrast media are less
dense than barium, some perforations may be missed
solely with the water-soluble contrast materials. There-
fore, if the initial study performed with water-soluble
contrast media does not show a leak, the examination
should be repeated with barium to detect subtle leaks. In
these cases, the harmful effects of barium in the medi-
astinum are less serious than that of missing a poten-
tially life-threatening condition.

The integrity of esophageal anastomoses in the post-
operative patient can also be assessed with radiography
by utilizing the same technique as that for detection of
esophageal perforations.

Stomach and Duodenum

Radiographic examinations of the stomach and duo-
denum are helpful in the evaluation of patients who
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present with dyspepsia, bloating, belching, early satiety,
weight loss, and signs and symptoms suggestive of
upper gastrointestinal bleeding such as hematemesis,
melena, and guaiac-positive stool. The double-contrast
examination will often lead to a diagnosis of various
gastric and duodenal processes that may explain the
above symptoms. These processes include peptic dis-
ease, other inflammatory and infectious conditions such
as erosive gastritis of any cause, antral gastritis,
Helicobacter pylori gastritis, hypertrophic gastritis,
Menetrier’s disease, atrophic gastritis, eosinophilic gas-
tritis, emphysematous gastritis, caustic ingestion, radi-
ation-induced abnormalities, gastric ulcers of any cause
(Fig. 8), duodenitis, granulomatous conditions such as
Crohn’s disease, sarcoidosis, tuberculosis, syphilis, fun-
gal diseases, and other infectious diseases such as cyto-
megalovirus, cryptosporidiosis, toxoplasmosis, and
strongyloidiasis. In addition, benign and malignant neo-
plasms of the stomach and duodenum can be
detected with barium radiography. Other miscellaneous
abnormalities, including varices, diverticula, dia-
phragms and webs, hypertrophic pyloric stenosis, gas-
tric outlet obstruction, duodenal obstruction, gastric

FIGURE 5 Spot film from an esophagram showing a “cork-
screw” appearance (arrow) in a patient with diffuse esophageal
spasm.
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FIGURE 6 Spot fluoroscopic image from a double-contrast
esophagram showing a “shaggy” esophagus, typical of candidal
esophagitis in an AIDS patient.

dilatation without outlet obstruction, extrinsic proces-
ses such as pancreatic disease, renal and liver masses,
gallbladder disease and colonic masses (all of which may
cause mass effect on the stomach and duodenum), be-
zoars, foreign bodies, hematomas, gastric volvulus (Fig.
9), gastroduodenal and duodenojejunal intussuscep-
tions, fistulas, gastric and duodenal perforations, and
amyloidosis, can all be detectable with the upper gas-
trointestinal examination. Patients who have undergone
surgery to the stomach and duodenum may be evaluated
for postoperative problems using various upper gastro-
intestinal radiographic techniques. In these patients, it
is essential that the operative procedure performed be
described to the radiologist before the procedure is per-
formed in order that the postoperative anatomy, the
efficiency of the procedure, and possible postoperative
complications can be accurately determined if neces-
sary.

If a diagnosis can be confidently made from the
upper gastrointestinal examination, there is no need
for confirmation with endoscopy. If, however, the
upper gastrointestinal examination reveals findings
that cannot be confidently diagnosed definitively or if
the findings are equivocal or suspicious for malignancy,
upper endoscopy with biopsy, if indicated, should be
performed. If the upper gastrointestinal examination is
unrevealing, the decision to perform upper endoscopy
should be dictated by the clinical scenario.
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Contraindications

As mentioned previously, barium is contraindicated
with suspected esophageal perforation, but is also
contraindicated with suspected gastric or duodenal per-
foration. Water-soluble contrast media should be used
instead. Double-contrast examinations may be difficult
or impossible to perform on elderly or debilitated pa-
tients who are not able to perform the various turning
maneuvers required for this technique. In those pa-
tients, single-contrast techniques can be performed,
but the limitations of this technique have to be kept
in mind. Patients who are unable to follow commands
enabling them to ingest the contrast materials because of
diminished consciousness or severe dementia are not
candidates for barium radiography, unless the exami-
nation can be performed with a single-contrast tech-
nique through an indwelling nasogastric tube.

Technique

The routine upper gastrointestinal examination
should ideally be performed as a biphasic study,
utilizing double-contrast techniques followed by

FIGURE 7 An image from an esophagram performed with
water-soluble contrast showing extravasation of contrast to the
right of the esophagus related to an esophageal perforation
(arrow).
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FIGURE 8 Double-contrast image of the stomach showing a
large, contrast-filled ulcer in the gastric antrum (arrow).

single-contrast techniques. The routine double-contrast
portion of the examination is designed to coat the mu-
cosal surface with a thin layer of high-density barium,
while the lumen is distended with gas obtained from
effervescent granules. Double-contrast views of the
esophagus, stomach, and duodenum are obtained in
different projections utilizing various turning maneu-
vers to achieve adequate coating and distension. This is
followed by single-contrast views of the esophagus,
stomach, and duodenum, using low-density barium lig-
uid and varying degrees of compression.

SMALL BOWEL

Barium radiography remains relatively unchallenged by
endoscopy in evaluation of a large portion of the small
bowel. Although small bowel enteroscopy is becoming
more prevalent, for evaluating the proximal small
bowel, this procedure can only detect mucosal disease,
and cannot evaluate the distal small bowel, although a
skilled colonoscopist can frequently evaluate the termi-
nal ileum.

The entire small bowel is best evaluated radiograph-
ically with either a dedicated fluoroscopic small bowel
series and /or enteroclysis. Barium small bowel exami-
nations should be ordered only in the presence of clin-
ical symptoms and signs specifically pointing to the
possibility of small bowel disease. Vague, nonspecific
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symptoms have a very low yield of positive findings on
small bowel examinations, and ordering of these exam-
inations in this instance exposes patients to unnecessary
radiation and anxiety.

Applications

In most radiologic practices in the United States, the
majority of small bowel problems are evaluated with the
small bowel series. The major advantage of the fluoro-
scopic small bowel series is that it does not require
intubation and is therefore better tolerated. In addition,
expertise in performing enteroclysis (small bowel
enema) is not widespread. The enteroclysis provides
a more detailed double-contrast examination of the
small intestine. By better distending the lumen, the
shape and thickness of the small bowel folds are better
demonstrated, regions of partial obstruction are more
readily delineated, and mucosal nodularity is more eas-
ily identified.

At our institution and at many others, the entero-
clysis is not the initial examination in all patients but is
reserved for the following indications when there re-
mains a high index of suspicion for small bowel disease
despite an unremarkable or inconclusive fluoroscopic

FIGURE 9 Spot film of the stomach showing an organo-axial
volvulus, with gastric fundus (arrow) lying to the right of the
gastric antrum (arrowhead).
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FIGURE 10 Overhead film from a small bowel series in a
patient with scleroderma showing a dilated small bowel, with
tightly packed folds (arrows).

small bowel series:

1. Evaluation of patients with suspected or known mal-
absorption states, such as celiac disease,
tropical sprue, scleroderma (Fig. 10), lymph-
angiectasia, Whipple disease, bacterial overgrowth
syndromes, short bowel syndrome, adult cystic
fibrosis, abetalipoproteinemia, systemic mastocysto-
sis, and Waldenstrom’s macroglobulinemia.

2. Partial, low-grade, or intermittent small bowel
obstruction.

3. Preoperative evaluation of Crohn’s disease to deter-
mine extent of disease, and search for proximal seg-
ments of disease (Fig. 11).

4. Gastrointestinal blood loss of obscure origin, when
upper gastrointestinal and colonic radiologic exam-
inations, small bowel series, and/or endoscopic
studies are negative.

5. Evaluation of patients with radiation-induced dam-
age to the small bowel.

6. Detection of small bowel tumors, such as carcinoids,
primary and secondary malignancies, polyps, and
lymphoma.
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FIGURE 11 Overhead film from a small bowel series showing
nodular, thickened, spiculated narrowed small bowel loops in a
patient with extensive Crohn’s disease (arrows).

7. Detection of Meckel diverticulum.

8. For patients, presently asymptomatic, in whom phy-
sicians suspect clinical symptoms were caused by
partial small bowel obstruction(s) secondary to ad-
hesions (Fig. 12).

Barium examinations of the small bowel may also be
helpful in evaluation of various inflammatory condi-
tions of the small bowel, such as parasitic infestations,
bacterial and viral infections, and inflammatory

FIGURE 12 Overhead view from an enteroclysis showing an
acutely angulated, narrowed small bowel loop, related to an ad-
hesion (arrow).
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conditions occurring in association with immunodefi-
ciency. Vascular disorders of the small bowel, such as
mesenteric ischemia and infarction, intramural hemor-
rhage, vasculitis and vascular malformations, may also
be evaluated utilizing barium small bowel examina-
tions. Post-operative complications, malrotations, her-
nias, gut duplications, intestinal edema, foreign bodies,
enteroliths, bezoars, posttransplant lymphoprolifer-
ative disorder, and graft-versus-host disease are other
miscellaneous small bowel processes that can be eval-
uated with barium radiography.

Contraindications

Suspected intestinal perforation is the only absolute
contraindication to performance of a barium small
bowel examination. Barium in the peritoneal cavity in
these patients leads to a fulminant chemical peritonitis,
which should be avoided whenever possible. Water-sol-
uble contrast materials such as gastrograffin should not
be used in small bowel evaluation because they become
diluted by the luminal fluid, thereby precluding ade-
quate visualization. They may be satisfactorily used
only in evaluating for suspected perforation of the
very most proximal small bowel. In addition, they
should not be used in patients with obstruction, because
they are hyperosmolar and may draw fluid into the
bowel lumen, thereby aggravating what may be an al-
ready altered fluid and electrolyte balance.

Technique

Dedicated Fluoroscopic Small Bowel Series

The patient ingests approximately 3 cups
(500—600 ml) of 40—50% (weight/volume) barium sul-
fate solution, followed by abdominal radiographs ob-
tained at 15-minute intervals for the first half-hour, and
then every 30 minutes until the right colon is opacified.
Each abdominal film is reviewed, followed by intermit-
tent fluoroscopy with compression until all small bowel
loops have been demonstrated and evaluated. The in-
termittent fluoroscopy with compression is an essential
portion of the examination because lesions can be
missed if only the overhead views are evaluated, due
to the tendency of loops to overlap and obscure lesions.
Periodic spot films are obtained to document any sus-
picious areas, and once the right colon is opacified, spot
films of the terminal ileum are obtained.

Enteroclysis (Small Bowel Enema)

Small bowel transit is accelerated by administration
of 20mg of oral metoclopramide. Gastric intubation
with a balloon catheter using either the oral or the trans-
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nasal route is then performed, followed by fluoroscop-
ically directed manipulation of the catheter into either
the distal duodenum or the proximal jejunum, just be-
yond the ligament of Treitz. The balloon is then inflated
under fluoroscopy to prevent reflux of contrast into the
stomach. Approximately 200—250ml of a 75—80%
(weight/volume) barium suspension is injected into
the small bowel followed by approximately
1000—2000 ml of a 0.5% methylcellulose solution to
obtain a double-contrast effect. The radiologist is pres-
ent during the entire procedure, and the entire small
bowel is examined with intermittent fluoroscopy utiliz-
ing graded abdominal compression. Periodic spot films
of the small bowel are obtained to document the fluo-
roscopic findings. The examination is completed with
an overhead radiograph of the abdomen to include the
entire small bowel.

COLON AND RECTUM

Barium examination of the colon and rectum is predom-
inantly utilized to detect mucosal abnormalities. Its
greatest competitor is colonoscopy, whereby the mu-
cosa can be directly visualized and diagnostic biopsies
obtained. A carefully performed barium examination of
the colon is, however, an excellent, less invasive, safer,
and cheaper alternative for detection of most colonic
and rectal lesions. Colonoscopy remains more accurate
than barium radiography in detection of subtle mucosal
abnormalities of the colon, such as polypoid lesions less
than 1cm in diameter, and the early preulcerative
changes of inflammatory bowel disease. Because barium
radiographic examination can also be used for the de-
tection of mural colonic and rectal lesions, it has a com-
petitive advantage over colonoscopy, because
colonoscopy has not been proved to be an adequate
test for mural or extrinsic lesion detection. Because
colonoscopy and barium radiography both have limita-
tions, the double-contrast barium enema and colono-
scopy should be viewed as complementary techniques
for the diagnosis of various colonic processes. Com-
puter tomography (CT) and in some cases magnetic
resonance imaging (MRI) and endoscopic ultrasound
are the cross-sectional imaging modalities that directly
compete with barium radiographic examination in the
detection and evaluation of mural and rectal colonic
entities. Although CT, MRI, and endoscopic ultrasound
are superior to barium radiographic examination in the
detection of extrinsic processes affecting the colon
and rectum, these lesions can sometimes be detected
and evaluated with barium examinations. Barium
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radiography is often used to complete the colonic ex-
amination in those patients in whom the colonoscopist
is unsuccessful in passing the endoscope to the cecum.

Adequate preparation is essential in the satisfactory
performance of a colonic and rectal barium examina-
tion, because residual feces will obscure polypoid le-
sions and the early manifestations of inflammatory
pathology. Although a variety of preparatory regimens
exist, the most effective protocol consists of a clear lig-
uid diet for 24 hours prior to the procedure, laxatives on
the afternoon and evening before the test, and a suppos-
itory the morning of the examination. Cleansing enemas
preferably should not be used, because they result in
significant residual intraluminal fluid, which may de-
grade the quality of mucosal coating. In our institution,
patients in renal failure are prepared with Golytely
(polyethylene glycol solution), because magnesium cit-
rate, which is the normally utilized laxative, is contra-
indicated in the presence of renal compromise. The one,
but unavoidable, drawback of utilizing oral lavage reg-
imens such as Golytely in renal failure patients is that
the quality of mucosal coating may be degraded because
of the presence of residual intraluminal fluid. In patients
with inflammatory bowel disease, milder laxatives
should be used, or the preparation may consist solely
of clear liquids by mouth. Preparation may not be nec-
essary in patients with acute colonic obstruction, in
those for whom the study is simply being performed
to evaluate the anatomy, or when there is a clinical
suspicion of a perforation.

Applications

The most common indications for barium radiogra-
phy include detection of colorectal polyps (Fig. 13) and
carcinoma (Fig. 14), assessment of inflammatory bowel
disease (Fig. 15), diagnosis and assessment of diverti-
cular disease (Fig. 16), and evaluation of colonic extrin-
sic mass lesions. Barium radiography can also be used to
evaluate other inflammatory conditions of the colon,
including infectious processes such as bacterial, viral,
parasitic, and fungal diseases and mnoninfectious
colitides, when colonoscopy is not feasible. Other tu-
mors of the colon, including lymphoma, hemangioma,
lymphangioma, Kaposi’s sarcoma, carcinoid tumors, li-
pomas, stromal tumors, squamous cell and cloacogenic
carcinoma, and metastases, can be detected with
double-contrast barium enemas. Other miscellaneous
disorders of the colon, including colonic ischemia, ra-
diation colitis, rectal hemorrhoids, rectal varices, and
cathartic colon; functional disorders of the colon, in-
cluding irritable bowel syndrome, chronic constipation,
collagen vascular disorders, and Ogilvie’s syndrome;

BARIUM RADIOGRAPHY

FIGURE 13 Double-contrast image of the rectum showing a
polyp along the anterior wall (arrow).

and extracolonic diseases affecting the colon, such as
endometriosis, benign gynecologic tumors, gynecologic
malignancies, and pelvic inflammatory disease, can also
be evaluated with barium enema examinations. Postop-
erative colonic abnormalities can be assessed and post-
operative anatomic evaluations can be performed with
barium radiography. Finally, evaluation of defecatory

FIGURE 14 Image from a barium enema showing an “apple
core” lesion in the hepatic flexure of the colon caused by a colon
carcinoma (arrow).
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FIGURE 15 Double-contrast image from a barium enema re-
vealing a finely granular mucosal pattern in a patient with ulcer-
ative colitis.

disorders is performed with barium evacuation procto-
graphy as part of a multimodality evaluation.

Contraindications

Barium colonic examinations should not be per-
formed in patients with toxic megacolon, ischemic
colitis, suspected diverticulitis with signs of an acute

FIGURE 16 Spot radiograph shows extensive sigmoid and
descending colonic diverticulosis (arrows).
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abdomen, active colitis or with other diseases in
which the bowel wall is potentially friable and could
perforate during the procedure. In addition, barium
examinations are contraindicated in patients with
suspected colonic perforation. In these patients, the ex-
amination should be performed with water-soluble con-
trast materials, which do not incite a peritoneal reaction
if extravasated and can be reabsorbed from the perito-
neal cavity. Barium examinations should never be per-
formed immediately postbiopsy with large biopsy
forceps because this predisposes to perforation. In
these cases, the barium examination should be post-
poned for at least 5 days. Barium enema should not
be performed as the first test in patients with active
bleeding to determine the site of bleeding. This is
best shown with a nuclear medicine bleeding scan
and/or angiography. The barium enema, if still neces-
sary, should be postponed until adequate preparation
can be performed.

Relative contraindications to barium radiography
include inability of the patient to roll and turn during
the examination, thereby not allowing adequate filling
and coating of the colon, and colonic obstruction. Pa-
tients with colonic obstruction are better evaluated with
water-soluble contrast media, which does not become
inspissated proximal to an area of obstruction in the
colon. Incomplete bowel preparation and residual
oral contrast in the abdomen are other relative contra-
indications.

Technique

As with most portions of the gastrointestinal tract,
radiographic examination of the colon can be performed
with a single- or double-contrast technique. In single
contrast studies, the entire colon is filled with a rela-
tively low-density barium suspension, with the filling
monitored by fluoroscopic observation and the use of
extensive palpation and compression of the colon
during filling. Fluoroscopic spot films and overhead
radiographs are performed with both techniques. In
double-contrast examinations, the colonic mucosa is
coated with a smaller volume of high-density barium,
and luminal distension is obtained using air insufflation
to generate the double-contrast effect.

The double-contrast technique is superior to the
single-contrast method for detection of fine mucosal
abnormalities such as small polypoid lesions and
early inflammatory pathology. In addition, it is prefer-
able for evaluation of the rectum, and of the splenic and
hepatic flexures, which are relatively inaccessible to
palpation and compression. The single-contrast exam-
ination is faster and less expensive and is preferred for
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FIGURE 17 Spot image from a patient with two entero-
cutaneous fistulas shows communication between both
catheterized fistulas and the small bowel and colon (arrows).

mechanical problems such as obstruction, fistulas,
Hirschprung’s disease, and diagnosis and reduction of
intussusception, and in cases of suspected diverticulitis
when there are no signs suggestive of an acute abdomen,
which would preclude performance of a barium exam-
ination. Patients who are too old and debilitated are
usually evaluated with the single-contrast technique,
because they are unable to tolerate performance of
the double-contrast technique.

Patients with a colostomy can be evaluated, if clin-
ically indicated, through the colostomy, using a single-
or double-contrast technique. When perforation of
the large bowel is suspected, the examination
should be performed with water-soluble contrast
materials to avoid spillage of barium into the peritoneal
cavity.

FISTULOGRAPHY AND SINUS
TRACT EVALUATION

The gastrointestinal radiologist frequently can contrib-
ute significantly to the management of a patient with
documentation of the presence of, and demonstration of
the extent of, an enterocutaneous fistula (Fig. 17). In
addition, a cutaneous sinus tract connected to an ab-
scess cavity can be demonstrated. The sites of commu-
nication of a fistula or sinus tract may be demonstrated
by catheterizing a cutaneous fistula or sinus tract and
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injecting the fistula or sinus tract with water-soluble
contrast.
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gut manometry Evaluation of gut motility by measuring
intraluminal pressures.

gut tone Tonic, i.e., sustained, muscular contraction of the
gut wall.

tensostat Computerized pump that applies fixed tension
levels to the wall of hollow viscera.

The barostat is an air pump that maintains a constant,
predetermined pressure level within a flaccid bag intro-
duced into a hollow muscular organ. Hence, the barostat is
a pressure clamp that can be used either to measure mus-
cular activity as volume variation at a low and constant
pressure level or to distend the organ by increasing the
intraluminal pressure. Distension in turn can be applied
to measure the local distensibility of the organ (compli-
ance) or to stimulate afferent pathways and measure ei-
ther reflex responses (reflexes) or conscious perception
(sensitivity).

INTRODUCTION

Some hollow muscular organs, such as the stomach,
may exert phasic (i.e., brief) or tonic (i.e., sustained)
muscular contractions. There is no strict definition to
distinguish between phasic and tonic activity, but by
convention, contractions lasting more than 1min
have been considered tonic. The tonic muscular activity
of hollow organs is also called tone. In the gastrointes-
tinal tract, phasic contractions produce intraluminal
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pressure changes that can be readily measured by
manometry, a technique that has been available since
the 1970s. However, tonic contractions outside sphinc-
teric regions generally do not produce recordable pres-
sure changes, probably because the changes are too
small and are obliterated by respiratory movements
and other artifacts. The barostat was developed in the
early 1980s initially for the purpose of measuring gastric
tone, but was later applied to measure tonic contraction
of other hollow muscular organs.

The barostat is a feedback system that consists of a
pressure sensor linked by either an electronic or a com-
puterized relay to an air pump. When the organ relaxes,
the barostat injects air to prevent a pressure drop, and
when the organ contracts, air is aspirated to prevent a
pressure rise.

TECHNICAL SPECIFICATIONS

The bag of the barostat should be flaccid and oversized,
so that it does not interfere with the measurements. For
reservoir organs, such as the stomach and the rectum,
spheroidal bags can be used, and for tubular segments,
such as the small intestine, cylindrical bags that are of a
fixed length and radially oversized, compartmentalize
the segment under study. The bag should be connected
by a double-lumen tube to the pressure sensor and the
air pump of the barostat. Otherwise, a single lumen tube
damps the responsiveness of the system. In each barostat

Copyright 2004, Elsevier (USA). All rights reserved.
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pressure changes that can be readily measured by
manometry, a technique that has been available since
the 1970s. However, tonic contractions outside sphinc-
teric regions generally do not produce recordable pres-
sure changes, probably because the changes are too
small and are obliterated by respiratory movements
and other artifacts. The barostat was developed in the
early 1980s initially for the purpose of measuring gastric
tone, but was later applied to measure tonic contraction
of other hollow muscular organs.

The barostat is a feedback system that consists of a
pressure sensor linked by either an electronic or a com-
puterized relay to an air pump. When the organ relaxes,
the barostat injects air to prevent a pressure drop, and
when the organ contracts, air is aspirated to prevent a
pressure rise.

TECHNICAL SPECIFICATIONS

The bag of the barostat should be flaccid and oversized,
so that it does not interfere with the measurements. For
reservoir organs, such as the stomach and the rectum,
spheroidal bags can be used, and for tubular segments,
such as the small intestine, cylindrical bags that are of a
fixed length and radially oversized, compartmentalize
the segment under study. The bag should be connected
by a double-lumen tube to the pressure sensor and the
air pump of the barostat. Otherwise, a single lumen tube
damps the responsiveness of the system. In each barostat
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the speed of air flow and the pressure window for
reaction should be determined (approximately 40 ml/s
flow rate and 0.5 mm Hg window are appropriate). The
compressibility of air and the deformation of the pump
with pressure increments introduce an error in
intraluminal volume measurements. This compression
factor, which is usually linear, should be determined
and carefully corrected for.

UTILITIES
Constant Pressure Studies

At a low constant pressure, the barostat measures
tonic contraction as volume changes without disturbing
the physiological activity of the gut or inducing percep-
tion. Measurements of tone may be applied to study
(1) physiological events, such as fasting and postpran-
dial changes, (2) reflex responses of the organ induced
by distant stimuli, and (3) changes produced by phar-
macological manipulations.

Intraluminal Pressure Manipulations

The barostat can be used to manipulate intraluminal
pressure and produce distension. The local response to
distension, measured as intraluminal volumes at differ-
ent pressure levels, i.e., compliance, reflects both the
capacity (size) of the organ and the distensibility of its
walls; the distensibility, in turn, depends on the level of
the muscular contraction in the walls. Distension stim-
ulates receptors in the gut wall linked to reflex and
sensory pathways that may induce various reflexes
and conscious perception, respectively. These re-
sponses are stimulus-related, and since wall receptors
operate as tension receptors, rather than as pressure or
volume receptors, a modification of the barostat con-
cept, the computerized tensostat, probably provides a
better standardization of the stimuli under different ex-
perimental conditions. The tensostat is a computerized
pump that maintains a fixed tension level within the gut
wall; based on intraluminal pressure and volume, the
system calculates wall tension by applying La Place’s law
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and drives the pump to maintain the desired tension
level.

APPLICATIONS

The barostat has been extensively used in both animal
and human research. By contrast, its clinical applica-
tions are still limited, with very precise indications and
restricted use in experienced laboratories. The barostat
may provide useful information particularly on gastric
and rectal function, specifically to evaluate compliance,
pharmacological responses, and sensitivity, whereas the
study of reflexes may be still more experimental. The
barostat is particularly useful in the evaluation of some
patients with severe postprandial symptoms. During
ingestion, the stomach relaxes to accommodate the
meal and subsequently the stomach progressively re-
contracts to produce gastric emptying. The barostat
may elucidate whether symptoms after a meal are pro-
duced by poor accommodation due to defective gastric
relaxation or by delayed emptying due to impaired con-
traction. Clinical symptoms for these two conditions
may be the same, whereas therapeutic approaches
used to correct defective gastric relaxation differ from
the treatments used for delayed gastric emptying.
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Barrett’s Esophagus

MiCHAEL B. WALLACE AND DONALD O. CASTELL
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gastroesophageal reflux disease Acid-related disorder.

goblet cells Mucus-secreting cells in the gastrointestinal
tract.

Helicobacter pylori Bacterium that colonizes the mucosal
lining of the stomach.

Barrett’s esophagus is defined as the replacement of squa-
mous tissue with columnar mucosa in the form of special-
ized intestinal metaplasia within the tubular esophagus.
The critical ingredient in this process is the presence of
goblet cells, the sine qua non of intestinal metaplasia,
which can be confirmed only by endoscopic biopsy
from the esophagus.

CLINICAL RELEVANCE

Barrett’s esophagus (BE), as a complication of chronic
gastroesophageal reflux disease (GERD), is the single
best predictor for the development of adenocarcinoma
of the esophagus. Esophageal adenocarcinoma is rising
in incidence more rapidly than any other carcinoma in
humans, although the cause of this rise is unknown.

EPIDEMIOLOGY
Rising Incidence

Despite the rising rate of adenocarcinoma of the
esophagus, the absolute risk is low. There are approx-
imately 12,000 carcinomas of the esophagus diag-
nosed annually in the United States, about half of
which are adenocarcinomas. For a patient with Bar-
rett’s esophagus, the risk of developing carcinoma is
estimated to be between 0.3 and 0.5% per year.

Risk Factors

GERD, Caucasian or Hispanic race, and male gen-
der are the three strongest risk factors for developing
BE. Well-controlled clinical studies have demon-
strated that patients with long-standing, frequent,
and severe GERD are at markedly increased risk of
adenocarcinoma of the esophagus, presumably with
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BE as an intermediate step. The reason for the pre-
dominance among Caucasian or Hispanic males is
unclear, although obesity and the declining prevalence
of Helicobacter infection may play a role.

Role of Helicobacter pylori

There is increasing evidence that H. pylori may
have a protective role against BE and carcinoma of
the esophagus. The incidence of adenocarcinoma of
the esophagus shows an inverse relationship with the
decreasing prevalence of H. pylori. Chronic H. pylori
infection leads to gastric atrophy and loss of acid
production (achlorhydria) with decreased acid reflux.
Patients with BE, especially those with dysplasia or
carcinoma, are less likely to harbor H. pylori than
are those without BE. The management of H. pylori
is evolving, and it is premature at this time to recom-
mend either eradication of H. pylori or leaving it in situ
based on its potential role in esophageal adenocaci-
noma. There is little controversy, however, in recom-
mending eradication of H. pylori in patients with
peptic ulcer disease.

PATHOPHYSIOLOGY

Although BE has been clearly linked to GERD, little is
known about the molecular and cellular mechanisms
of the development of BE. Cross-sectional population
studies suggest that BE develops early in life, with half
of the maximum prevalence reached by 40 years of age
and relatively little increase in prevalence after age 60.
Once established, the length and presence of BE
change little. The cell of origin for BE is unknown,
with candidates including pluripotent stem cells in the
esophagus, subsquamous glandular cells, or hetero-
topic gastric mucosa. Markers of inflammation, such
as up-regulation of cylcooxygenase-2 (COX-2), are
present in BE, offering hope that COX-2 inhibitors
may blunt the development or progression of BE. It
remains unclear if reflux of acid, reflux of bile, or both
are required for the development of BE, although the
experimental production of this lesion in a canine

Copyright 2004, Elsevier (USA). All rights reserved.
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model provides strong evidence for the critical role
of acid.

DIAGNOSIS
Detection of Goblet Cells

The diagnosis of BE requires endoscopic biopsy of
the esophagus and histological examination for the
presence of goblet cells, the sine qua non of intestinal
metaplasia. This seemingly simple criterion is none-
theless widely confused. This is due in large part to
the changing definition of BE over time. Early litera-
ture defined BE simply as columnar epithelium, usu-
ally occupying at least 2—3 cm of esophagus. The
modern definition is a functional one, based on the
fact that only patients with intestinal metaplasia are at
elevated risk of adenocarcinoma, regardless of the
length of BE. The most difficult area of definition
lies in distinguishing very short irregularities in the
normal squamocolumar junction of the esophagus
from true BE. Because intestinal metaplasia is present
in the gastric cardia in up to 20% of asymptomatic
individuals, it is critical to take biopsies from the
tubular esophagus, which requires careful attention
to anatomic landmarks.

TREATMENT

The treatment of BE should be distinguished from the
treatment of GERD. Almost all BE patients have
GERD, and these symptoms are usually controlled
with acid suppression, surgical fundoplication, or life-
style modifications. In contrast, no therapy has defin-
itively been shown to alter the likelihood of BE
progressing to adenocarcinoma.

Acid Suppression

Acid suppression has been a mainstay for treating
patients with BE for two reasons. Acid suppression
controls symptoms of GERD and reduces the degree
of inflammation in the esophageal epithelium. Al-
though this reduced inflammation has not been
shown to reverse BE or change its natural history,
it makes the histological interpretation of dysplasia
considerably easier because inflammatory changes
can be misinterpreted for low-grade dysplasia. Recent
studies suggest that long-term, high-dose acid sup-
pression with a proton pump inhibitor (titrated by
pH monitoring) may cause a small reduction in
the area of columnar epithelium, although there
may be hidden columnar epithelium underneath
new squamous cell islands. To date, it is unknown
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whether the overall risk of carcinoma is changed by
this therapy.

Antireflux Surgery

Surgery offers the theoretical advantage of sus-
tained reduction of both acid and bile reflux. How-
ever, surgical studies have not shown any significant
effect on either the length of Barrett’s or, more impor-
tantly, the likelihood of developing adenocarcinoma.
A randomized controlled trial has compared surgery
to medical therapy (histamine-2 receptor antagonists)
with long-term outcomes. This Veteran’s Administra-
tion (VA) cooperative study showed no significant
difference in the development of Barrett’s or adeno-
carcinoma, or change in the length of Barrett’s. In fact,
long-term mortality was lower in the medical therapy
group, largely due to a higher cardiac death rate in the
surgical group for unknown reasons. Long-term
followup of BE patients after surgery suggests no over-
all effect on the likelihood of developing adenocarci-
noma or dysplasia, likely due to ongoing low rates of
acid and bile reflux.

Ablation of Barrett’s Epithelium

Several investigators have evaluated methods to ab-
late the metaplastic epithelium of patients with BE either
with or without dysplasia. Almost all methods employed
(heat coagulation, laser therapy, cyrotherapy, and pho-
todynamic therapy, all in conjunction with high-dose
acid suppression) result in substantial replacement of
the BE with squamous epithelium. Unfortunately,
20—30% of patients develop squamous epithelium over-
lying intestinal metaplasia, presenting a difficult clinical
dilemma for surveillance and an unclear effect on long-
term risk of carcinoma. At this point, attempts to ablate
BE should be considered experimental, especially for
nondysplastic BE.

ENDOSCOPIC SURVEILLANCE

Endoscopic surveillance of BE has been the cornerstone
of management. Multiple uncontrolled observations
have demonstrated that under surveillance, patients
are more likely to be diagnosed with early-stage tumors
or dysplasia, and have better survival compared to pa-
tients not under surveillance. No prospective controlled
trial data are available to prove the effectiveness of BE
surveillance. Decision analysis models have suggested
that surveillance is cost effective compared to other
commonly accepted medical practices, such as mam-
mography and colon cancer screening. The most
cost-effective interval for surveillance is every 5
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years, although organizational recommendations have
been more conservative, recommending surveillance
every 2—3 years for patients without dysplasia, and
every 6 months for the first year, then yearly for
those with low-grade dysplasia. Surgical esopha-
gectomy remains the standard of care for treatment
of high-grade dysplasia, although photodynamic ther-
apy is emerging as a possible alternative. In addition,
several recent studies suggest that patients with focal
high-grade dysplasia and those with normal DNA
ploidy (as opposed to aneuploid) have a low risk
of progression and can be followed by close surveil-
lance (every 3—6 months). Newer techniques for op-
tical detection of dysplasia, such as light-scattering
spectroscopy and fluorescence spectroscopy, are
promising tools in development, but remain experi-
mental at this time.

CONCLUSIONS

Barrett’'s esophagus is the single most significant risk
factor for adenocarcinoma of the esophagus. Patients
with long-standing symptoms of GERD should un-
dergo screening to detect Barrett’s, and should be con-
sidered for regular surveillance to detect the early
development of dysplasia or cancer. Areas of active
investigation are identification of the cellular and mo-
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lecular mechanisms for development of BE, better
markers of risk among patients with BE, and nonsur-
gical therapies to eradicate BE once it has developed.

See Also the Following Articles
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absorption The movement of nutrients and fluid from the
intestinal lumen into the lymphatics or bloodstream.
This comprises two steps, uptake from the intestinal
lumen and transfer from the cytosol of the enterocyte
into the lymphatics or portal circulation.

adaptation The process by which the morphology and/or
absorptive function of the intestine changes in response
to stimuli such as a change in the composition of the
diet, the development of diabetes, or a loss of a portion of
the intestine.

basolateral membrane The portion of the cell lining of the
enterocyte that communicates with the submucosal
tissue.

brush border membrane The membrane of the intestinal
absorptive cell, the enterocyte, which faces the intestinal
lumen.

enterocyte The major cell lining the intestinal villus that is
responsible for the absorption of nutrients.

intravillous space The space between the long
villi. Nutrients must diffuse into this space in order to
be taken across the brush border membrane in portions
of the villus away from the villus tip and toward the
crypt.

lipid-binding proteins Proteins in the brush border
membrane and the enterocyte cytosol that bind lipids.
Their physiological role is unknown; they may
influence or modify intestinal absorption, bind lipids as
they move from the brush border membrane to
microsomes, or possibly play a role in the handling of
adaptation.

unstirred water layer Consists of a series of lamellae of
water, progressively less and less stirred as one moves
from the bulk phase in the intestinal lumen to the brush
border membrane. The unstirred water layer reduces the
concentration radiant between the bulk phase and the
brush border membrane and thereby slows the uptake of
nutrients.

Lipids represent a major source of calories and are
thereby nutritionally important. Some lipids are essen-
tial as they are not synthesized in the body and play an
important role in a variety of functions, such as integrity
of membranes. Most lipids are emulsified in the stom-
ach, digested in the intestinal lumen as the result of
enzymes secreted from the pancreas in response to
the presence of food in the intestinal lumen, and then
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solubilized by bile acids secreted by the liver. The long-
chain fatty acids and cholesterol are solubilized in bile
salt micelles, diffuse across the intestinal unstirred
water layer, and then passively permeate the lipophilic
brush border membrane (BBM). There are lipid-binding
proteins in the BBM as well as in the enterocyte cytosol
and these may contribute to the uptake of lipids. Once
the lipids are in the enterocyte, they pass to the endo-
plasmic reticulum, where they are further metabolized
before being excreted across the basolateral membrane
into intestinal lymphatics or into the portal vein. Al-
though the process of intestinal absorption of lipids
has many steps, it is complex and integrated and it is
a highly efficient process in which normally more than
95% of lipids in the diet are absorbed.

INTRODUCTION

Lipid absorption involves uptake across the brush bor-
der membrane (BBM) into the enterocyte, where the
lipids must be transferred intracellularly to sites of me-
tabolism or exit the cell across the basolateral membrane
(BLM) into the lymph or portal blood. Fat digestion and
absorption constitute a complex process involving in-
soluble substrates, neutral and amphipathic lipids, and
lipases acting in the stomach and small intestine. Intes-
tinal lipid absorption involves several coordinated
steps, including digestion and solubilization of the
lipid, diffusion across the wunstirred water layer
(UWL), mediated and nonmediated transport across
the BBM, diffusion across the cytosol, intracellular me-
tabolism, binding to lipoproteins, and exit across the
basolateral membrane into the lymph or portal blood.

The uptake of lipids into the enterocyte occurs
predominantly at the upper third of the villus. Nutri-
ents must cross two barriers in series in order to be
taken up by the enterocyte: the intestinal UWL and
the BBM. The rate of nutrient uptake is determined by
the dimensions and properties of these two barriers, as
well as by the activity of protein-mediated compo-
nents of transport.

Copyright 2004, Elsevier (USA). All rights reserved.
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LIPID UPTAKE ACROSS
THE INTESTINAL BBM

Lipid uptake across the BBM is the rate-limiting step for
uptake of short- and medium-chain fatty acids, whereas
passive uptake of long-chain fatty acids is rate-limited
by passage through the UWL. Three models of passive
uptake of long-chain fatty acids (LCFA) and cholesterol
have been outlined. The first model proposes that the
entire mixed micelle is absorbed by the BBM. However,
no experimental evidence supports this model. In the
second model, the micelle collides with the BBM, allow-
ing for the uptake of lipids to occur. Evidence for this
model is suggested by the linear relationship between
lipid uptake and bile acid concentration. In contrast, the
third model proposes that the lipids dissociate from the
micelle into the aqueous compartment of the UWL be-
fore being taken up by the BBM. Support for this model
is suggested by the finding that fatty acid uptake de-
creases with an increase in the number of bile acid
micelles, under conditions in which fatty acid concen-
tration is kept constant. The dissociation of lipids from
bile acid micelles is under the influence of the acidic
microclimate adjacent to the BBM. Under these acidic
conditions, the critical micellar concentration in-
creases, the fatty acids become protonated, and this
protonation increases their rate of permeation across
the BBM. Increase in the fluidity of the BBM also in-
creases the rate of permeation of lipids. Other factors
influencing the rate of lipid uptake may be the lumenal
lipid composition, lipid-binding proteins, and mem-
brane potential. For example, polyunsaturated fatty
acids and phophatidylcholine may inhibit cholesterol
absorption, possibly by shifting the partition coefficient
of cholesterol away from the cell membrane back to the
micelle, thereby preventing the uptake of lipid. There
are numerous lipid-binding proteins in the BBM and
cytosol of the enterocyte (Table 1) and these likely
play a role in lipid absorption.

Short-chain fatty acids (SCFA) are produced by
bacterial degradation of complex carbohydrates and
proteins entering the colon. SCFA are rapidly absorbed.
SCFA stimulate electroneutral sodium absorption via
activation of the BBM Na'/HT exchanger (NHE),
which results from the SCFA changing the intracellular
pH gradients. Medium-chain fatty acids are neutral lip-
ids containing fatty acid molecules with chain lengths
ranging from 6 to 12 carbon atoms. These fatty acids
are more rapidly and completely hydrolyzed than
are long-chain triglycerides (LCT), even in the absence
of pancreatic lipase. Medium-chain fatty acids are ab-
sorbed at the same rate as SCFA in the human rectum.
The absorption of medium-chain triglycerides (MCT) is
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less dependent on the action of bile salts, because MCT
are more water soluble than LCT. Although MCT are
better absorbed than LCT in the presence of pancreatic
insufficiency, pancreatic extracts may increase their ab-
sorption. Thus, if patients with pancreatic insufficiency
are given pancreatic supplements, there may be little
additional benefit to lipid absorption when giving
MCT compared with using LCT. The availability of
orally administered hydrophilic drugs to the systemic
circulation is generally limited by the barrier properties
of the intestinal membrane. The sodium salts of me-
dium-chain fatty acids (MCFA) enhance the absorption
of hydrophilic drugs across the intestinal mucosa and
structurally similar MCFA display differences in their
mechanism of action.

The uptake of cholesterol into the intestine occurs
by a process of passive permeation across the BBM, after
dissociation of cholesterol from the micelle directly into
the membrane or into the acidic aqueous phase external
to the BBM. Proteins facilitate cholesterol and phospha-
tidylcholine absorption. Cholesterol esters may also be
subject to protein-mediated uptake. Cholesterol ab-
sorption is a multistep process that includes hydrolysis
of cholesterol esters in the gut lumen, formation of
mixed micelles, transport of cholesterol into entero-
cytes, its reesterification, and then assembly and secre-
tion of chylomicrons as well as nascent high-density
lipoproteins. There may be lipid-binding proteins that
facilitate cholesterol absorption.

Bile acids are water-soluble end products of
cholesterol metabolism that participate in fat digestion
in the gastrointestinal tract. Bile acids are synthesized
from cholesterol in the liver and are secreted with bile
into the small intestine. Lumenal bile acids form micel-
lar structures that solubilize lipids and facilitate their
absorption across the brush border membrane. In the
terminal ileum, the lumenal bile acids are actively re-
absorbed by the enterocytes and are returned to the liver
via the portal circulation. This process is known as the
enterohepatic circulation. Lipid absorption requires an
optimal concentration of bile acids in the intestinal
lumen and this concentration is maintained by the bal-
ance between ileal excretion and ileal active reabsorp-
tion of bile acids. The enterohepatic cycling of bile salts
is a major factor in the maintenance of the bile salt pool.
Bile salts are absorbed passively in the jejunum and are
actively absorbed in the ileum. Bile acids are taken up by
passive or protein-mediated processes. The BBM Na*/
bile acid cotransporter has been cloned from rat, ham-
ster, and human ileum and is subject to both transla-
tional and posttranslational regulation. A 14 to 15 kDa
cytosolic binding protein, the intestinal bile acid-
binding protein, belongs to a family of hydrophobic



160

TABLE 1 Intestinal Lipid-Binding Proteins
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Protein

Molecular weight (kDa)

Localization

Substrate

Brush border membrane

proteins
Caveolin 22 Small intestine Cholesterol, LCFA
SR-BI 27 Liver, peripheral tissue High-density lipoproteins,
phospholipids, triacylglycerol,
cholesterol, cholesterol esters
FABPpm 40 Adipose tissue, heart, liver, Cholesterol, LCFA
intestine
FAT/CD36 88 Adipose tissue, heart, skeletal, LCFA, triglycerides, cholesterol
muscle, spleen, intestine
FATP4 63 Small intestine LCFA (oleate)
Cholesterol transport 145 Small intestine Cholesterol
protein
Intracellular proteins
FABPc 14—15 Adipose tissue, muscle, heart, LCFA
brain, kidney
L-FABPc 14—-15 Liver, small intestine LCFA, heme, bile acids, acyl CoA
I-FABPc 14-15 Small intestine LCFA
ILBP 14—15 Ileum (predominant in Bile acids
distal ileum)
Prechylomicron Small intestine Triacylglycerol
transport protein
MTP 58 Small intestine Triacylglycerol cholesterol ester

ligand-binding proteins, the fatty acid-binding proteins.
The binding of bile acids to ileal lipid-binding protein
(ILBP) increases the affinity of ILBP for bile acids. This
may be a substrate-load modification of transport activ-
ity and a positive-feedback regulation for active uptake
of bile acids in the ileum.

Low-molecular-weight cytosolic bile acid-binding
proteins are also involved in the intracellular transport
of bile acids and may be subject to transcriptional
regulation. Bile acids may provide positive feedback
regulation for active bile acid uptake by binding the
ileal ILBP.

The Unstirred Water Layer

The passive and carrier-mediated transport proces-
ses are described kinetically on the basis of the passive
permeability coefficient (P), the incremental Gibbs free
energy values (0AF,, ;) associated with the addition of
specific substituent groups to a probe molecule, the
Michaelis affinity constant (K;,), and the maximal trans-
port rate (Vy,,,). These measurements provide critical
information about such important characteristics of the
BBM as its relative hydrophobicity and permeability and
about the number and characteristics of specific trans-
porters in the BBM. Although it has been assumed that

uptake is determined by the properties of the BBM, it is
critical to correct uptake for potentially serious
qualitative and quantitative errors arising from failure
to account for the effect of the UWL resistance. Failure
to correct for the effect of the UWL may lead to under-
estimation of passive permeability coefficients, incre-
mental free-energy values and reflection coefficients
for carrier-mediated processes, overestimation of
Michaelis constants for carrier-mediated processes, or
erroneous identification of “transition” temperatures in
the membrane. Failure to correct for the UWL may lead
to overestimation of the value of V. if the contribution
of concurrent passive uptake is not taken into account or
if recruitment of the carrier along the intervillus space is
not taken into consideration. These potential errors may
invalidate the use of Michaelis-Menten kinetics for the
analysis of carrier-mediated transport processes.
Adjacent to all biological membranes there is a layer
of relatively unstirred water through which solute
moves by diffusion. In the intestine, this UWL consists
of a series of water lamellae that extends out from the
BBM, each layer of which is progressively more stirred
until it blends in with the bulk water phase in the in-
testinal contents. The UWL is an operational term, be-
cause the boundary between the bulk water phase and
the UWL is not well defined. Therefore, the dimensions
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of UWL thickness and surface area give rise to a value of
“effective resistance.”

The UWL is formed by “hydrated mucus and a
series of water lamellae extending outward from the
BBM, each progressively more stirred, until the layers
blend imperceptibly with the bulk phase.” It is unclear
whether the UWL is the physical structure of water,
mucus, glycocalyx, villi, and microvilli; laminar flow
of the lumenal perfusate; or movement of the intervil-
lous space. The thickness of the intestinal UWL has been
estimated to be 30 to 1000 pm, depending on the meth-
ods used to make the measurement, the use of in vitro or
in vivo tissue preparations to obtain varying degrees of
stirring or mixing of the lumenal fluid, the shape of the
villi, and the extent of villous motility observed in the
different species studied. The thickness of the UWL may
be 500 A in humans, although much lower values have
been reported.

The effective resistance of this UWL must be taken
into consideration when describing nutrient absorp-
tion. The rate of solute diffusion across the UWL is
determined by the thickness and surface area of the
UWL, the aqueous diffusion constant of the solute,
and the concentration of the solute. Lipids diffuse across
the intestinal UWL before contacting the BBM. The ef-
fect of the resistance of the UWL is to reduce the con-
centration of the lipid presented to the BBM. Therefore,
it is important to correct for the effect of the UWL on
absorption, to assess the true permeability coefficient of
the BBM. Failure to correct for the effective resistance of
the UWL will result in underestimation of the true per-
meability properties of the BBM. Bile acid micelles
greatly enhance the uptake of fatty acids and cholesterol
from the small intestine, by helping to overcome the
resistance of the UWL and by increasing monomer con-
centration at the aqueous—membrane interface.

A variety of approaches have been developed to es-
timate UWL resistance. These include techniques that
are based on the following: (1) the morphometric anal-
ysis of small bowel dimensions; (2) the rates of carbon
monoxide diffusion out of the intestinal lumen; (3) the
effects of changes in viscosity of the perfusate on solute
absorption; (4) the osmotic gradient technique to de-
termine time required for development of diffusion po-
tentials; (5) the kinetics of entry of macromolecules into
the intervillus spaces; and (6) the comparison of the K,
values for solute transport or peptide digestion with the
values observed in the intact intestine.

The osmotic transient technique has been used
in vitro and it assumes the presence of a planar surface.
The osmotic transient technique has also been used in
intestinal perfusion studies in animals and in humans.
UWL thickness estimates of 300 to 800 pm have been
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obtained from the determination of the half-time of
changes in the potential difference in a perfused gut
segment when one solution is rapidly substituted for
another with a different osmolarity. This method prob-
ably does not yield accurate estimates of UWL thickness
because the osmolarity of the lumenal bulk solution is
achieved slowly. Furthermore, fluid perfused through
the rat intestine moves by laminar flow, rather than
segregating into a UWL and well-mixed bulk lumenal
contents.

Another method used to assess the effective resis-
tance of the UWL is to determine the rate of intestinal
uptake of a homologous series of probes, such as satu-
rated fatty acids. The fatty acid partition coefficient in-
creases with its chain length by a factor corresponding to
a decrease in the incremental change in free energy
moving from an aqueous phase to a lipid phase. Values
for the apparent passive permeability coefficient (P)
increase with the chain length of the fatty acids, until
the value of P becomes proportional to their free diffu-
sion coefficients. This point indicates that uptake was
limited by the rate of diffusion across the UWL up to the
BBM. From rates of uptake of such diffusion-limited
probes, the UWL resistance in rat jejunum in vivo
may be calculated and closely approximates the value
of the UWL resistance calculated from the half-time of
change in diffusion potential. The diffusion barrier re-
sistance falls by approximately 45% over a range of
perfusion rates observed in vivo (1.5—15 ml/min).

In vivo, the magnitude of the UWL thickness varies
depending on the method used to access this dimension:
in rat jejunum the UWL is 700 to 800 pm thick in a
30cm segment perfused in the conventional fashion
on the abdominal cavity, falling to 200 to 400 pm
when the segment is placed in the abdominal wall
and falling to 32 to 68 pm with shaking of the intact
rat. Values for the effective thickness of the UWL in rat
perfusion experiments have been obtained by various
methods: 410 to 430 pm by measuring the development
of osmotically induced potential difference, 460 to
486 um by the segmented flow technique, and 212 to
708 pm by changing the flow rate.

Another method used to obtain measures of UWL
thickness in vivo involves the measurement of the rate of
hydrolysis of probes in vitro and in vivo, from the
difference in these rates, the UWL effect is calculated.
Such estimates have yielded UWL thickness values of
48 pm in the human jejunum. This method assumes that
the K., of the disaccharides, measured in vitro, accu-
rately reflects the K, of these enzymes in the intact
intestine. This is a reasonable assumption, given that
the kinetics of these enzymes are not altered by disso-
ciation from the BBM. This method also assumes that all



162

disaccharide hydrolysis occurs in the BBM rather than in
the lumenal contents, again a reasonable assumption.

Measurements of UWL thickness made in the jeju-
num of conscious dogs by assessing the absorption rate
of two rapidly absorbed probes, glucose and ['*C]
warfarin, gave values of only approximately 35 and
50 um for perfusion rates of 26 and 5 ml/min, respec-
tively. Measurements of the maximal UWL thickness for
the human jejunum calculated from previous studies of
glucose absorption yielded a mean value of only 40 pm.
These measurements are less than one-tenth of
previously reported values obtained using the osmotic
transient technique.

The effective resistance of the UWL is determined
not just by its thickness, but also by its surface area and
by the diffusion coefficient of the probe under consid-
eration. The diffusion coefficient may vary with viscos-
ity of the bulk phase or of the mucus in the UWL. Earlier
physiological studies showed that the uptake of most
nutrients occurs from the upper portion of the villus.
The “recruitment” of additional transporters or mem-
brane surface area available for uptake will depend on
the rate of uptake of solute from the enterocytes at the
top of the villus, their access to the intervillus space, and
the movement of the villi. Thus, the surface area of the
BBM used for nutrient uptake is much less than the total
membrane surface area.

The viscosity of fluid influences diffusion resistance.
Dietary fiber or its components, such as guar gum, may
be used to increase the viscosity of the lumenal contents.
Such changes in viscosity may reduce absorption by
affecting UWL resistance. Fiber may also increase the
pressure in the intestinal lumen, distend the bowel, and
thereby increase the uptake of some substances such as
antipyrine (a weak base, almost completely undisso-
ciated). In vivo, other aspects of fiber may play a role
in nutrient absorption such as a slowing effect on
gastric emptying or a prolonged mouth-to-cecum tran-
sit time.

There is evidence to suggest that the dimensions of
the UWL may be specific to individual experimental
conditions and cannot be predicted. Thus, to correct
for effective resistance of the UWL and thereby to obtain
valid estimates of the kinetic properties of the tissue in
question, this resistance factor must be measured. Only
in this way will it be possible to establish whether an
adaptation in transport that occurs as a result of a die-
tary, pharmacological, or other experimental manipu-
lation designed to mimic a disease state influences
nutrient uptake as a result of alterations in the value
of P, K.y, or V.« Once the kinetic mechanism of altered
transport is known, then mechanisms responsible for
this adaptation can be determined. Thus, the value of the
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UWL resistance must be measured for each change in
experimental design.

Intervillus Space and Villous Motility

Increasing the rate of stirring of the bulk phase en-
hances the in vitro uptake of nutrients. Faster rates of
perfusion through the intestine enhance in vivo uptake
of nutrients by a process that involves a reduction in the
thickness of the UWL and an enhancement of mucosal
surface area available for uptake. Distension of rat ileum
leads to a reduction in villous height and a marked
increase in width of the intervillous space (IVS) in
both the transverse and the longitudinal dimensions.
The net effect of this distension, however, is that
there is no absolute change in total mucosal surface area.

Because the proportion of the IVS that is involved in
solute uptake will depend on the extent to which cells at
the villous tip exceed their capacity to transport the
solute, the Vy,,, or P may vary depending on the extent
of the IVS used for uptake. With increasing recruitment
of carriers along the IVS or recruitment of increasing
amounts of cell membrane for passive uptake, the esti-
mated value of these kinetic constants may vary.

Because the IVS is only approximately 50 pm wide in
dogsand 15 pminrats, 7 to 25 pm is the maximum UWL
that could separate the solute from the absorptive epi-
thelium in this space. The remaining UWL must be
confined to the villous tips. Using measurements of
maltose hydrolysis in the rat jejunum, hydrolysis was
accurately predicted by a model in which the unstirred
fluid extended from 20 pm over the villous tips through-
out the IVS. In this model, the depth of diffusion into the
IVS is inversely proportional to the efficiency of epithel-
ial handling of the solute. As a result, both the aqueous
barrier and the functional surface area are variables
rather than constants.

1f the thickness of the UWL in vivo is low, then what
will be its impact on nutrient uptake? Levitt and col-
leagues have estimated for a rapidly absorbed nutrient
such as glucose that the ratio of the cross-sectional sur-
face area of the IVS to the lumenal mucosa surface is
1:3, that 50% of the glucose will be absorbed within
9 um of the villous tips, and that this preepithelial dif-
fusion barrier may remain the rate-limiting step for rap-
idly permeating probes such as glucose. A UWL of
35 um would still produce approximately 75% of the
total resistance to glucose absorption, because the
total resistance (UWL plus epithelial cell) to transport
of low concentrations of glucose is equivalent to a UWL
of 48 um. As the infusate concentration increases, the
carriers at the villous tip become saturated and the probe
must diffuse down the IVS.
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When uptake occurs largely from cells along the
upper portion of the villus, the thickness of the UWL
can be approximated by simple laminar flow analysis
and for modeling purposes the intestine can then be
assumed to be a smooth cylinder. The IVS may become
an important site of uptake when flow rate is high or
when there is intestinal distension. However, the in-
crease in the absorption rate after distension is smaller
than the enlargement of the inner cylindrical surface
area, presumably because of a change in supravillous
diffusion resistance.

In canine jejunum in vivo, substances absorbed into
the villus tips must penetrate an unstirred layer of 500 to
1000 pm, and for those substances absorbed into the
lateral surfaces of the villi, an additional barrier of as
much as 800 pm exists. The fluid in the IVS is poorly
stirred and presumably movement of the villi has little
impact on mixing of the IVS fluid. Westergaard and
Dietschy, in 1974, and Winne, in 1978, also concluded
that villus movement produced little stirring of the
UWL. When water absorption occurs then penetration
of the UWL by the process of solvent drag may enhance
absorption into the tip region of the villus. However,
because water absorption occurs largely in the upper-
most portion of the villi, diffusion is likely the only
process for permeation across the BBM of enterocytes
further down the villus.

Intestinal villi exhibit spontaneous movement in
the living animal. The villous movements are thought
to be due to contraction of smooth muscle fibers
from the muscularis mucosae that run longitudinally
within the villous core. There is a piston-like retraction
and extension of the villi, pendular side-to-side move-
ment, and tonic contraction of several or all wvilli.
Local, neural, and hormonal factors modulate villous
motility.

A videomicroscopic method has been used to ana-
lyze quantitatively villous motility in the dog intestine.
The villous retractions are most frequent and of longest
duration in the duodenum, followed by the jejunum and
the ileum. It is predicted that villi are in the retracted
state for approximately 30, 13, and 6% of the time in
these three sites, respectively. The frequency of pend-
ular movements is greatest in the jejunum, followed by
the ileum and the duodenum. Lumenal pH or the pres-
ence of glucose has no effect on villous motility, whereas
amino acids and free fatty acids increase villous con-
traction frequency by 30—50 and 90%, respectively. It is
unclear whether these changes in villous contraction are
achieved by feeding alone or by specific nutrients. In-
creasing villous motility by fluid expansion in the intact
canine intestine actually decreases absorption of water
and lauric acid. Thus, it is unclear whether the villous
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motility perturbs the UWL sufficiently to actually mod-
ify nutrient absorption.

According to the principles of laminar flow, the flow
rate of fluid is most rapid and most completely stirred in
the center of the intestinal lumen, with progressively
slower flow rates and incomplete stirring in fluid near
the BBM. Laminar flow occurs in the gut. The two-
dimensional laminar flow model is valid for determining
kinetic parameters of carrier-mediated transport in situ
and for predicting absorption rate in situ from uptake
rate in vitro. Thus, in the constantly perfused intestine,
fluid moves with laminar flow. This is different from the
conventional unstirred water layer model, which pro-
poses a thickness of totally unstirred water adjacent to
the lumen with well-mixed contents in the center of the
lumen.

The flow rate of fluid through the proximal small
intestine varies widely from an average of 2.5 ml/min in
fasting subjects to as high as 20 ml/min after meals.
Increasing the flow rate increases the absorption of
tritiated water and D-glucose and opens the IVS more
widely. Increasing the jejunal flow rate from 5 to 20 ml/
min decreases the permeability ratio of xylose/urea by
approximately 30% and decreases the average calcula-
ted pore radius of the diffusion pathway. Presumably
there is increased exposure of the lumenal fluid to the
less permeable cells in the IVS.

Most studies of perfused bowel in vivo have been
performed in anesthetized laparotomized rats, where
there is little motility and near-perfect laminar flow,
just as if the perfused fluid mass was moving through
a pipe. In conscious rats, maximal preepithelial resis-
tance is equivalent to an UWL thickness of only approx-
imately 100 pm, with anesthesia doubling this
resistance and anesthesia and laparotomy increasing
resistance to approximately 600 pm. Clearly, correc-
tions in UWL resistance become even more important
under these experimental conditions.

Acid Microclimate

A layer juxtaposed to the mucosal surface where the
proton concentration is higher than in the bulk phase of
the intestinal lumen is designated the “acid microcli-
mate.” The existence of the acid microclimate was pos-
tulated on the basis of differences in the steady-state
distribution of weak acids and bases from the values
predicted by the pH-partition hypothesis. In a theore-
tical study in 1977, Winne concluded that the absorp-
tion of weak electrolytes could be modified by the
existence of unstirred layers. The presence of the acid
microclimate was demonstrated indirectly on the basis
of acidification of the incubation medium by isolated
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segments of rat jejunum, as well as by direct measure-
ments using surface microelectrodes or tip microelec-
trodes on tissue in vitro or in vivo. Point-by-point
determinations using 50 pm tip diameter antimony mi-
croelectrodes show that in rat jejunum in vitro, the
highest proton concentration (24—224 nmol/liter = pH
6.67—6.65) was found 10 to 100 pm below the tip of the
villus. No gradient is seen along the villi in the ileum.
The thickness of the acid microclimate in rat jejunum
in vitro, 700 pm, is similar to the thickness of the UWL.
Such an acid microclimate has been described in human
intestinal biopsy material and may change in disease
states such as celiac disease.

Thus, the pH of the UWL is below 6, which is lower
than in the bulk phase of the intestinal lumen, and
is lowest in the mucus layer immediately adjacent to
the BBM. The low pH of this acid microclimate is
maintained by activity of the Na'/H" exchanger in
the BBM. The NHEs in the intestinal BBM are respon-
sible for acidifying the UWL adjacent to the BBM. This
facilitates partitioning of fatty acids out of the bile salt
micelles, their protonation, and hence their greater per-
meation across the BBM. NHE appears to play a more
important role when there is a H"/Na™ gradient across
the BBM, whereas the fatty acid-binding protein in the
BBM, FABPm, is important when there is less of such
a gradient. Inhibition of NHE or FABPm results in an
approximately 30 to 40% decline in the uptake of fatty
acids. Mucus glycoproteins may contribute to this pH
gradient by inhibiting the diffusion of protons into the
bulk phase. The mucus may act as an ampholyte, re-
stricting H™ movement in its matrix. The acid micro-
climate is also maintained by physical properties of the
mucus that retard diffusion of H* from the BBM to the
bulk phase in the intestinal lumen. The acid microcli-
mate may alter the proportion of ionized to non-ionized
solutes, which may thereby influence the ability of the
solutes to be taken up by the BBM. This is particularly
important for fatty acids (pK, ~ 4.2), since the majority
would exist in the non-ionized form in the acidic
microclimate of the UWL and thereby allow these
protonated fatty acids to permeate the BBM more
readily.

Brush Border Membrane

The second barrier to lipid uptake is the BBM of
the enterocyte. The BBM of the enterocyte is polarized
in composition and in function. Tight junctions divide
the plasma membrane into two domains: the BBM and
the BLM. The surface area of the BBM increases the
surface area of the villus up to 40-fold and is subject
to direct or indirect regulation by food or food
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substances. The BBM serves as a permeability barrier
that separates the enterocyte from the intestinal
lumen. Nutrient transport is determined by endocyto-
sis, carrier proteins, and permeability properties of the
membrane. Absorbed nutrients exit the enterocyte
across the BLM into the portal blood and into the
lymph. The BLM is also the entry site of nutrients,
hormones, and ions from the blood. Lipids are pre-
sumably incorporated in the external lipid monolayer
of the BBM; they subsequently diffuse through the
BBM and are released from the inner lipid monolayer
of the BBM into the cytosol of the enterocyte. The
permeability properties of the BBM are subject to
adaptation in health and disease.

Alterations in BBM lipid composition may modify
physical properties of the membrane, resulting in alter-
ations in activity of membrane-bound proteins. These
changes in BBM composition may produce alterations in
cell function, including nutrient transport. For exam-
ple, alterations in BBM lipid composition with aging
have been reported for rat intestine and rabbit intestine.
The ratio of total phospholipid to cholesterol in the BBM
increases with aging, primarily due to an increase in the
phospholipid content of the membrane.

Changes in the fatty acid and cholesterol content of
the diet result in alterations in BBM lipid composition
and nutrient transport. The degree of unsaturation of
dietary fatty acids influences lipid composition and
function of membranes isolated from many tissues in-
cluding intestine. In addition, dietary glycosphingolipid
such as ganglioside may alter membrane fluidity and
permeability. Nutrients also play a significant role in
the regulation of gene expression. In a membrane per-
meability study using enzymatic and fluorescence
spectrometry techniques, incorporation of exogenous
gangliosides into the phospholipid vesicle was shown
to increase the passive membrane permeability.

Fluidity is a property of membranes that describes
the freedom of lipid molecules to move in the mem-
brane. Alterations in fluidity are associated with changes
in membrane lipid composition and function. Passive
and carrier-mediated nutrient transport processes de-
pend on the nature of the fluidity of the BBM and its lipid
composition. The lipid content of intestinal BBM
changes with fasting. There are decreased ratios of
cholesterol/phospholipid, sphingomyelin/phosphati-
dylcholine, and protein/lipid, decreased oleic and lino-
leic acids, increased brush border membrane total
phospholipid, an increased double-bond index, and
an increased percentage of stearic and arachidonic
acids. The low fluidity of the BBM reflects a low phos-
pholipid to cholesterol ratio and may be functionally
important for efficient nutrient transport. Enterocyte
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BBM fluidity is greater in the proximal small intestine
than in the distal small intestine, decreases as cells mig-
rate from the crypt to the villus, and is associated with
changes in lipid composition. Passive lipid permeability
and carrier-mediated glucose uptake are influenced by
changes in BBM fluidity.

Once lipids have diffused across the UWL, their
uptake is mediated by passive diffusion, although
lipid-binding proteins may contribute to uptake.

Lipid-Binding Proteins

There are numerous lipid-binding proteins in the
BBM and cytosol of the enterocyte (Table I). The pres-
ence of BBM lipid transport proteins raises the possibil-
ity that once lipids have partitioned out of the bile acid
micelle, their uptake may occur by this carrier-mediated
transport as well as by passive diffusion. Lipid-binding
proteins in the BBM may serve to transport lipids into
the enterocyte, whereas lipid-binding proteins in the
cytosol may remove lipids from the BBM and/or bind
them in the cytosol, thereby changing the lipid concen-
tration gradient across the BBM and enhancing further
uptake by passive permeation.

Caveolin-1 is a 22 kDa integral membrane protein
located in detergent-resistant microdomains of the
BBM. The caveolins may act as a plasma membrane
storage of cholesterol and may play a role in the ste-
rol-sensing component of the BBM. Caveolin-1 also ex-
hibits a binding affinity for long-chain fatty acids. The
role of caveolin-1 in the intestine has not been estab-
lished, but may be involved in the intracellular targeting
of lipids.

The scavenger receptor of class B type I (SR-BI) is a
57 kDa integral membrane protein and is located in the
BBM. SR-BI may act as a docking receptor for donor
particles, such as bile acid micelles, followed by the
transfer of lipids to the BBM. SR-BI may also play a
role in cholesterol absorption, as well as lipoprotein
transport. SR-BI is present on both the apical and
basolateral surfaces of the jejunum villus, with little
SR-BI being detectable on either apical or basolateral
membranes in the ileum.

A 43 kDa protein, known as the plasma membrane
fatty acid-binding protein (FABPpm), was identified
in the BBM and BLM of intestinal cells. This protein
binds LCFA, monoglycerides, and cholesterol. Incuba-
tion of rabbit jejunal BBM vesicles with anti-FABPpm
antibody results in a reduction in oleic acid uptake.
Polyclonal antibody to FABPm inhibits intestinal oleate
uptake in a dose-dependent, noncompetitive fashion,
with a reduction in the uptake of fatty acids, cholesterol,
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monoacylgycerol, and lyso-PC but not in the uptake of
glucose, alanine, or bile acids.

Fatty acid translocase (FAT) is an 88 kDa transmem-
brane glycoprotein located in the BBM of enterocytes.
Rat FAT is 85% homologous to the human scavenger
receptor CD36, which is found in platelets, lactating
mammary epithelium, monocytes, and adipocytes.
FAT RNA is more abundant in the jejunum than in
the ileum and is present in the upper two-thirds of
the intestinal villi; the FAT protein is limited to the
BBM. Dietary fat rich in polyunsaturated fatty acids
up-regulates the expression of intestinal FAT mRNA.
FAT is thought to account for approximately 35% of free
cholesterol uptake by the BBM.

The fatty acid transport protein (FATP) is a 63 kDa
membrane protein. There is a large family of FATPs, but
only FATP4 is present in appreciable levels in the in-
testine. FATP4 mRNA is expressed in the enterocytes of
the jejunum and ileum and at lower levels in the duo-
denum. Expression of FATP4 mRNA is absent from the
crypts of the small intestine and from the colon. Fatty
acids containing 10—26 carbon atoms are thought to be
substrates for FATP4.

The passive absorption of sterols occurs as a result of
collision between mixed bile salt micelles and the BBM,
but the BBM vesicle transport is reduced following
membrane digestion with proteases, suggesting the ex-
istence of a transport protein. This “cholesterol trans-
port protein” is an integral membrane protein, with at
least one hydrophobic domain. The multidrug resis-
tance protein (MDR; MDR1 in humans) may be in-
volved in the uptake of cholesterol into intestinal
epithelial cells. A sterol glycoside derivative specifically
binds to the BBM of enterocytes and blocks the absorp-
tion of cholesterol. A 145 kDa integral membrane pro-
tein in the BBM of rabbit enterocytes has also been
identified and may contribute to intestinal cholesterol
absorption.

In the cytosol of the enterocyte, fatty acids are bound
and transported to their respective sites of metabolism
by several cytosolic lipid-binding proteins including
two fatty acid-binding proteins (FABPc), the intestinal
type (I-FABPc), which is present exclusively in the in-
testine, and the liver type (L-FABPc), which is present in
both liver and intestine. Rat intestinal I-FABPc and
L-FABPc genes and human I-FABP have been cloned.
I-FABP is localized in mature villus tip cells and is not
usually present in the crypt cells, whereas L-FABP is
confined to the crypt—villous junction and is not
present in villus tip cells. L-FABPc appears in the
crypt cells only under the conditions of fasting, likely
in order to obtain fatty acids from the blood. I-FABPc
binds palmitic, oleic, and arachidonic acid, whereas
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L-FABPc binds both saturated and unsaturated fatty
acids, monoacylglycerols, lysophospholipids, and bile
salts, but not cholesterol. L-FABPc is a 14.1 kDa protein
located in the duodenum and jejunum, with maximal
expression in the proximal jejunum. I-FABPc is a
15.1kDa protein that is expressed throughout the
small intestine, with maximal expression in the distal
ileum. The mRNAs for I-FABPc and L-FABPc are ex-
pressed throughout the small intestine and along the
length of the villi. I-FABPc is thought to be important
for binding lumenally derived fatty acids absorbed
across the BBM, whereas L-FABPc binds fatty acids
from the bloodstream. I-FABPc is pH-insensitive,
which suggests that it binds protonated fatty acids,
whereas L-FABPc binds only the unprotonated fatty
acids. L-FABPc also binds growth factors, prostaglan-
dins, and leukotrienes, which suggests that L-FABPc
plays a role in enterocyte growth and differentiation.
These differences in binding specificities and pro-
perties may aid in the targeting of lipids to their sites
of metabolism.

Peroxisome-proliferator activator receptors (PPAR)
may play an obligatory role in up-regulating the express-
ion of L-FABP and I-FABP genes. The livers of mice fed
bezafibrate, a PPAR hypolipidemic drug, showed a
fourfold increase in L-FABPc protein and mRNA.
Bezafibrate increases the mRNA expression of FAT,
suggesting a complementary role of FAT and FABP
proteins in lipid absorption.

The microsomal triglyceride transport protein
(MTP) is an endoplasmic reticulum (ER)-localized co-
factor required for the assembly of apolipoprotein B
(apoB). MTP is a heterodimer consisting of a 58 kDa
subunit of protein disulfide isomerase (a multifunc-
tional ER protein) and a unique 97 kDa subunit. MTP
is essential for the transfer of triglyceride and
cholesterol esters into the hydrophobic core of apoB.
Mansbach and co-workers have suggested that the rate-
limiting step in lipid absorption is the trafficking of
triacylglycerol from the ER to the Golgi. Specifically,
the rate-limiting step may be formation of a prechylo-
micron vesicle that transports the developing
chylomicron from the ER to the Golgi. This rate-limiting
step in the complex process from fatty acid and monoac-
ylglycerol entry to triacylglycerol export may involve a
protein for the transport of triacylglycerol from the en-
doplasmic reticulum to the Golgi complex. This trans-
port particle has been isolated and characterized;
electron microscopy shows a 200 nm vesicle containing
immunoidentifiable apoB48 and apoA-1V, but very little
apoA-I. The surface of the chylomicron contains both

BARRIER FUNCTION IN LIPID ABSORPTION

exchangeable apoA-1, apoA-IV, apoC, and apoE and
nonexchangeable apoB48.
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Basic Electrical Rhythm

JACKIE D. WooD

The Ohio State University College of Medicine and Public Health

interstitial cells of Cajal Specialized nonneural cells that
function as pacemakers for the gastric and intestinal
musculature.

myogenic Originating in the musculature of an organ.

Electrodes attached to the serosal surface of the stomach
or small and large intestines of mammals detect electrical
activity that is continuous and rhythmic. Because of its
cyclic periodicity, following its discovery, this electrical
activity was called “basic electrical rhythm.” The more
modern term for the same kind of activity is “electrical
slow wave.” The time period from the onset of one wave to
the onset of the next is designated as one cycle of the
rhythm. Quantitative descriptions of the rhythm frequen-
cies in the specialized regions of the gastrointestinal tract
are usually expressed as cycles per minute.

INTRODUCTION

The basic electrical rhythm (BER) in the stomach or
small and large intestines of mammals is a property
of the musculature. The rhythm continues after block-
ade of all of the innervation of the gut muscles and
continues in isolated preparations of stomach or intes-
tine placed in warmed physiologic solutions outside of
the body. This is the basis for describing the slow waves
as myogenic. Depolarization of the muscle membrane
potential accounts for the rising phase of the slow wave
and repolarization accounts for the falling phase.
Specialized pacemaker cells determine the fre-
quency at which the slow waves occur. The specialized
pacemaker cells are the interstitial cells of Cajal; named
after the famous Spanish neuroanatomist, Ramén y
Cajal. Interstitial cells of Cajal are electrically coupled
to the bulk of the smooth muscle in the stomach and
intestine. Electrical slow waves generated by the pace-
maker cells spread passively into the bulk musculature.
The slow waves do not trigger contractions of the mus-
cle. Invasion of the bulk musculature by the slow waves
depolarizes the membrane potential of the muscle cells
to the threshold for discharge of action potentials, and
the action potentials trigger contraction. Contractions
and electrical slow waves occur at the same
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frequency when action potentials are triggered by
each and every slow wave. No contractions occur
when the slow waves fail to trigger action potentials
in the muscle. The nervous system of the gut determines
when the ongoing slow waves trigger action potentials
and their accompanying contractions.

BASIC ELECTRICAL RHYTHM OF
THE STOMACH

The waveforms (Fig. 1) of the BER, as recorded with
intracellular microelectrodes in the stomach and small
and large intestines, are similar in shape. Frequencies of
occurrence of the BER cycles in the stomach are slower
than in the small intestine. The waveform of the gastric
BER consists of a sharply rising depolarizing phase, a
plateau phase, and a repolarization phase (Fig. 1D).
Action potentials may appear on the plateau phase in
the distal regions of the stomach (Fig. 1E). A dominant
pacemaker located in the midregion of the stomach
initiates each slow wave. Once started at the pacemaker
site, the slow waves travel rapidly around the gastric
circumference and trigger the characteristic ringlike
contractions of the distal stomach. The slow waves
and associated ringlike contractions then travel more
slowly toward the gastroduodenal junction.

Electrical connections between smooth muscle
cells account for the propagation of the slow waves
from the pacemaker site to the junction with the
small intestine. The pacemaker region generates slow
waves and contractions at a frequency of 3 cycles/min in
humans, 5 cycles/min in dogs, 3—4 cycles/min in cats,
6—7 cycles/min in guinea pigs, and 4—5 cycles/min in
rats. The duration of each gastric electrical slow wave in
humans is about 10 sec.

BASIC ELECTRICAL RHYTHM OF
THE SMALL INTESTINE

Electrical slow waves in the intestine, like the BER
in the stomach, occur spontaneously and are always
present. Action potentials are triggered at the crests

Copyright 2004, Elsevier (USA). All rights reserved.
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FIGURE 1 Electrical slow waves constitute the basic electrical
rhythm in the small intestine and stomach. In the small intestine,
the electrical slow waves that constitute the rhythm did not trigger
action potentials (A) and exhibit action potentials at the crests of
the waves (B). (C) Basic electrical rhythm in distal region of the
stomach. (D) Waveform of the slow wave in the midregion of the
stomach exhibits a rising phase (depolarization), plateau phase,
and falling phase (repolarization). (E) Waveform of the slow wave
in a more distal region of the stomach. Action potentials appear in
association with the plateau phase. An electrode was attached to
the serosal surface of the intestine or stomach for recording of the
basic electrical rhythm in A—C. An intracellular microelectrode in
a single gastric muscle cell recorded the waveforms in D and E.

of the depolarization phase of the slow wave and are
followed by the associated muscle contraction (Fig. 1A).
Consequently, the highest frequency of contractions is
the same as the frequency of the slow waves. The small
intestinal BER frequency in humans is highest in the
duodenum, at about 12 cycles/min and progressively
decreases more distally, with the ileum having the
lowest frequency. Every slow wave may not trigger ac-
tion potentials and the frequency of contractions in an
intestinal segment may not be the same as the BER fre-
quency. When not all slow waves are generating con-
tractions, the intervals between contractions are
multiples of the shortest slow-wave interval.

BASIC ELECTRICAL RHYTHM

Intestinal slow waves occur synchronously around
the circumference of the intestine. They behave as if they
either travel very rapidly or are triggered simultaneously
at all points around the intestinal segment. At the same
time, they appear to travel at much slower velocities
in the longitudinal direction along the intestine. The
direction of travel is in the caudal direction in the
small intestine. Velocity of travel in the duodenum is
5—15 cm/sec, depending on the animal species. Velocity
of propagation decreases from the proximal to distal
small intestine. Contraction waves tend to travel in
the caudal direction with the same velocity as the
slow waves because the slow waves trigger the action
potentials that trigger contractions.

BASIC ELECTRICAL RHYTHM OF
THE LARGE INTESTINE

Specific properties of slow waves in the large intestine
are different from the properties of gastric and small
intestinal slow waves. The frequency gradient for the
large intestinal slow waves is reversed relative to the
small intestine. The lowest frequency of slow waves
in the large intestine occurs in the proximal colon
and is highest in the distal regions of the large bowel.
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Behcet’s Disease
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aphthosis Occurrence of numerous mucosal ulcers, or
apthae. Commonly occurs as an idiopathic disorder or
can occur as a part of disorders such as Behcet’s disease
or Crohn’s disease. In Behcet’s disease, the aphthae are
typically numerous, large, and deep.

pathergy Excessive inflammatory reaction to tissue trauma.
Characteristic of Behcet's disease, but also seen in
pyoderma gangrenosum.

uveitis Inflammation of the uveal tract of the eye, which
consists of the iris, cyclic body (anteriorly; anterior
uveitis, iritis, and iridocyclitis), and the choroid plexus
and retinal layers (posteriorly; posterior uveitis). Inflam-
mation of the entire uveal tract is referred to as
panuveitis.

Behcet’s disease is an idiopathic, intermittent inflamma-
tory clinical syndrome characterized by recurrent genital
and oral aphthosis accompanied by other systemic inflam-
matory manifestations that commonly include arthritis,
uveitis, and skin lesions. Loss of vision from recurrent
ocular disease is the principal morbidity of this disease.

EPIDEMIOLOGY

Behcet’s disease is a worldwide disease but occurs more
frequently in countries along the ancient Silk Road,
which linked China to the Roman Empire. The highest
prevalence is in Turkey (80—370 cases per 100,000). It
has intermediate prevalence in Iran, Saudi Arabia, and
the Far East and has a much lower prevalence in North
America and Northern Europe. The disease is more
common in men, and characteristically affects young
adults in the third to fifth decades.

ETIOLOGY AND PATHOGENESIS

Like other autoimmune diseases, the precise cause of
Behcet’s disease is unknown. The increased prevalence
of Behcet’s disease in geographic regions along the Silk
Road correlates with the prevalence of the human leu-
kocyte antigen (HLA)-B51 allele in populations en-
demic to these regions; HLA-B51 appears to
contribute to the risk of Behcet’s disease, but the asso-

Encyclopedia of Gastroenterology

ciation is much less prominent in Western countries.
This allele also appears to affect the severity of disease.
The major histocompatibility complex class I chain-re-
lated A gene (MICA gene), which is in linkage disequi-
librium with the HLA-B51 allele, is also a candidate gene
for Behcet’s disease. Hypotheses examining the relation-
ship between microbial infection and the development
of Behcet’s disease have suggested that shared ubiqui-
tous antigens, including the heat-shock proteins of
microorganisms, may trigger cross-reactive autoim-
mune responses in patients with Behcet’s disease.

Pathologically, the lesions in Behcet’s disease are
predominantly seen in the vasculature. Histopathologic
analysis reveals a neutrophilic vascular reaction
(leukocytoclastic vasculitis). Hypercoagulability, likely
secondary to endothelial activation, is also characteris-
tic of Behcet's disease.

CLINICAL FEATURES
Oral and Genital Lesions

Recurrent, painful, aphthous oral ulcers are fre-
quently the first and most persistent manifestation of
Behcet’s disease. They resemble common oral aphthae,
but when they are large, multiple, or seen on the soft
palate or pharynx, they should arouse suspicion for
Behcet's disease. Recurrent genital ulceration is
seen in the majority of patients. In men and women,
such ulcers are typically seen, respectively, on the
scrotum and on the vulva, but can be seen on any mu-
cosal surface.

Cutaneous Lesions

Common skin lesions include acneiform nodules,
pseudofolliculitis, and papulopustular lesions. Occa-
sionally, erythema nodosum and pyoderma gangre-
nosum occur. A positive pathergy test is considered
highly specific for Behcet’s disease. A 20-gauge needle
is inserted in the skin of the volar surface of the
forearm to a depth of 0.5 cm and is then rotated and
withdrawn. The appearance of a pustule >2 mm at the
puncture site 48 hours later constitutes a positive

Copyright 2004, Elsevier (USA). All rights reserved.



170

pathergy test. Pathergy is distinctly less common in
North American and Northern European patients.

Ocular Lesions

The classic ocular lesion seen in Behcet’s disease is
severe anterior uveitis resulting in visible pus in the
anterior chamber (hypopyon). Anterior uveitis is typi-
cally relapsing and remitting in character. Posterior
uveitis, which involves the posterior uveal tract and
retinal vasculitis with its associated complications, is
the main cause of permanent visual impairment in
Behcet’s disease. Ocular inflammation is less common
in North American and Northern European patients.

Musculoskeletal

A nondestructive oligoarthritis is the extent of joint
involvement in Behcet’s disease and is not a dominant
feature of this disease, occurring in less than half of the
patients. Itis often reflective of systemic disease activity.
Overlap myositis with proximal muscle weakness occa-
sionally occurs.

Nervous System

Neurological disease occurs in one-third of patients
with Behcet's disease, often several years after
mucocutaneous manifestations have been present.
Aseptic meningitis, stroke syndromes, and cranial neu-
ropathies can occur. Magnetic resonance imaging re-
veals the predilection for small brain stem vessels and
periventricular sites of involvement.

Vascular

Behcet's disease can involve arterial and venous
blood vessels of any size. Large-vessel involvement is
relatively more common. Clinical syndromes include

TABLE I Criteria for Diagnosis of Behcet’s Disease”

BEHCET’S DISEASE

inferior vena cava obstruction and Budd—Chiari syn-
drome. Deep venous thrombosis and superficial throm-
bophebitis occur quite commonly in Behcet’s disease.

Gastrointestinal

Ulceration can occur in any part of the gastrointes-
tinal tract but is most frequently seen in the terminal
ileum and cecum. Perforation and bowel infarction from
mesenteric vasculitis have also been reported in Behcet’s
disease. The ulcerations can be longitudinal, fissured, or
aphthoid. Symptoms include abdominal pain, melena,
or hematochezia. The clinical and endoscopic appear-
ance may be indistinguishable from that of Crohn’s
disease, creating difficulty in differentiating these
disorders, because patients with Crohn’s disease fre-
quently exhibit oral aphthae as well.

Other

Renal disease is relatively uncommon in Behcet’s
disease. Amyloidosis has been reported. Epididymitis
is also rare. A variety of rare cardiac lesions have
been reported. An overlap syndrome with relapsing
polychondritis, the “mouth and genital ulcers with in-
flamed cartilage” (MAGIC) syndrome, can occur.

DIAGNOSIS AND DIFFERENTIATION
FROM OTHER CONDITIONS

Recurrent aphthous stomatitis is a common disorder.
Ulcers in Behcet’s disease are typically larger, deeper,
take longer to heal, and may cause scarring. The diag-
nosis of Behcet’s disease should not be assigned unless
other clinical features are present. In 1990, the Inter-
national Study Group for Behcet’s disease proposed cri-
teria for the diagnosis of the disease (Table I). Other
disorders characterized by recurrent mucocutaneous

Criterion

Observation

Primary
Recurrent oral ulceration

Minor aphthous, major aphthous, or herpetiform ulceration observed by

physician or patient, recurring at least three times in one 12-month period

Plus two of the following symptoms
Recurrent genital ulceration
Eye lesions

Aphthous ulceration or scarring observed by physician or patient
Anterior uveitis, posterior uveitis, or cells in the vitreous (on slit-lamp examination) or

retinal vasculitis observed by ophthalmologist

Skin lesions

Erythema nodosum observed by physician or patient, pseudofolliculitis, or

papulopustular lesions; or acneiform nodules observed by physician in postadolescent
patients not receiving corticosteroid treatment

Positive pathergy test

Read by physician at 24—48 hours

“Modified from International Study Group for Behcet's Disease (1990).
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lesions include Crohn’s disease, human immunodefi-
ciency virus (HIV) infection, recurrent orogenital
aphthosis, herpes simplex infection, and cyclic neutro-
penia. Differentiation from Crohn’s disease may be par-
ticularly challenging because many other clinical
features are also shared, i.e., anterior uveitis, terminal
ileal ulcers, and arthritis. Posterior uveitis is rare in
Crohn’s disease and bowel histology is often distinctly
different.

THERAPY AND PROGNOSIS

Mucocutaneous disease is often treated with topical and
intralesional steroids. In refractory cases, systemic ste-
roids are employed. Colchicine may also be effective.
Steroid-sparing medications include azathioprine, cy-
closporine, methotrexate, and thalidomide. Ocular dis-
ease is treated very aggressively, often using topical
steroid drops or steroid injections into the episcleral
space (subtenon injection); with steroid-resistant dis-
ease, cyclosporine or methotrexate is often used. Inter-
feron o is emerging as a useful agent for both
mucocutaneous and ocular disease. Small open trials
have also shown beneficial effects of antitumor necrosis
factor (anti-TNF) therapy.

Behcet’s disease is a progressive disease with an un-
dulating course. Morbidity is higher in the young, in
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males, and in patients from the Middle or Far East.
Blindness and vascular disease are the cause of the
greatest morbidity in Behcet’s disease.

See Also the Following Articles
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achalasia Disorder in which the lower esophageal sphincter
fails to relax properly.

aerophagia Swallowing air.

gastroparesis Disorder in which the muscular contractions
of the stomach are lacking and the stomach does not
empty its contents.

Helicobacter pylori Gram-negative bacteria that can infect
stomach mucosa.

hypochlorhydria Condition of having decreased amounts of
stomach acid.

proton pump inhibitor Class of medication that blocks acid
production in the stomach.

vagal Pertaining to the vagus nerve of the parasympathetic
nervous system.

Belching, also known as eructation or burping, is defined
as the involuntary and sometimes noisy regurgitation of
air from the stomach and mouth. It is a normal physio-
logical activity that commonly occurs after eating.

PHYSIOLOGY

The sequence of events that lead to belching has become
fairly well understood through detailed manometric and
fluoroscopic studies. A rise in intragastric pressure will
lead to transient lower esophageal sphincter relaxations
(TLESRs). These then result in pressure equalizations
between the esophageal body and the stomach, and
intragastric gas is refluxed into the esophagus. This oc-
curs commonly; during the majority of times, the
intraesophageal gas is not perceived by the patient,
and the gas is returned to the stomach by secondary
esophageal peristalsis. If the volume of intraesophageal
gas is sufficient, relaxation of the upper esophageal
sphincter is triggered. The intraesophageal air passes
out of the oropharyngeal cavity and a belch is produced
if the intrathoracic pressure generated is adequate. This
sequence is thought to be under vagal control.

CLINICAL SYNDROMES

As anormal physiological event, there is no definition as
to what constitutes an abnormal volume or frequency of
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belching. In general, belching comes to the attention of
the clinician only when the patient perceives that it is
abnormal or problematic. A number of organic gastro-
intestinal disorders may give rise to excessive belching.
These include esophageal motility disorders, such as
achalasia, which may lead to retained esophageal con-
tents. Gastric outlet obstruction and gastroparesis may
cause increased gastric pressure resulting in belching.
Gastroesophageal reflux disease or a hiatal hernia may
also lead to excessive belching. Helicobacter pylori in-
fection, in the presence or absence of peptic ulcer dis-
ease, may lead to excessive production of ammonia and
bicarbonate through urea splitting. Small bowel bacte-
rial overgrowth, seen in patients with surgically altered
small intestinal anatomy, motility disorders, and
hypochlorhydria from autoimmune causes or chronic
proton pump inhibitor use, may lead to excessive hy-
drogen and methane production. Often such disorders
will have accompanying symptoms, such as, pain, vom-
iting, regurgitation, change in bowel habits, or weight
loss, and a detailed history and physical examination
can guide further necessary evaluation. Also, for poorly
understood reasons, patients may unconsciously at-
tempt to lessen epigastric or thoracic pain not of gas-
trointestinal origin by purposely swallowing air and
belching. This could be part of an anxiety response.
It is therefore important to think of angina pectoris in
appropriate risk patients who present with the new
onset of excessive belching.

After organic conditions that lead to excessive
belching have been excluded, the majority of patients
will have aerophagia, or air swallowing, as the cause of
their complaints. Sometimes easily correctable behav-
ioral causes of aerophagia can be identified. These
would include cigarette smoking, sucking hard
candy, ill-fitting dentures, or drinking through a
straw, for example. Other patients will reflexively
swallow air during stressful or anxiety-provoking situ-
ations. The remainder will habitually swallow air as
part of a functional gastrointestinal syndrome.
Aerophagia rarely leads to any significant adverse out-
comes except in children or mentally retarded persons,
who may swallow such large amounts of air that massive

Copyright 2004, Elsevier (USA). All rights reserved.
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abdominal distension occurs; a rare case of perforation
has been reported in such individuals.

DIAGNOSTIC TESTING

A detailed history will usually guide the need for specific
testing. In most situations, a plain film to check the
distribution of bowel gas is appropriate. Barium
esophagography can assess esophageal diameter and
determine whether a hiatal hernia is present. Esopha-
gogastroduodenoscopy (EGD) may be helpful in
ruling out peptic ulcer disease, sequelae of reflux, or
other structural lesions. Urea breath testing, examina-
tion of gastric biopsy, stool antigen tests, and serum
antibody detection are all available to identity H. pylori
infection. Hydrogen breath testing can identify abnor-
mal small bowel bacterial overgrowth through the de-
tection of excess hydrogen production after glucose or
lactulose challenge. Finally, cardiac stress testing can
help identify those with angina as a cause of excessive
belching.

TREATMENT

If a specific organic disorder is identified as the underl-
ying cause of excessive belching, then treatment aimed
at alleviating that cause is usually sufficient to correct
the complaint. In patients with aerophagia, a number of
measures may be tried. Sometimes behavioral modifi-
cation, such as chewing and eating more slowly, quitting
tobacco, and avoiding hard candy and carbonated
beverages, may be helpful. In patients with anxiety as
an etiology, anxiolytics and antidepressants may be
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appropriate. Other patients with habitual aerophagia
may benefit from referral to a psychologist for behav-
ioral therapy and counseling to help them control the
urge to belch. Such patients should be reminded that,
although their habit may be personally troubling and
socially distasteful, it is generally a benign disorder and
the prognosis is excellent.

Pharmacologic treatments aimed at directly modi-
tying belching have been Ilargely disappointing.
Simethicone is a defrothicant that acts to coalesce
small bubbles of gas. Many simethicone-containing
products are available and are widely used, but convinc-
ing studies regarding their effectiveness are lacking.
Other agents designed to neutralize or suppress acid
production, such as proton pump inhibitors, hista-
mine-2 (H2) blockers, or antacids, would not be expec-
ted to be useful in the absence of a specific acid-related
disorder.

See Also the Following Articles
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bezoar Any of various calculi found chiefly in the gastro-
intestinal organs and formerly believed to possess
magical properties. The prefixes phyto-, tricho-, and
lacto- are used to define the major bezoar constituents:
vegetable matter, hair, and milk products, respectively.

Bezoars are intralumenal masses consisting of undigested
matter that may lodge at any level within the alimentary
canal. These objects consist of plant material, hair, dairy
products, or foreign bodies. Therapy consists of enzyme
dissolution, endoscopic extraction, or surgery.

HISTORY

The word “bezoar” is derived from an Arabic corruption
of the Persian word “panzahar,” meaning “against poi-
son,” a reference to curative properties that were for-
merly ascribed to these objects. Bezoars have been
described for more than 3000 years, having been
noted in the intestines of sheep and goats. In ancient
times, people used bezoars as cameos for good luck,
health, and youth. In some cases, the objects were in-
gested as treatment for dysentery, leprosy, snake poi-
soning, vertigo, and epilepsy.

Bezoars were highly valued; indeed, Debakey and
Ochsner describe one case in which a bezoar was given
in exchange for a castle, and it was even possible to
“rent” a bezoar. As forgeries became prevalent, tests
were developed to examine their authenticity.

The first trichobezoar in a human was described as a
postmortem finding in 1779 and the first report of sur-
gical removal of a bezoar was reported by Schonborn in
1883. Diagnosis through palpation of an abdominal
mass was reported in 1896 by Stelzner. The first gastro-
scopic removal of a bezoar was performed by McKechne
in 1972.

CLINICAL FEATURES

Bezoars have been reported in patients ranging in age
from a few months to 90 years and at all levels of the
gastrointestinal tract from the esophagus to the rectum.
Areas of physiological or anatomical narrowing, or
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those that result from surgery or peritoneal adhesion,
are particularly common sites. Although they can occur
at any portion of the gastrointestinal tract, most are
found in the stomach. A single bezoar may completely
fill the stomach and even extend into the small bowel
(Figs. 1 and 2).

Bezoars are classified into four types, depending on
their contents. Phytobezoars consist of undigested por-
tions of fruits or vegetables, trichobezoars consist of
hair, and lactobezoars consist of congealed milk prod-
ucts. The fourth category may contain any of a wide
range of foreign objects, such as coins, gallstones, and
ingested medications (“pharmacobezoar”).

Trichobezoar usually presents as a gastric mass, oc-
casionally extending into the duodenum and even into
the jejunum. As many as 90% of trichobezoars are di-
agnosed in adolescent girls. Often, underlying stress is
present and the patient suffers from trichophagia and
trichotillomania. Cases in which the hair mass contin-
ued as far as the cecum have been referred to as “Rapun-
zel syndrome,” after the famed fairy tale character who
used her long hair to escape from a castle. The clinical
presentation of trichobezoar depends on the location
and size of the mass and may include vomiting due to
partial or complete obstruction, weight loss, or an ab-
dominal mass that may be thought to be malignancy. In

FIGURE 1 Extraction of a trichobezoar through a gastrotomy.

Copyright 2004, Elsevier (USA). All rights reserved.
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FIGURE 2 Trichobezoar. Note that the specimen has retained
the shape of the stomach.

addition to mechanical obstruction, bezoars may
be complicated by anemia, gastrointestinal ulcers, or
perforation.

Lactobezoar consists of a compact mass of undi-
gested milk concretions located within the gastrointes-
tinal tract. Most are reported in infants, in particular
preterm infants on caloric-dense formulas. Lacto-
bezoars may precipitate gastric outlet obstruction,
which mimics a variety of medical and surgical
conditions.

The diagnosis of bezoar is confirmed using ultra-
sonography (US), computerized tomography (CT), or
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barium swallow. Endoscopy may be useful in both the
diagnosis and the management of gastric bezoar. CT is
considered more accurate than ultrasonography and has
been used to diagnose bezoars at all levels of the gas-
trointestinal tract. Findings on US consist of
hyperechoic band-like lesions and acoustic shadows,
whereas CT demonstrates a mass that contains air
pouches, without postcontrast enhancement.

Therapeutic options include medical dissolution,
endoscopy extraction, or surgery. Gastroscopic extrac-
tion is the treatment of choice for gastric phytobezoars.
Endoscopic suction removal of gastric phytobezoars
using a large-channel endoscope is efficacious and
safe. Endoscopically guided electrohydraulic lithotripsy
has been advocated as a safe and effective modality for
gastric bezoars. Alternative endoscopic methods have
included the use of a water jet, forceps, or snare and
basket. Lactobezoars may be removed in this way or
dissolved using oral enzymes. Surgery is the treatment
of choice for trichobezoar, with removal of the entire
mass, including the “tail,” via gastrotomy.

Esophageal bezoars are rare and tend to occur in
patients with structural or functional abnormalities of
the esophagus. Additionally, enteric feeding formulas
that include sucralfate and casein have also been impli-
cated in the formation of esophageal bezoars, particu-
larly in the setting of decreased esophageal pH.

See Also the Following Articles
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ABC transporters ATP-stimulated membrane transporters
that are responsible for transporting molecules “uphill”
(against their concentration gradient); such molecules
have an ATP-binding cassette, hence the designation
“ABC.”

amphipathic Denoting molecules that have hydrophobic
and hydrophilic domains such that they are surface
active and often self-associate to form aggregates
(micelles).

bile acids Molecules that are present in high concentrations
in bile and are responsible for its physiological proper-
ties. Chemically, bile acids are compounds having the
cholane or cholestane nucleus with an acidic group on
the terminal carbon of the side chain. One to three
hydroxyl groups are present on the nucleus, and there
may be an additional hydroxyl group on the side chain.
Bile acids are formed in hepatocytes from cholesterol.
They occur in bile conjugated in an amide linkage with
glycine or taurine.

bile alcohols Molecules that are present in high concentra-
tions in bile in certain species (cartilaginous fish,
herbivorous fish, ancient mammals). Chemically, they
are compounds with a cholestane nucleus, having a
hydroxyl group on the terminal carbon of the side chain.
One to three hydroxyl groups are present on the nucleus,
and there may be one to three additional hydroxyl
groups on the side chain.

bile salts Collective term denoting both bile acids and bile
salts.

bilirubin Tetrapyrrole (brown in color); the major bile
pigment present in the bile of most mammals; the end
product of heme metabolism. When bilirubin is
oxidized, it becomes biliverdin.

biliverdin Oxidized bilirubin (green in color); the major bile
pigment in the bile of some fish and mammals. When
biliverdin is reduced, it becomes bilirubin.

canaliculus Space formed between the apical membranes of
hepatocytes, into which canalicular bile is secreted; the
smallest unit of the biliary tract.

cholesterol Sterol that is present in cell membranes.
Cholesterol is white and insoluble in water. It has the
cholestene nucleus with a double bond at C5—Cg
nucleus and a hydroxy group on the third carbon
atom.

cholic acid Primary bile acid; very common in many
mammals. Chemically, it is a Cy4 bile acid with hydroxyl
groups at carbons 3, 7, and 12.
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conjugation In metabolism, the addition of a molecule that
renders a lipophilic molecule more hydrophilic and
usually makes it more water soluble. Molecules com-
monly used for conjugation include sulfate, glucuronic
acid, glutathione, glycine, and taurine.

enterohepatic circulation Movement of molecules from the
liver, to the biliary tract, to the intestine, to the portal
venous system, and to the liver. The only molecules that
are known to have an efficient enterohepatic circulation
are bile salts.

flavinoid Collective term for a variety of polycyclic
compounds that are present in vegetables, especially
soy products. Many of the molecules have antiestrogen
properties (these are termed “phytoestrogens”).

flippase Transporter that “flips” a molecule in the membrane
from one side to the other. In the canaliculus, mdr2 flips
phosphatidylcholine from the cytosolic side to the
luminal side.

gallstones Concretions formed in the biliary tract; composed
of molecules that are insoluble in water, usually
cholesterol and/or calcium bilirubinate.

Gibbs—Donnan equilibrium Distribution of anions and
cations when an impermeable anion is present on one
side of the membrane. Electrostatic effects lead to
enrichment of divalent cations on the side of the
impermeable anion. In bile, this results in the concen-
tration (activity) of Ca*" ions being higher in gallbladder
bile than in plasma.

y-glutamyl transpeptidase Enzyme located on the luminal
face of the canaliculus (in some species) and the bile
duct epithelium; cleaves the amide bonds of glutathione
to constituent amino acids. The concentration of the
enzyme increases in liver disease.

glutathione Tripeptide consisting of glutamic acid, cysteine,
and glycine. The sulfhydryl group on the cysteine is used
for conjugation of a number of organic anions, especially
those containing halogen groups.

immunoglobulins A, M, and G Molecules with potent
bacteriostatic properties; IgA is the dominant immuno-
globulin of intestinal secretions and is found also in
saliva and bile.

micelles Polymolecular aggregates formed by amphipathic
molecules, such as detergents and bile salts; their
presence above a certain concentration is termed the
“critical micellization concentration” (CMCQC).

mucin Protein that has many carbohydrate molecules
covering its surface; the dominant protein of mucous.

Copyright 2004, Elsevier (USA). All rights reserved.
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phosphatidylcholine Zwitterionic phospholipid present in
cell membranes and in bile; chemically, has a glycerol
backbone. Fatty acids are esterified to the first two
hydroxyl groups; a phosphate group is attached to the
third hydroxyl group, yielding phosphatidic acid; the
phosphate group is esterified to choline (hence the
name, phosphatidylcholine).

primary bile acid Synthesized in the hepatocyte from
cholesterol.

saturation, or cholesterol saturation Number, expressed as a
fraction or a percentage, describing the cholesterol
concentration of a bile sample relative to its equilibrium
solubility (at saturation). Mathematically, it is the
cholesterol concentration divided by the equilibrium
solubility in the sample, or that predicted to hold for a
sample based on studies of model systems simulating
bile.

secondary bile acid Formed by modification of the hydroxyl
groups of a primary bile acid. Common changes involve
removal of the hydroxyl group at C-7 (7-dehydroxyla-
tion) or oxidation of any hydroxyl group to an oxo
group, or epimerization of any hydroxyl group (a
change of an a-hydroxyl group to a B-hydroxyl group
or vice versa).

solubility product Mathematical product of the concentra-
tion of the anion times the concentration of the cation of
a salt that has a low solubility in water. When the
solubility product of a salt is exceeded, the solution is
supersaturated, and the salt can potentially precipitate
from solution.

sphincter of Oddi Valve at the end of the biliary tract where
the tract empties into the duodenum. In humans, the
common bile duct and pancreatic ducts merge at the
sphincter of Oddi.

triangular coordinates Method for showing the relative
proportions of three constituents that together add up to
1 (or 100%). Because there are only two degrees of
freedom (the third is equal to the total minus the first
and second), it is possible to represent compositions of
such mixtures in two dimensions.

vesicles Lipid aggregates composed of a bilayer of
amphipathic lipids. Vesicles may consist of a single
bilayer (unilamellar vesicles) or multiple bilayers (multi-
lamellar vesicles). In bile, vesicles are composed mostly
of phosphatidylcholine and cholesterol. Bile salt mole-
cules adsorb to vesicles and, if present in sufficiently high
concentration, change the vesicles into mixed micelles.

Bile is a digestive and excretory fluid formed by secretion
of solutes (and accompanying water) into the biliary tract.
Most bile originates from hepatocytes. These secrete bile
into the biliary canaliculi, i.e., the spaces between the
apical membranes of hepatocytes. Canalicular bile drains
into the bile ducts, which merge to form the common bile
duct that in turn drains into the small intestine. Bile is
modified be secretion and/or absorption as it passes down
the bile ductules and ducts or when it is stored in the
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gallbladder. Biliary constituents are organic or inorganic.
The lipid component of the organic fraction consists of
three major classes—bile salts (bile acids), phospholipids
(mostly phosphatidylcholine), and cholesterol. Three
major classes of bile salts are present in the bile of
vertebrates—C,7 bile alcohols (conjugated with sulfate),
C,7 bile acids (conjugated with taurine), and C,7 bile
acids (conjugated with glycine or taurine). In most
mammals, bile salts are composed predominantly of
C,4 bile acids.

INTRODUCTION

Bile is an aqueous fluid secreted by the liver into the
biliary tract. Bile is distinguished from other digestive
secretions by its color—brown or green—and by its high
concentration of bile salts. Bile is colored because it
contains bile pigments, tetrapyrroles formed from
heme. Biliverdin is green; when reduced, it becomes
bilirubin, which is brown. Bilirubin is the bile pigment
in most vertebrates, but in some species (certain fish and
the rabbit), biliverdin is the dominant bile pigment. The
emphasis herein is on bile in mammals, because rela-
tively little information is available on bile composition
in amphibians, reptiles, fish, and birds.

Bile salts are surface-active molecules formed in the
hepatocyte from cholesterol. Bile salts are present in bile
as anions that self-associate to form polymolecular ag-
gregates termed “micelles.” The presence of such mi-
celles gives bile potent solubilizing properties, and in
mammals, the micelles in bile also contain phospholip-
ids and cholesterol. Bile is bitter in taste because of its
high concentration of bile salts. Bile is isosmotic and
slightly alkaline.

In most vertebrates, the biliary tract contains a glob-
ular reservoir, the gallbladder, in which bile is stored
and concentrated between meals. When a meal is eaten,
the gallbladder contracts and the sphincter at the end of
the biliary tract (sphincter of Oddi) relaxes. As a result,
bile enters the small intestine, where it promotes the
digestion and absorption of dietary lipids.

Bile is also an excretory fluid in that it serves as a
vehicle for the excretion of molecules that cannot be
eliminated in urine. In contrast to renal excretion, in
which the driving force is filtration by the glomerulus,
biliary excretion relies on transporters in the canalicular
membrane. Biliary excretion serves to eliminate ions or
molecules that are bound to plasma proteins. Such sub-
stances include a variety of lipophilic organic molecules
and polyvalent metal cations. When these molecules
enter the intestine via bile, they are poorly absorbed,
thereby leading to their elimination from the body in
feces.
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Historical Aspects

Because the gallbladder is readily detected at aut-
opsy, examination of the appearance of bile for clues to
the nature of disease has been practiced since antiquity.
Bile was one of the four “humors” proposed by Aristotle;
the term “melancholia” was used to suggest that when
bile was black, disease was present, causing a state of
depression. Because gallbladder bile is readily obtained
when livestock are slaughtered for meat, studies on its
composition began nearly two centuries ago. Isolation
of bile salts—the major constituents of bile—was per-
formed early in the nineteenth century. Pure com-
pounds were isolated and named before any idea of
their chemical structure was available. The Greek
word chole for “bile” gave rise to the name “cholic
acid,” from which the names of many other bile salts
are derived.

Bile contains a greater concentration of cholesterol
in humans than in any other vertebrate. When
cholesterol molecules crystallize and the crystals aggre-
gate, a gallstone is formed. In the late eighteenth cen-
tury, gallstones were dissolved in hot alcohol and
cholesterol crystals were obtained. The crystals were
named “cholesterin” (later changed to cholesterol),
the name denoting the solids in bile.

The major bile salts in bovids are the two bile acids,
cholic acid and deoxycholic acid. They occur in bile as
taurine or glycine conjugates. When bile is heated with
alkali, the unconjugated bile acids, cholic acid and de-
oxycholic acid, are formed. These are readily isolated
and have been available as laboratory chemicals in
relatively pure form for at least half a century. As aresult
of their availability, a great deal is known about their
properties.

TYPES OF BILE

Bile is formed by secretion of solutes into the cana-
liculus, a space formed between the apical membranes
of adjacent hepatocytes. Such bile, termed canalicular
bile, cannot be sampled, because the canaliculus is
too small to be sampled by micropuncture tech-
niques. Bile enters the biliary ductules, where it is
modified by solute absorption and secretion. The bil-
iary ductules have an arboreal architecture. The duct-
ules progressively anastomose, ultimately forming the
right and left hepatic ducts; these in turn merge to
form the common hepatic duct. Bile sampled at this
point is termed “ductular bile.” Ductular bile may
either enter the gallbladder or bypass the gallbladder
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to enter the small intestine. Bile in the gallbladder
may be sampled in vivo by gallbladder puncture dur-
ing surgery or ex vivo after gallbladder removal; such
bile is termed “gallbladder bile.” When studies seek
to ascertain the composition of gallbladder in the
healthy subject, a tube is placed into the duodenum
and gallbladder contraction is induced by intravenous
injection of a peptide. Such bile that is collected in
the duodenum is termed “duodenal bile” because it
contains a mixture of gallbladder and hepatic bile as
well as pancreatic secretions.

CLASSIFICATION OF
BILIARY CONSTITUENTS

Biliary constituents may be divided into two broad clas-
ses—organic and inorganic. The organic fraction, in
turn, is divided into a lipid fraction and a nonlipid frac-
tion. The lipid fraction is defined as bile salts (or
bile acids), phospholipids, and cholesterol. The non-
lipid fraction contains other organic molecules, most
of which are of endogenous origin. The major organic
nonlipid is bile pigment (bilirubin or biliverdin). Other
trace constituents include conjugates of steroids, fat-
soluble vitamins, and proteins and peptides. Exogenous
molecules may also be present in bile (for example,
drugs, ingested bile acids, and dietary constituents
such as flavinoids). Table 1 describes a classification
of biliary constituents.

Organic molecules that are larger than sucrose can
enter bile only by carrier-mediated transport. For a sub-
stance to be present in bile, it must be a substrate for one
or more of the canalicular transporters. These transpor-
ters, which have been cloned in the past decade, have an
ATP-binding cassette (ABC).

Hepatic bile is formed by the flow of water and fil-
terable solutes across the paracellular junctions between
the hepatocytes. Such flow occurs in response to the
osmotic stimulus of molecules that are actively secreted
into the canalicular space. In most species, the osmot-
ically active agents are bile salts and probably anions
such as bicarbonate and chloride. Glutathione also con-
tributes. Because bile salts and most organic molecules
in bile are anions, an equivalent concentration of cations
must be present. The dominant cations are those of
plasma (Na™, K", Ca’", and Mg”) and have concen-
trations that are similar to those of an ultrafiltrate of
plasma. Canalicular secretion of copper, iron, and cat-
ions of heavy metals promotes their biliary excretion. A
summary of the composition of hepatic and gallbladder
bile is given in Table II.
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TABLE I Classification of Biliary Constituents

Organic constituents Inorganic constituents

Lipid fraction Cations
Bile acids or alcohols Plasma electrolytes
Conjugated Sodium
Unconjugated Potassium
Phospholipids Calcium
Phospholipid classes Magnesium
Individual species Plasma metals
Cholesterol Copper
Nonlipid fraction Iron
Bile pigments Trace metals
Bilirubin/biliverdin Many polyvalent
Trace constituents cations
Steroids (conjugated) Anions
Oxysterols Plasma electrolytes
Fatty acids (unesterified) Bicarbonate
Vitamin B, Chloride
Fat-soluble vitamins Phosphate

(A, D, E, K—conjugates) Sulfate
Filtrable solutes
Sugars, amino acids, organic
acids, purines, pyrimidines
Proteins and peptides; autocoids
Plasma proteins: albumin, IgM,
IgA, apoproteins A-I,
A-11, B, and C
Bile-specific proteins: IgA,
mucins, APF/CPB
Peptides
Glutathione
Autocoids; signaling molecules
Prostanoids
Cyclic AMP
Xenobiotics; dietary constituents
Vitamin B,, congeners
Dietary lipids (e.g., plant sterols)
Drugs and their metabolites
Flavinoids

BILIARY LIPIDS

The following descriptions of biliary lipids apply to
mammals. In some reptiles and fish, no biliary lipids
other than bile salts are present.

Bile Salts

Bile salts are the dominant anion in gallbladder bile.
Active secretion of bile salt anions by a canalicular trans-
porter into the canaliculus generates an osmotic force
that pulls water and filterable solutes into the cana-
liculus. Bile salts are derived from cholesterol by a
multienzyme process. Three major classes of bile salts
are present in vertebrates—bile alcohols with 27 carbon
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atoms (C,7 bile alcohols), C,7 bile acids, and C,4 bile
acids. (In most mammals, bile salts are composed pre-
dominantly of bile acids, as distinguished from bile al-
cohols, and much of the clinical literature uses the term
“bile acids”).

Bile salts are secreted in conjugated form. The ter-
minal carbon of bile salts contains a functional group—a
hydroxy group in bile alcohols and a carboxyl group in
bile acids. The functional group serves to couple bile
acids to the conjugating moiety. Bile alcohols are ester-
ified with sulfate. The carboxyl group of the C,7 bile
acids is coupled to the amino group of taurine, with the
result that such conjugated bile acids are termed “N-acyl
amidates” or “N-acyl aminoamidates.” The Cy4 bile acids
are conjugated with taurine in some species, with gly-
cine in other species, and with both taurine and glycine
in some species, including humans. Conjugated bile
salts are strong acids and are fully ionized at the pH
conditions prevailing in bile and the small intestine.
Therefore, conjugation of bile acids increases their
aqueous solubility. Conjugation also prevents precipi-
tation by Ca®" ions.

Bile salts are hydroxylated on the nucleus and
sometimes on the side chain. All bile salts have a
3-hydroxy group because they are derived from
cholesterol, which is a 3B-hydroxy sterol. Cholesterol
7a-hydroxylase is a microsomal enzyme that is rate
limiting for bile salt synthesis, and bile salts with hy-
droxy groups at carbons 3 and 7 can be considered to be
the building block on which an additional nuclear hy-
droxyl group is added. All hydroxyl groups are present
onone face (the o face) of the bile acid molecule, causing
bile acids to be amphipathic. Trivial names of bile acids
are based on the pattern of nuclear substituents as well
as on the animal from which the compound was first
isolated.

During enterohepatic cycling of bile acids, bacteria
in the distal intestine remove the 7-hydroxy group of
bile acids, giving rise to one or more 7-deoxy bile acids.
The 7-deoxy bile acids are termed “secondary” bile acids
because they are formed by bacterial enzymes, and thus
should be distinguished from “primary” bile acids that
are synthesized in the liver.

Bile salts have a metabolism that differs from that of
other biliary lipids. They are efficiently absorbed from
the distal small intestine and are returned to the liver in
portal venous blood. They are transported efficiently
into the hepatocyte and again secreted into bile, thus
undergoing an enterohepatic circulation. Efficient in-
testinal absorption leads to a recycling pool of bile salts,
with the result that the transhepatocyte flux of bile acids
greatly exceeds bile acid biosynthesis. A small fraction
of bile acids is not absorbed in the distal intestine and is



180

TABLE 11
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Composition of Bile in the Adult Human: Lipids and Ions

Composition®

Hepatic bile

Gallbladder bile

Component

mmol/liter Mole fraction mmol/liter

Mole fraction Comment

Biliary lipids

Conjugated bile acids 10—40 ~0.7 70—-150 ~0.7 Mole fraction of biliary lipids,
i.e., bile acids, phospholipids, cholesterol
Cholic acid conjugates 4-16 0.4 28—-60 0.4 Mole fraction of conjugated bile acids
CDCA? conjugates 4-16 0.4 28—-60 0.4
DCAS conjugates 2-8 0.2 14-30 0.2 Conjugates of lithocholic acid and
UDCA are also present, but at <5%
Phospholipids 3-12 ~03 21-45 ~0.3 Mole fraction of biliary lipids
Cholesterol 1-4 0.05-0.1 7-15 0.05—0.1  Mole fraction of biliary lipids; cholesterol/
phospholipid ratio higher in
gallstone patients
pH 7.1-75 6.6—7.2
Electrolytes
Na*t 146 £8 210+12 Na* concentration depends on extent
of concentration in gallbladder
K" 48+0.5 127434
Cl™ 105+11 66+33
HCO5™ 22+3 14+£8
Ca®" (total) 1-2 2-12
Ca’" (ionized) 0.5-1.2 0.5-2.0
Mg** — 69422
Fe — 0.016 £0.01
Cu — 0.096 £0.05
PO, 0.2-0.9 Not reported

% Mean =+ SD or range.

» CDCA, Chenodeoxycholic acid.

¢ DCA, Deoxycholic acid.

excreted in the feces. Fecal loss of bile salts is balanced

by de novo biosynthesis.

In humans, biliary bile acids consist of the two

primary bile acids, cholic acid and chenodeoxycholic
acid, each comprising about 40% of biliary bile
acids. The remainder is made up of deoxycholic acid
(formed by bacterial dehydroxylation of cholic acid),
lithocholic acid (formed by bacterial dehydroxylation
of chenodeoxycholic acid), and ursodeoxycholic acid
(formed by bacterial epimerization of chenodeoxy-
cholic acid). Each bile acid is conjugated with glycine
or taurine.

Phospholipids

In most mammals, bile contains phospholipids that
are predominantly phosphatidylcholine (PC). (The
term “lecithin” is sometimes used for biliary phospho-
lipids.) The phospholipids in human bile have been

analyzed by high-performance liquid chromatography
(HPLC) in order to quantify individual PC species. A
large number (up to 30) of PC molecules are present in
human bile. In general, these tend to have a Cy¢ satu-
rated or monounsaturated fatty acid moiety in the first
position and a C;g mono- or diunsaturated molecule in
the second position.

PCissynthesized in the hepatocyte and travels to the
canalicular membrane by a phospholipid-binding pro-
tein. The canalicular membrane contains the usual
variety of membrane phospholipids, and a “flippase”
selectively flips PC molecules across the canalicular
membrane. The accumulation of phospholipid on the
luminal face of the canalicular membrane is evidenced
by vesicular evaginations that can be visualized by elec-
tron microscopy.

Biliary phospholipid serves to protect the biliary
epithelium from the cytotoxic effects of bile salts. In
the presence of phospholipids, bile salts form mixed
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micelles at alower concentration than is observed in the
absence of phospholipids. Biliary phospholipid also
serves to enhance greatly the solubility of cholesterol
in bile, a property that is important in humans because
the ratio of cholesterol (the solute) to the solvent (bile
salts and PC) is much higher than in other mammalian
species.

Cholesterol

Cholesterol is present in bile in unesterified form.
Cholesterol in bile has no function and its presence in
bile indicates that not all cholesterol in the liver was
converted to bile acids, or, as a corollary, that
cholesterol excretion is mediated by biliary excretion
of cholesterol as well as bile acids.

Cholesterol has a low aqueous solubility and is
maintained in solution by being incorporated into the
mixed bile salt phospholipid micelles present in bile.
Because the solubility of cholesterol depends on the
concentration of the mixed micelles, it has been com-
mon practice to express cholesterol concentration as a
mole fraction of either total biliary lipids or bile salts
plus PC. It is also common practice to express the rel-
ative proportions of the biliary lipids using triangular
coordinates. From these proportions and from the equi-
librium solubility of cholesterol in model systems com-
posed of the three biliary lipids, itis possible to calculate
cholesterol “saturation.” Gallbladder bile that is super-
saturated in cholesterol is a risk factor for the formation
of cholesterol gallstones.

When bile is supersaturated with cholesterol, addi-
tional phases besides mixed micelles are present in bile.
These include cholesterol-rich vesicles. The vesicular
phase may be isolated by centrifugation or exclusion
chromatography. Besides cholesterol, bile also contains
trace amounts of other sterols. These include endoge-
nous sterols such as oxysterols, which are intermediates
in bile acid biosynthesis. Bile also contains plant sterols
such as sitosterol, campesterol, and methosterol.

NONLIPID ORGANIC MOLECULES
Bile Pigments

The major biliary nonlipid is bilirubin, which is
formed in the hepatocyte by reduction of biliverdin.
Bilirubin is classified as a nonlipid because it is present
in bile as a glucuronide conjugate, and in this chemical
form is not appreciably incorporated into the mixed
micelles present in bile.

Bilirubin is formed in the reticuloendothelial cells
from heme and enters the hepatocyte by uptake from
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sinusoidal plasma. In the hepatocyte, bilirubin enters
the smooth endoplasmic reticulum, where one or both
of its two carboxylic groups are esterified to the C-1
hydroxyl group of glucuronic acid. In humans, bilirubin
is present predominantly in the form of the diglu-
curonide, but in other animals, the monoglucuronide
may be the dominant bile pigment. Bilirubin, in contrast
to bile acids, does not undergo enterohepatic cycling, so
that biliary secretion is approximately equal to synthesis
from heme.

Organic Anions Present in Trace Amounts

Other lipophilic molecules are present in bile in
trace amounts. These include glucuronides or sulfates
of steroid hormones, prostanoids, flavinoids (of dietary
origin), and conjugates of fat-soluble vitamins and/or
their metabolites. Biliary secretion is not considered to
play a major role in the excretion of these compounds
and they are not known to have any functional effects on
the biliary tract or small intestine. Their presence in bile
results from their serving as substrates for the rather
nonspecific anion transporters of the canalicular
membrane.

Proteins and Peptides

Only three proteins have appreciable concentrations
in bile—immunoglobluin A (IgA), mucin, and an an-
ionic polypeptide fraction/Ca**-binding protein (APF/
CPB), which is amphipathic and has phospholipid and
Ca”"-binding properties. IgA is secreted into bile from
cholangiocytes in humans; in other mammals, it is
thought to enter bile from hepatocytes. IgA serves to
inhibit bacterial growth in the biliary tract and may also
bind to cholesterol crystals, inhibiting deposition of
additional cholesterol molecules. Mucin is present in
hepatic bile and gallbladder bile. Biliary mucin is pre-
dominantly type 3 and 5B. Biliary mucin also enters bile
from peribiliary “glands” that secrete mucin into the
larger bile ducts. In gallbladder bile, mucin (type 2)
originates in part as a secretion by goblet cells that
are present in the gallbladder epithelium. The presumed
role of mucin is to prevent bacterial adhesion to epi-
thelial cell membranes. The anionic, amphipathic
protein(s) APF/CBP bind Ca®" and phospholipids,
but their biological functions have not as yet been
elucidated.

A variety of plasma proteins are present in bile in
trace amounts, including several apoproteins (of lipo-
proteins), albumin, transferrin, o-2-macroglobulin,
fibrinogen, o-1l-antitrypsin, and haptoglobin. These
proteins are considered to enter bile in part by
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exocytosis of vesicles from hepatocytes, cholangiocytes,
or cholecystocytes. Other modes of entry of proteins are
desorption from the canalicular membrane and leakage
across patulous paracellular junctions. IgG is consid-
ered to play a role in nucleation of cholesterol gall-
stones. Antigen—antibody complexes have also been
reported to be secreted in bile. Concentrations of
some proteins in gallbladder bile are summarized in
Table III.

Bile also contains enzymes, presumably arising from
desorption of enzymes on the luminal face of the can-
aliculus, from exocytosis into bile of vesicles from the
hepatocyte and the biliary tract epithelium, and from
sloughing of biliary tract epithelial cells. Enzymes
that have been measured in bile include lactate dehy-
drogenase, 3-hydroxybutyrate dehydrogenase, malate
dehydrogenase, glucose-6-phosphate dehydrogenase,
ornithine carbamoyltransferase, aspartate amino-
transferase, alanine aminotransferase, creatine kinase,
cholinesterase, alkaline phosphatase, lysozyme,
B-glucuronidase, aminopeptidase, y-glutamylpeptidase,
and fructose biphosphate adolase. A variety of lyso-
somal enzymes have also been measured in bile.

The tripeptide, glutathione is secreted into bile,
mostly in the form of its disulfide, its oxidation product.
During passage along the biliary tract, itis hydrolyzed to
its constituent amino acids (glycine, cysteine, and glu-
tamine) which are in part absorbed.

TABLE III Composition of Bile in the Adult Human:
Proteins and Peptides

Hepatic bile Gallbladder
Component (g/ml) bile (g/ml)
Total proteins 50—1000 1000—-7000
Mucin 100—400
Immunoglobulins
IgA 100—-900
IgM 2-160
IgG 30-500
Albumin 100—-1000
Transferrin 10—160
an-Macroglobulin 2—-100
APF/CBP 1
Apoproteins
ApoA-1 1-3 15-25
ApoA-II 1-2 7-15
C-1 8—-18 5-12
C-11 2—4 2-5
ApoB 7-15 25—40
Glutathione
Cyclic AMP
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Xenobiotics

Bile serves as the major excretory route for a number
of lipophilic drugs and/or their metabolites. Anionic
drugs and their glucuronides or sulfates are secreted
into bile by a nonspecific organic anion transporter,
the multidrug-resistance-associated protein 2 (Mrp2),
and occasionally by a bile acid transporter, the bile salt
export pump (BSEP). Cationic and some uncharged
drugs are transported by the multidrug-resistance 1
(MDR1) P-glycoprotein. Because these compounds do
not have an enterohepatic circulation, their biliary ex-
cretion does not exceed the daily dosage, and their con-
centration is usually quite low when compared to that of
bile salts.

The bile acid ursodeoxycholic acid (ursodiol) is
used to treat cholestatic liver disease and cholesterol
gallstone disease. It is conjugated in the liver and se-
creted in bile. With continued administration, its pool
size increases and it may become the dominant biliary

bile acid.

INORGANIC CONSTITUENTS
Cations

Aspreviously noted, biliary cations are those that are
present in an ultrafiltrate of plasma. Polyvalent cations
are secreted into bile by one (and possibly more) can-
alicular metal transporter(s). During concentration of
bile in the gallbladder, the activity of Ca*" increases
because of Gibbs—Donnan equilibrium effects. The re-
sult is that precipitation of calcium salts in the gallblad-
der is not uncommon and may occur whenever the
solubility product of a calcium salt is exceeded. Calcium
salts of unconjugated bilirubin, carbonate, phosphate,
uncommon bile acids, a number of anionic drugs, and
oxalate have been observed. The most common calcium
salt in gallstones is calcium bilirubinate.

Anions

The concentration of bicarbonate in hepatic bile
varies widely between species, and the concentration
of chloride varies reciprocally. The guinea pig is unique
among mammals in having a bicarbonate concentration
of 80 mM, and bile flow in this species appears to be
driven mainly by bicarbonate secretion. In other
species, bicarbonate concentration may exceed plasma
concentration because of bicarbonate secretion by
cholangiocytes.
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CHANGES IN COMPOSITION DURING
TRANSIT IN THE BILIARY TRACT

Bile Ducts
Biliary Lipids

The apical sodium dependent bile salt transporter
(ASBT), which is a membrane bile salt—sodium cotrans-
porter, is present in cholangiocytes, and some reabsorp-
tion of conjugated bile salts is likely to occur; however,
this flux is small. No information exists on phospholipid
or cholesterol absorption in the bile ducts, but it has
been speculated that the low cholesterol content of bile
in some species may result from cholesterol absorption
in the biliary tract.

Despite the lack of major changes in concentration
of biliary lipids, the physical state of bile may change
considerably during passage along the bile ducts.
During biliary lipid secretion, vesicles are desorbed
from the canalicular membrane. Such vesicles may
transform to micelles during the flow of bile in the
ducts. Such a physicochemical transformation is simply
the result of time, and the biliary ductules are unlikely to
play a role in this process.

Nonlipid Organic Molecules

Unconjugated bilirubin is transported to only a neg-
ligible extent across the canalicular membrane. How-
ever, it is likely that if unconjugated bilirubin enters
canalicular bile, it will be absorbed partly during transit
in the biliary ductules.

Canalicular bile may be hypertonic, and becomes
isosmotic during transit through the biliary ductules,
because their paracellular junctions are permeable to
water. Canalicular bile contains filterable solutes such
as short-chain fatty acids, glucose, and amino acids.
These are absorbed in part. Glutathione is hydrolyzed
to its constituent amino acids by y-glutamyl trans-
peptidase, which is located on the apical membrane
of cholangiocytes; in humans, it is also present on the
outer surface of the canalicular membrane.

Molecules present in conjugated form (glucuro-
nides, sulfates, glutathione conjugates) are not believed
to be absorbed in the biliary ductules. In some species,
glutathione conjugates of xenobiotics undergo cleavage
of the outer amide bonds of glutathione, leaving a cys-
teine conjugate (termed a “mercapturic acid derivative”)
of the molecule. If molecules are transported into bile in
unconjugated form, and if they are sufficiently lipo-
philic, they will be absorbed in part in the biliary duct-
ules to undergo a cholehepatic pathway. As noted
previously, mucin and IgA are secreted into ductular
bile by the biliary epithelium.
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Inorganic Constituents

Bile ducts contain the cystic fibrosis transmembrane
(chloride) regulator (CFTR) and chloride and possibly
bicarbonate are secreted by cholangiocytes in response
to the hormone secretin. Chloride undergoes chloride/
bicarbonate exchange, resulting in an apparent bicar-
bonate secretion. Sodium ions and accompanying water
molecules enter via the paracellular junctions, with the
result that an isotonic solution of sodium bicarbonate is
added to ductal bile.

Gallbladder

Biliary Lipids

Bile is concentrated in the gallbladder by removal of
chloride, bicarbonate, and accompanying cations. Re-
moval of biliary lipids occurs to a much smaller extent.
In humans, with prolonged fasting, bile becomes less
saturated in cholesterol, indicating absorption of
cholesterol. Phospholipids and bile salts are also ab-
sorbed but to a smaller extent. The apical bile salt
sodium transporter is present in the gallbladder mucosa.
During gallbladder storage, there is little change in the
phospholipid/bile salt ratio of gallbladder bile.

Nonlipid Organic Molecules

Conjugated bilirubin is not absorbed by the gallblad-
der wall. During prolonged storage in the gallbladder,
bilirubin glucuronides may undergo spontaneous hy-
drolysis, leading to the formation of unconjugated bil-
irubin. This may be absorbed, solubilized in micelles,
and/or precipitated as the insoluble calcium salt.

The nonspecific anion transporters MRP2 and MRP3
have been recently identified in gallbladder epithelium,
indicating that the gallbladder mucosa might secrete
organic anions into bile or absorb organic anions
from bile and transport them into blood.

The protein composition and content change during
gallbladder storage. In humans, haptoglobin, IgM, and
IgA, as well as al-glycoprotein, are reported to be ab-
sorbed by the gallbladder. At the same time, mucin,
albumin, and IgG are secreted into bile.

Inorganic Constituents

The major change in gallbladder composition dur-
ing storage is removal of chloride and bicarbonate an-
ions as well as accompanying cations. Water is removed
at the same time, with the result that bile remains iso-
tonic. Removal of electrolytes and water is considered to
occur by a double-ion exchange mechanism of the type
that is responsible for water removal in the ileum. A
Na/H" antiporter transports hydrogen ions into the
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FIGURE 1 Changes in bile ion concentrations during concen-
tration of bile in the gallbladder. Data were obtained using the
rabbit gallbladder in vitro, but similar concentration changes are
likely to occur during in vivo concentration of bile in the human
gallbladder. However, hepatic bile bicarbonate concentration is
lower in humans (about 25 mM) than in the rabbit (in which it
is about 60 mM. From Moore and Hofmann (1993). Reproduced
with permission from the publisher.

lumen, and sodium ions into the cell. At the same time, a
chloride/bicarbonate exchanger transports chloride
into the cell and bicarbonate into the lumen. In the
lumen, the hydrogen ions and bicarbonate ions combine
to form carbon dioxide and water, thus destroying
osmoles. The sodium and potassium ions that have en-
tered the cell are pumped out at the basolateral mem-
brane, and this efflux of cations in turn pulls water and
chloride ions through the paracellular junctions.
During this concentration process, bile is acidified.
With prolonged storage, gallbladder pH may decrease
from pH7.5 to pH5.5. Bile remains isotonic, even
though total sodium concentrations and bile salt con-
centrations may be as high as 300 mM. Ca®" increases
modestly because of a Gibbs—Donnan equilibrium ef-
fect. A schematic depiction of the changes in concen-
tration of the major ions in bile is shown in Fig. 1.
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Bile Duct Injuries and Fistulas
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biliary fistula An abnormal passage or communication from
the biliary system to another location.

cholangiography Injection of a radiocontrast dye into the
biliary system to study the anatomys; it can be performed
percutaneously via the liver or endoscopically via the
ampulla of Vater, located in the duodenum.

cholecystitis Inflammation of the gallbladder.

cholelithiasis The presence of stones in the bile duct
system.

A fistula is defined as an abnormal communication be-
tween the lumen of a hollow viscus and another hollow
organ or the integument. Abdominal fistulas generally are
classified by their sites of origin and termination, by the
volume and composition of drainage, and by their etiol-
ogy. Fistulous connections can occur between the biliary
tract and various structures, including the enteric tract,
bronchial tree, skin, and blood vessels. They can develop
as a complication of chronic cholelithiasis (i.e., biliary
enteric fistula) or infection such as liver abscess or hyda-
tid disease (i.e., bronchobiliary, biliary cutaneous, or
bilioportal fistulas). They can also result from blunt ab-
dominal or operative trauma (i.e., biliary cutaneous fis-
tulas). Internal fistulas connect the biliary system to other
abdominal and thoracic organs and cavities. External fis-
tulas are connections between the biliary tract and the
skin.

INTRODUCTION

Biliary fistulas were first mentioned by Bartholini in
1654. Thilesus described the first external biliary fistula
in 1670. A thorough analysis of biliary fistula was
first presented in 1890 by Courvoisier, who reported
a large series of approximately 500 cases, including
131 patients with gallstone ileus and 169 patients
with spontaneous external biliary fistula.

Biliary fistulas are usually the result of acute suppu-
rative cholecystitis associated with cholelithiasis. The
suppurative process leads to necrosis and perforation.
The site of spontaneous perforation and subsequent
fistula is in the gastroenteric system, in the thoracic
cavity, or more rarely through the abdominal wall.

Encyclopedia of Gastroenterology

Biliary fistulas are commonly reported as a complication
of cholecystectomy, common bile duct exploration, in-
advertent operative injury of the bile duct, or penetrat-
ing trauma.

ETIOLOGY

Biliary fistulas are incidental findings at cholecystec-
tomy in approximately 5% of patients. Cholecysto-
cutaneous fistulas to the abdominal wall occur but
are exceedingly rare. More than 90% of internal biliary
fistulas occur as a result of cholelithiasis and acute or
chronic cholecystitis. During repeated episodes of in-
flammation, adhesions form between the gallbladder
and adjacent structures, and eventually a stone (or
stones) erodes into adjacent viscera. Fistulas to the du-
odenum account for 70% of gallstone-related internal
fistulas and most of the remainder are to the stomach
or colon. Although fistulas not associated with stones
more often involve the common bile duct rather the
gallbladder, the gallbladder may be affected.

With more widespread use of laparoscopic chole-
cystectomy, the incidence of bile duct injury, including
biliary fistulas, has increased (compared to the inci-
dence associated with open cholecystectomy). Bile leak-
age from the cystic duct remnant is among the most
common injuries reported as a complication of laparo-
scopic cholecystectomy. The most common cause of
cystic duct leaks involves imprecise application of
clips on the duct or their subsequent dislodgement dur-
ing the procedure. Other potential mechanisms of
injury include trauma from cannulation during cholan-
giography, inadvertent thermal injury, necrosis of the
duct from acute inflammation or dissection, induced
devascularization, and ischemia.

Biliary fistulas may also arise from intrahepatic ducts
and the common duct. Small anomalous bile ducts (of
Luschka), if present, drain directly from the liver bed
into the gallbladder. These are severed during cholecys-
tectomy and, if not closed operatively, result in a bile
leak into the gallbladder fossa.

Copyright 2004, Elsevier (USA). All rights reserved.
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CLINICAL PRESENTATION
Internal Biliary Fistulas

Most cholecystoduodenal fistulas are asymptomatic
or result in nonspecific digestive complaints. Gallstones
may occasionally pass through the fistula tract and cause
gallstone ileus. A preoperative diagnosis of an uncom-
plicated cholecystoduodenal fistula is rarely made.

Patients with spontaneous development of chole-
cystocholic fistulas present with fever, chills, and ab-
dominal pain due to the influx of bacteria into the biliary
tract. Because the ileum, the main site of bile resorption,
is bypassed, a choleric enteropathy may develop as a
sign of bile acid loss. The patients present with nausea,
weight loss, and steatorrhea.

Choledochoduodenal fistulas (due to duodenal
ulcer disease or biliary neoplasms) are usually diag-
nosed incidentally, because they are rarely associated
with biliary symptoms. In rare instances, cholangitis,
jaundice, and abnormal liver tests may occur as indi-
cators of a concomitant biliary tract infection or
obstruction.

The hallmark of thoracobiliary or bronchobiliary
fistulas (due to trauma, malignancies, liver abscess, par-
asitic liver disease, choledocholithiasis, postoperative
biliary stenosis, or rare congenital disorders) is the
presence of bile pigments in the sputum (biliptysis).
Bronchiolitis is usually present. Other symptoms in-
clude right upper abdominal and pleuritic chest pain.

Fever, chills, or leukocytosis is seen in only half the
cases. A right pleural effusion is almost always present.

External Biliary Fistulas

Spontaneous external biliary fistulas are usually a
complication of acute cholacystitis with underlying
cholelitiasis. They are now extremely rare due to better
diagnosis.

An increase in iatrogenic bile duct injury has been
seen with the advent of laparoscopic surgery, especially
laparoscopic cholecystectomy. These injuries may be-
come apparent in the immediate postoperative period
or may develop over months. Patients may present with
jaundice, fever, bile peritonitis, biliary fistula, or ab-
dominal pain.

DIAGNOSIS
Plain Films

Gas in the biliary tree is visible on plain films in
most patients with a biliary fistula. Previous surgery
(choledochoduodenostomy, cholecystojejunostomy,
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or sphincterotomy), patulous sphincter of Oddi, and
ascending cholangitis with a gas forming organism
should be considered in the differential diagnosis.

Barium Contrast Examination

An upper gastrointestinal series or a barium enema
is frequently useful in detecting and evaluating the cause
of a biliary—enteric fistula when the diagnosis is unclear
after clinical exam and a plain film. It may be especially
useful in the diagnosis of biliary—enteric fistulas due to
peptic ulcer disease, carcinoma, diverticulitis, or
Crohn’s disease.

Ultrasound

The role of sonography is limited, since the fistula
is often too small to be imaged. The disappearance of
previously documented gallstones in the appropriate
clinical context maybe suggestive of a fistula. Chronic
inflammatory changes in the gallbladder and associ-
ated mass lesion or biliary tract obstruction may be
demonstrated.

CT Scan

CT is most helpful when the diagnosis of pneumo-
bilia is unclear from the plain film or when biliary tract
obstruction or a mass lesion is present.

Nuclear Medicine

99mTc-IDA scintigraphy is most useful in delineat-
ing bronchobiliary fistulas (congenital or traumatic),
postoperative or traumatic fistulas, and biliary—
enteric anastomotic leaks, often obviating direct
cholangiography.

Cholangiography

Direct cholangiography is often necessary to opacify
the fistula, demonstrate obstruction, and delineate the
pathologic anatomy precisely. However, small fistulas
may not be filled.

TREATMENT
Internal Biliary Fistulas
Biliary—Enteric Fistulas

Surgery is unnecessary in asymptomatic or high-risk
patients with cholecystoduodenal fistula. If a chole-
cystoduodenal fistula is discovered incidentally during
abdominal surgery, a cholecystectomy and closure of
the duodenal defect are sufficient in low-risk patients.



BILE DUCT INJURIES AND FISTULAS

Patients with cholecystocolic fistulas should undergo
immediate surgical treatment, including cholecystec-
tomy and closure of the fistulous communication. A
laparoscopic approach has been recently described. Seg-
mental resection of the colon may be necessary. Treat-
ment of uncomplicated choledochoduodenal fistula is
usually not indicated. Most authors agree that the ther-
apy is dictated by the symptoms of the underlying peptic
ulcer disease and not by presence of the fistula. Closure
of the fistula may be achieved by conservative manage-
ment of the ulcer disease. Surgical treatment of the fis-
tula may be necessary in the presence of severe ulcer
disease with perforation, bleeding, or obstruction or
upon the onset of acute cholangitis.

Thoracobiliary and Bronchobiliary Fistulas

Surgery is the mainstay of treatment in congenital
bronchobiliary fistulas. Excision of the fistula through a
right thoracotomy is usually performed. Interventional
radiology and endoscopic techniques, including
stenting to reduce distal biliary obstruction, may pro-
vide a safe treatment of acquired fistulas. Currently,
operative approaches should be considered only if per-
cutaneous or endoscopic interventions have failed.

External Biliary Fistulas

Definitive treatment of a spontaneous external bil-
iary fistula requires removal of the gallbladder and ex-
cision of the fistulous tract. Alternatively, the fistula may
be curetted and left to heal spontaneously. Aniatrogenic
external biliary fistula is a serious and difficult compli-
cation of biliary surgery. Delayed surgical repair with a
biliodigestive anastomosis after resolution of the inflam-
mation is often preferable. However, this surgery is
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associated with a high morbidity. When the fistula is
well contained and the patient does not present with any
signs of sepsis or bile peritonitis, a nonsurgical treat-
ment can advised. A conservative treatment with
endoscopic sphincterotomy, stenting, or placing of a
nasobiliary catheter to reduce intraductal pressure
can facilitate spontaneous healing.

PROGNOSIS

The prognosis in patients with biliary fistula is generally
fair, depending in large part on the specific type of fis-
tula, the clinical presentation, and the presence of co-
morbid conditions.
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bile Fluid secreted by the liver into the biliary system and
subsequently into the gut. Bile is composed of water,
organic anionic and cationic substances, electrolytes, and
several proteins and lipids. In addition, bile is the route
of excretion for many toxic substances. It contains
endogenous or exogenous substances that are excreted
by the liver, frequently after they undergo hepatic
biotransformation.

bile acid Organic acid that is derived from cholesterol and
possesses a steroid nucleus ring. Bile acids are amphi-
philic substances, with both hydrophilic and hydropho-
bic regions of the molecule, and can thus serve as
detergents to solubilize lipids.

bile canaliculus Domain of polar hepatocytes that connects
with the biliary system. It contains many transport
proteins that are required for bile formation.

bile salt Organic anion that is the ionized form of a bile acid.

bile salt-dependent bile flow Component of bile flow that is
attributed to the osmotic effect of bile salts secreted into
the bile canaliculus.

bile salt-independent bile flow Component of bile flow that
is not attributed to the osmotic effect of bile salts, and is
commonly attributed to the active secretion of electro-
lytes and other substances.

biliary system Anatomic area communicating from the liver
to the gut. It includes small bile ductules, bile ducts, and
the gallbladder.

bilirubin Porphyrin molecule that is a chemical break-
down product of heme metabolism. Bilirubin is very
hydrophobic (insoluble in water) and must be meta-
bolized into its water-soluble glucuronide form prior to
secretion into bile. Bilirubin is yellow, thus, when
serum bilirubin levels are elevated, jaundice becomes
evident.

choleretic Physiologic increase in bile flow. A choleretic
substance will stimulate the formationand secretion of bile.

cholestasis Pathophysiologic state characterized by an
impairment of bile flow. This can be caused by a
physical obstruction of the biliary system or by an
impairment of bile formation.

gallbladder Organ of the biliary system that serves the
functions of storing and concentrating bile. When the
gallbladder is stimulated, such as following a meal, its
contents are emptied into the biliary system and subse-
quently flow into the gut to enhance the digestive process.
However, many animals lack gallbladders and humans
usually have no symptoms after removal of the gallbladder.
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Bile, composed of water, organic anionic and cationic
substances, electrolytes, and several proteins and lipids,
is the route of excretion for many toxic substances. It
contains endogenous or exogenous substances excreted
by the liver, frequently after they undergo hepatic bio-
transformation. Bile formation is an essential function
of the liver. Although other organs such as the kidney
and intestines are essential for the absorption and secre-
tion of multiple xenobiotic and endobiotic substances, the
liver has an important role in the metabolism of many of
these substances prior to their excretion into bile.

INTRODUCTION

Many of the physiologic and molecular mechanisms
responsible for bile formation have recently been
elucidated, as well as the regulation of these transport
proteins in both normal physiologic and pathophysio-
logic states. The transport function of bile formation by
the liver is vectoral, occurring in a unidirectional man-
ner. Substances are taken up from the blood of the portal
circulation at the hepatic sinusoidal (basolateral) sur-
face, are transported across the hepatocyte to the bile
canaliculus, and are secreted into the canalicular space.
Once the bile has left the canaliculus it may be further
modified by the cholangiocytes, which are the epithelial
cells lining the biliary system. Bile is often stored and
concentrated in the gallbladder and is ultimately sec-
reted via the bile ducts into the intestine. It is also
important to know that bile salts, which are a major
component driving the formation and flow of bile, are
reabsorbed in the ileum (the distal portion of the small
intestine). De novo bile salt synthesis quantitatively ac-
counts for only a small amount of the bile salts that
are secreted by the liver each day. The overwhelming
majority of bile salts secreted into the bile each day
comes from cycling in the enterohepatic circulation,
in which the bile salts cycle from the liver via the bile
duct into the intestine, are absorbed in the ileum and
thus enter the portal circulation, return to the liver, and
are taken up by the sinusoidal (basolateral) bile salt
transporters. These processes may be significantly al-
tered in many pathophysiologic disease states.

Copyright 2004, Elsevier (USA). All rights reserved.
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Mechanisms of Bile Formation

The anatomical structure of the liver is unique in
many aspects. The liver parenchyma is perfused by two
distinct vascular systems, from the portal vein and from
the hepatic artery. The ultrastructure of the liver also
consists of a periportal and pericentral area where blood
flows unidirectionally from the periportal to the peri-
central end of the hepatic sinusoid. Bile formation oc-
curs in the liver, and bile flow occurs in the opposite
direction, arising in the pericentral area, crossing the
midzone, and continuing to the periportal hepatocytes
before it enters through the bile ductular system. There
is a zonal distribution of many liver-specific proteins,
including transport and metabolic proteins, which
also occur in this unique anatomical and physiologic
distribution.

Hepatocytes are polar epithelial cells, which have
basolateral (sinusoidal) and canalicular (apical) do-
mains, separated by tight junctions. The sinusoidal
membrane is actively involved in the uptake of nu-
merous substances into the hepatocyte from the por-
tal circulation. Portal blood can flow within the space
of Disse (between the endothelium of the portal ve-
nule and the sinusoidal membrane), and multiple
substances in the blood may be taken up by one
of the numerous sinusoidal uptake mechanisms.
There have been several putative and definitively de-
fined bile salt uptake mechanisms identified on the
basolateral membrane of the hepatocyte. The majority
of bile salt uptake is via sodium-dependent bile salt
cotransport, and a minority of bile salt uptake occurs
via a sodium-independent pathway. The sodium-de-
pendent taurocholate cotransporter peptide (NTCP,
in humans; Ntcp, in rodents) is the major bile salt
uptake mechanism in humans and rodents. There
have been several other putative human bile salt
transport proteins defined, including epoxide hydro-
lase, although this remains controversial. A large
class of organic anion transport proteins (OATPs)
have also been identified in the basolateral membrane
of both rodent and human liver cells; these proteins
transport numerous organic anionic substances, in-
cluding bile salts. In addition, there are several
other transport proteins and transport mechanisms
for electrolytes, including the Na*,K'-ATPase, the
Ca*t-ATPase, as well as numerous ion channels.

The Na*,K"™-ATPase is instrumental in creating the
electrochemical sodium gradient that drives sodium-
dependent cotransport. Although several other chan-
nels and transporters are important in maintaining
the transcellular sodium gradient, the Na*,K*-ATPase
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is an ATP-dependent protein complex that creates the
electrochemical gradient. Activity of this pump has been
correlated with many hepatocellular transport func-
tions, although more recent data have also emphasized
the import on bile formation of specific transport pro-
teins that have been identified and cloned over the past
decade.

Over the past decade, numerous ATP-binding cas-
sette (ABC) proteins have been identified in the liver
canalicular membrane. Members of this transporter
family include several P-glycoproteins, including
multidrug-resistance (MDR) proteins and MDR-asso-
ciated proteins (MRPs). In addition, numerous other
ABC proteins have been demonstrated to be important
for the secretion of phospholipid, glutathione, and other
organic anionic and cationic substances. Finally, the
liver secretes numerous other organic and inorganic
anions and cations as well as water (involving aquapor-
ins or water channels). Many of these transport proteins
are highly regulated and are significantly modified by
numerous hormones, intracellular second messengers,
pharmacologic agents, and in pathophysiologic disease
states.

Functions of Bile Formation

Several physiologic functions of bile formation have
been identified to be important for normal function. Bile
formation provides an essential root of excretion for
many xenobiotic and endobiotic substances, including
bilirubin. The diminished biliary secretion of bilirubin
can cause jaundice, which is often the presenting sign of
hepatic disease. Clinical jaundice is often the presenting
sign of liver disease because bilirubin is “easily seen” due
to its characteristic yellow color. Patients with clinical
jaundice also frequently have other concomitant hepatic
impairments of metabolism and secretion. The liver,
due to its unique microvasculature, is also frequently
involved in removing from the circulation large mole-
cules that may be bound to albumin or other transport
proteins. Similarly, many protein-bound drugs are
cleared from the body via biliary excretion. The liver
possesses numerous metabolic pathways that frequently
will metabolize substrates in the circulation prior to
their hepatobiliary secretion. Many hydrophobic sub-
stances, which cannot be cleared by the kidney, are
cleared from the body only after hepatic biotransforma-
tion into hydrophilic substances, which can be cleared
in the bile and/or urine.

A second important function of bile formation and/
or bile flow into the intestine is the enhanced absorp-
tion of hydrophobic or lipid-soluble substances.
These fat-soluble substances include numerous lipids
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(e.g., cholesterol) and essential fat-soluble vitamins.
Bile salts serve as detergents for the solubilization
of lipids and fat-soluble nutrients so they can be ab-
sorbed in the small intestine. Many cholestatic condi-
tions cause an impaired ability of the body to absorb
fat-soluble vitamins, including vitamin K. Many of the
clotting factors produced by the liver are vitamin K
dependent, and cholestasis can frequently cause severe
coagulopathy due to impaired solubilization and the
resultant malabsorption of vitamin K. Thus, bile for-
mation and bile flow are essential for both the excre-
tion of numerous substances from the body and the
absorption of lipids and other essential fat-soluble
nutrients. An impairment of bile flow from the liver
into the intestine may be caused by an anatomic ob-
struction of the biliary system, as well as by an im-
pairment of bile formation.

Bile Acid-Dependent and
Bile-Independent Bile Formation

Because bile acids are the major organic solute in
bile, it is not surprising that bile acid secretion is a major
driving force for bile flow. Formation of canalicular
bile has often been functionally divided into two
components: bile acid-dependent bile formation and
bile acid-independent bile formation. The bile acid-
dependent component of bile formation is typically at-
tributed to the osmotic effect of the bile acids. In support
of this, there are data from humans, dogs, rats, and
rabbits that there is a linear relationship between can-
alicular bile flow and bile acid output. In addition, many
non-micelle-forming bile acids exhibit a larger and
more significant choleretic potency than do many mi-
celle-forming bile acids. The bile acid-independent
component of bile formation is likely due to the effects
ofion secretion as well as to the secretion of bicarbonate,
glutathione, and bilirubin. The bile also contains nu-
merous biliary lipids, organic anions, organic cations,
and some biliary proteins.

EXTRAHEPATIC CHOLESTASIS

Extrahepatic obstruction of bile flow may be caused by
any benign or malignant condition obstructing the bile
ducts or adjacent anatomical structures. The initial
management of a jaundiced patient or a patient
with evidence of cholestasis typically involves a radio-
logic evaluation of the biliary system. Ultrasonography
can reveal both intrahepatic and extrahepatic biliary
dilatation. It is a sensitive imaging modality for the
detection of cholelithiasis (gallstones) and is often the
initial procedure of choice for imaging jaundiced
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patients. It may also identify the presence of
choledocholithiasis (common bile duct stones), ob-
structing masses in the head of the pancreas or in
the liver, as well as biliary obstruction caused by
large perihepatic lymph nodes (which can cause ex-
trinsic compression of the bile ducts).

Abdominal computer tomography (CT) scanning
may also be useful for the evaluation of extrahepatic
obstruction. Biliary dilatation may be evident, and this
imaging modality may be more effective than ultraso-
nography in identifying and characterizing masses of
the liver or pancreas, or lymphadenopathy. Endo-
scopic retrograde cholangiopancreatography (ERCP)
has been the gold standard for the evaluation of biliary
dilatation. In addition, it is useful not only diagnos-
tically, but also therapeutically when biliary obstruc-
tion must be endoscopically treated. Percutaneous
transhepatic cholangiography (PTC), intraoperative,
or T-tube cholangiography can also be employed to
define the biliary anatomy. Magnetic resonance chol-
angiography (MRC) is also highly effective in evalu-
ating the anatomy of the biliary system. Recent
evidence indicates that it is almost as sensitive as
ERCP, and may be more cost effective due to the
lower complication rate. However, it does not offer
the option of therapeutic intervention at the time of
the procedure.

Extrahepatic obstruction of the biliary system may
commonly be caused by several benign or malignant
conditions. Common bile duct stones (chole-
docholithiasis), bile duct strictures from malignant
or benign causes, and extrahepatic compression of
the bile duct from pancreatic or hepatic masses may
all cause obstruction. These may include primary ad-
enocarcinomas of the pancreas or hepatocellular or
metastatic carcinoma, or may potentially be due to
metastases and lymphadenopathy of the porta-hepatis
lymph nodes. Lymphadenopathy due to lymphoma,
neoplasia, or many infectious diseases may potentially
all cause biliary obstruction.

INTRAHEPATIC CHOLESTASIS

An impairment of bile flow can also occur in the absence
of an anatomic obstruction of the biliary system. This
condition is termed “intrahepatic cholestasis,” and is
due to an impairment of bile formation and/or impaired
biliary secretion, often with resultant pruritis or
jaundice. Over the past decade, many of the molecular
mechanisms responsible for bile formation have been
defined, as well as their regulation in pathophysiologic
diseases that result in cholestasis. In addition, many
genetic diseases responsible for impaired bile formation
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have also been elucidated, which often present in the
neonatal or pediatric population.

Intrahepatic cholestasis may be caused by many
factors, including medication, toxins, inflammation,
hepatic regeneration, or inborn errors of metabolism.
As previously discussed, distinct hepatocellular trans-
port systems are responsible for the biliary secretion of
the various organic anionic, organic cationic, or non-
ionic substances secreted into the bile. Many sinusoi-
dal (basolateral) transporters have been identified that
are responsible for the uptake of xenobiotics or endo-
biotics from the portal blood into the hepatocytes.
Following the hepatocellular uptake of these sub-
stances, they may be biotransformed by one of
many metabolic pathways found in the hepatocyte.
Many of these pathways are responsible for the con-
version of hydrophobic (fat-soluble) substances into
hydrophilic (water-soluble) substances, so that they
may be secreted into bile. These substances are
subsequently transported to the canalicular mem-
branes of the hepatocytes for biliary secretion. Intra-
cellular transport mechanisms of many of these
substances remain to be elucidated, but likely involve
diffusion, binding to intracellular binding proteins,
and potentially membrane-to-membrane transport.
These substances are subsequently secreted into the
biliary system by distinct canalicular transport pro-
teins. Diminished expression or function of canalicu-
lar membrane transporters or other hepatic
transporters and/or binding proteins may be respon-
sible for intrahepatic cholestasis.

Medications are a common cause of intrahepatic
cholestasis. Although, virtually any drug can cause
abnormal liver function, certain medications are
more frequently implicated in causing cholestasis.
Anabolic steroids, estrogens, protease inhibitors
such as indinavir, trimethoprim/sulfamethoxazole,
phenothiazines, and many antihypertensive medica-
tions are frequent causes of an elevated serum bili-
rubin or alkaline phosphatase. Total parenteral
hyperalimentation (TPN) also often causes cholestasis.
Severe inflammation due to infection and sepsis may
result in cholestasis, a clinical entity often termed “the
jaundice of sepsis.” Similarly, “benign postoperative
jaundice” is a multifactorial entity due to cholestasis
from inflammation and medications, often with con-
comitant hepatic ischemia and increased bilirubin
production due to the breakdown of red blood cells
from blood transfusions or hematomas. Other less
common causes of intrahepatic cholestasis include
the intrahepatic cholestasis of pregnancy or benign
recurrent intrahepatic cholestasis (BRIC), which are
likely due to mutations of canalicular transport
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proteins, potentially in combination with hyperestro-
genemic or other stressor states.

Finally, acute or chronic liver disease due to hep-
atitis, primary biliary cirrhosis (PBC), primary scle-
rosing cholangitis (PSC), the vanishing bile duct
syndromes, or other cholestatic diseases may also
present as intrahepatic cholestasis. In addition, cirrho-
sis due to almost any cause may cause cholestasis.
Certain types of hepatitis, such as alcohol-induced
liver injury or certain viral infections (hepatitis A,
hepatitis B, hepatitis C, Ebstein—Barr virus, cytomeg-
alovirus), may also present with particularly chole-
static forms of hepatitis. The cholestasis caused by
these etiologies typically resolves when the inciting
agent or acute disease process resolves. However, in
certain forms of genetic or acquired diseases that
cause progressive liver disease, the cholestasis may
continue to worsen and cause significant morbidity
and mortality.

SUMMARY

In summary, bile formation, biliary secretion, and the
resultant bile flow into the intestine are essential func-
tions of the liver and hepatobiliary system. Recent sci-
entific advances have helped elucidate the mechanisms
of bile formation and the pathophysiology in many dis-
ease states. Hepatobiliary secretion is an essential route
of elimination for many xenobiotic and endobiotic sub-
stances, and significant symptoms such as jaundice and
pruritis can develop when bile flow is diminished. Ex-
trahepatic obstruction can be caused by intrinsic tumors
of the biliary system or by external compression of the
bile duct. Intrahepatic cholestasis can be due to a host of
pathophysiologic states and is typically characterized by
impairment of the molecular mechanisms of bile forma-
tion. Elimination of extrahepatic obstruction and treat-
ment of the primary causes of intrahepatic cholestasis
will often result in normalization of bile flow, and
symptomatic improvement of the patient.
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amphiphilic Functioning in both oil and water; bile salts are
amphiphilic in nature because they have both a polar,
hydrophilic surface, which contains the hydroxyl groups
and a carboxyl group, and a nonpolar, cyclopentano-
phenanthrene hydrophobic surface.

apical sodium-dependent bile acid transporter Brush border
glycoprotein involved in the reabsorption of conjugated
bile acids in the ileum.

bile salt export pump ATP-binding cassette type of
membrane transporter located at canalicular microvilli
of the hepatocytes; preferentially transports conjugated
tri- and dihydroxy bile acids from the sinusoids into the
canaliculi.

cholehepatic shunt Mechanism to explain hypercholeresis
(greatly increased bile flow) resulting from hepatic
secretion of unconjugated bile acids. According to this
mechanism, the unconjugated bile acid is secreted by the
hepatocyte in anionic form, protonated by carbonic acid
via carbonic anhydrase, passively reabsorbed in the
protonated form by the biliary ductular cells, and carried
back to the hepatocytes via the periductular capillary
plexus, thus generating HCO5 within the biliary tree.
The bile acid is thus available at the sinusoidal
membrane for another enterohepatic cycle, which may
go on until the bile acid is biotransformed.

farnesoid X receptor Orphan nuclear receptor expressed
predominantly in the liver, kidney, adrenals, and
intestine; a very potent ligand for hydrophobic bile
acids. This receptor binds to bile acids as a heterodimer
with the retinoid X receptor o, and the heterodimer thus
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formed regulates the transcription of several genes
involved in bile acid homeostasis.

micelle Colloidal aggregates of bile salts with molecular
weights of 16,000 to 40,000. Above their critical micellar
concentrations, bile salts form micelles with their lipid-
soluble (hydrophobic) surfaces facing each other and the
hydrophilic polar hydroxyl groups exposed to the water
phase. These micelles are able to take up other
amphiphilic solutes, such as cholesterol and lecithin, to
form mixed micelles.

Na'-dependent hepatocellular ~cotransporting protein
Sodium/taurocholate cotransporting protein present in
basolateral rat liver plasma membranes; accounts for
most of the physiological properties of Na*-dependent
bile acid uptake in intact liver. This glycoprotein in rats
has 362 amino acids and an apparent molecular weight
of 51,000. The human analogue consists of 349 amino
acids with 77% amino acid homology to the rat liver
protein.

organic anion transport protein Polypeptide in rat liver; a
glycoprotein with 670 amino acids and a native
molecular weight of approximately 80,000 in sinusoidal
plasma membranes. The human analogue also consists of
670 amino acids and shows a 67% amino acid homology
to the rat liver protein.

Bile formation is essential for normal intestinal lipid di-
gestion and absorption, excretion of lipid-soluble xeno-
biotics and endogenous toxins, and cholesterol
homeostasis. Interference in regular bile formation can
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lead to life-threatening complications. Knowledge of the
intricacies involved in bile formation and its flow in the
enterohepatic circulation is integral to developing thera-
peutic treatments of hepatobiliary diseases.

WHAT IS BILE?

Bile is a complex fluid; it is isosmotic with plasma and is
composed primarily of water, inorganic electrolytes,
and organic solutes such as bile acids, phospholipids,
cholesterol, and bile pigments. Bile is secreted by the
hepatocytes, which transport a wide variety of endoge-
nous and exogenous substances from blood into the bile
capillaries. Bile formation begins at the level of hepato-
cytes by the net movement of water and solutes into the
microvilli of the bile capillaries, which are formed by the
apposition of the cell membranes of the hepatocytes.
The hepatocytes are typically arranged in single-cell-
thick plates and are joined via the bile canaliculi, ap-
proximately 1 pm in diameter from the basolateral, or
sinusoidal, domain. Bile salts, cholesterol, phospholip-
ids, and conjugated bilirubin enter the lumens of the bile
capillaries together with water and inorganic electro-
lytes by a process of active transport. Neighboring can-
aliculi join together and empty into small terminal
ductules (canals of Hering), which in turn convey the
bile to larger ductules, the intralobular and interlobular
ducts, and eventually to the extrahepatic bile ducts. Bile
flows through these extrahepatic bile ducts into the
gallbladder (when present), where it is stored, and
into the intestine, where cholesterol and the lipids
from the phospholipids are absorbed in the jejunum
and conjugated bile acids are absorbed in the ileum.
In the gallbladder, the sodium, calcium, chloride, and
bicarbonate ions and water are reabsorbed, resultingin a
5- to 10-fold concentration of the remaining solid con-
stituents of bile. The daily volume of bile secretion in
humans averages 500—800 ml.

After food is ingested and the gastric contents, in
particular fat, reach the duodenum, secretin is released
from the duodenal mucosa, which stimulates the bile
duct epithelium to release water and bicarbonate. Si-
multaneously, the hormone cholecystokinin is released
from the duodenal mucosa, which stimulates the gall-
bladder to contract and the sphincter of Oddi to relax,
with the result that the bile flows into the duodenum.
The bile salts are more than 95% reabsorbed in the
terminal ileum and return to the liver by a process of
enterohepatic cycling, to be excreted again into the
bile. With the completion of eating and gastric empty-
ing, the neural and hormonal stimuli cease and the
sphincter of Oddi closes so that the gallbladder
resumes collecting, concentrating, and storing the
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TABLE 1 Composition of Hepatic and Gallbladder Bile

Bile component Hepatic bile (%) Gallbladder bile (%)

Water 97 89

Solids 3 11

Bile salts 0.2-2.0 6
Bilirubin 0.02—-0.07 2.5
Cholesterol 0.06—0.16 0.2-0.4
Phospholipids 0.04 0.1-0.4
Fat 0.12 03-1.2
Inorganic salts 1.0 0.8

bile. The relative proportions of the major organic sol-
utes in hepatic bile are illustrated in Table I.

BILE COMPOSITION

Bile acids or bile salts are the major organic solutes in
bile and are derived from the liver as well as the intes-
tine. Primary bile acids (cholic acid and chenode-
oxycholic acid, in humans) are synthesized from
cholesterol in the liver, and secondary bile acids (deox-
ycholic acid and lithocholic acid, in humans) are pro-
duced from primary bile acids by bacteria during their
intestinal transit (Fig. 1). Bile acids and cholesterol have
the same steroid skeleton (the cyclopentanophenan-
threne nucleus with methyl groups between the rings
at positions 18 and 19 and a side chain at C-17). Most
bile acids have a Cs side chain with the terminal carbon
as the carboxyl group. However, the major bile acids
in alligators, 5B-cholestanoic acids, have a Cg side chain
with the terminal carbon as a carboxyl group (Fig. 1). In
addition, bile acids have hydroxyl groups in the nucleus,
at C-3, C-7, and/or C-12, and the majority of bile acids
contain a cis-A/B ring fusion. After synthesis, bile acids
are converted into their glycine and taurine conjugates
by hepatic enzymes, forming bile salts that are then
secreted into the bile. Conjugated bile acids are more
hydrophilic than the free (unconjugated) bile acids and
possess lower pK, values, factors that enhance their
water solubility and decrease their ability in the small
intestine to traverse cell membranes by passive diffusion
. Further, glycine and taurine conjugates of bile acids are
resistant to hydrolysis by pancreatic enzymes, so that
they can accumulate in the small intestine at a high
enough intraluminal concentration to facilitate fat di-
gestion and absorption. Secondary bile acids are formed
in the intestinal lumen by bacterial deconjugation and
dehydroxylation of primary bile salts and are passively
absorbed and account for 20% of the human biliary bile
salt pool.

Bile salts are amphiphilic [literally, “loving” (mixing
with) both oil and water] because they have both a polar,
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Cholesterol

7a-Hydroxycholesterol

7a-Hydroxy-4-cholesten-3-one + 7¢,12a-Dihydroxy-4-cholesten-3-one

5B-Cholestane-3q,7a-diol + 5B-Cholestane-3a,7¢.,120i-triol

Mitochondrial |

Primary bile acids
3, 7a-Dihydroxy-5B-cholestan-27-oic acid

Chenodeoxycholic acid

| Microsomal

Bile alcohols
5B-Cholestane-3a,7a,120:,25-tetrol

(alligator) (CTX)
3a,7a,120-Trihydroxy-53-cholestan-27-oic acid cholic acid 5B-Cholestane-3a,7a,120,24E,25-pentol
(alligator) (CTX)
30,6B,7a-Trihydroxy-5p-cholanoic acid 30,6B,7B-Trihydroxy-5B-cholanoic acid 5B-Cholestane-3a,70a,120,25,27-pentol
(murine) (murine) (Fish)
Secondary bile acids
Lithocholic acid Deoxycholic acid Hyodeoxycholic acid

Tertiary bile acids

Ursodeoxycholic acid Ursocholic acid

Oxo bile acids

FIGURE 1 Metabolism of cholesterol in humans and animal species. In the classic bile acid synthetic pathway, a series of
ring modifications precede side chain oxidation to yield 5pB-cholestane-3a,70-diol and 53-cholestane-3a,7a,120-triol, which
are then converted into bile acids either via the mitochondrial 27-hydroxylation pathway or via the microsomal 25-hydroxyl-
ation pathway. Several bile alcohols play a role in cerebrotendinous xanthomatosis (CTX).

hydrophilic surface and a nonpolar, hydrophobic sur-
face. Above their critical micellar concentrations, bile
salts form micelles (colloidal aggregates with molecular
weights of 16,000—40,000), with their lipid-soluble
(hydrophobic) surfaces facing each other and the hy-
drophilic polar groups exposed to the water phase.
These micelles are able to take up other amphiphilic
solutes, such as cholesterol and lecithin, to form
mixed micelles. The aggregation of bile salts in micelles
reduces their osmotic effectiveness, and the micelles
also bind sodium and potassium and thereby remove
them from the ionic, osmotically active state. The
sodium ion activity in gallbladder bile is measured to
be 148—186 nmol/liter, whereas the sodium content is
220—340 mmol/liter. Thus, even though bile is isosmo-
lar with plasma, it contains very high concentrations of
bile salts and sodium. The major ionic constituents of
bile are listed in Table II.

GALLBLADDER FUNCTION

The primary functions of the gallbladder are collecting,
concentrating, and storing bile during interdigestive
periods; emptying the bile by smooth muscle contrac-
tion in response to cholecystokinin; bile acidification;
moderating hydrostatic pressure within the biliary tract;
and absorbing lipid-soluble organic components of bile,

such as unconjugated dihydroxy bile acids,
radiocontrast agents, unsaturated fatty acids, lecithin,
lysolecithin, and even free cholesterol. The greatly in-
creased concentration of bile salts and lecithin in the
gallbladder bile helps keep relatively large concentra-
tions of cholesterol in solution; this greatly reduces the
risk of cholesterol gallstone formation due to
cholesterol supersaturation in the gallbladder, where
the bile remains stored for hours to days. With the 6-
to 10-fold concentration of bile salts in the gallbladder
bile during fasting, which accounts for up to 60% of the
total bile acid pool, the hepatic bile acid secretory rate
and bile salt concentration within the hepatic bile ducts

TABLE II Ionic Constituents of Hepatic and
Gallbladder Bile

Tonic Hepatic bile Gallbladder bile
component (mmol/liter) (mmol/liter)
Na™ 174 220—-340

K" 6.6 6-10

Ccl™ 55—107 1-10

HCO3 34—-65 0—-17

Bile salts 28—42 290—-340

Ca** 6 25-32

Mg*" 0.5

Osmolality 299 mOsmy/liter 299 mOsmy/liter
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are markedly reduced. However, the secretion of biliary
lecithin and cholesterol is reduced, with the result that
lecithin-rich vesicles are formed in the bile acid-de-
pleted bile; these vesicles carry increased amounts of
cholesterol that may precipitate.

The concentrated gallbladder bile is largely the re-
sult of electroneutral Na*-coupled CI~ transport and
passive water movement. In addition, HCO5 transport
also takes place via ClI'/HCO5 exchange and
perhaps substitution by short-chain fatty acids, in par-
ticular butyrate. The net result is that the gallbladder
bile is isotonic to plasma and is composed of high con-
centrations of Na™, bile salts, and Ca*" and lower con-
centrations of chloride and bicarbonate, compared to
hepatic bile.

BILE SALT-DEPENDENT AND
-INDEPENDENT BILE FORMATION

Bile formation can be considered to be a result of active
secretion of electrolytes and bile acids followed by pas-
sive water flow. Three different modes of bile acid up-
take by the liver have been identified: nonsaturable,
Na*-dependent saturable, and Na*-independent satu-
rable. The Na*-dependent transport of bile acids is
quantitatively the most common mode of uptake and
seems physiologically to be the most important mech-
anism. The Na'-independent component has been
detected in a few studies and is nonspecific and shared
by other organic anions (e.g., sulfobromophthalein).
Most studies have shown that there is a Na*-dependent
uptake of conjugated bile acids, in particular taurocho-
late, and a Na*-independent uptake of all unconjugated
bile acids and certain nonbile acid anions, such as sul-
fobromophthalein, bilirubin, and many other xenobi-
otic substrates. The solute uptake is mediated by certain
carrier proteins that have been recently characterized by
photoaffinity labeling with fluorescent bile salt deriva-
tives and by cloning techniques. The apparent molec-
ular weight of the bilirubin and sulfobromophthalein
carrier is 60,000 or 55,000; of the nonesterified fatty acid
transporter, 40,000; and of the bile acid transporter,
48,000—50,000. Most of these transport proteins are
located in the basolateral membrane of the liver.

Sinusoidal Transport

The sinusoidal uptake of conjugated bile acids, such
as taurocholate, is primarily mediated by a secondary
active transport process driven by the inwardly directed
Na™ gradient maintained by Na™ ,K"-ATPase located in
the basolateral membrane. Studies on hepatocellular
membrane vesicles show that Na'/taurocholate
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cotransport is responsible for the uptake across the
basolateral membrane. The transport rates of cholate
and taurocholate are decreased in the absence of extra-
cellular sodium, but are not completely suppressed,
suggesting that the inward transport of bile acids is
composed of both Na*-dependent and Na*-indepen-
dent components. In contrast to the Na*-dependent
bile salt uptake, the physiological and biochemical
properties of the largely nonspecific Na*-independent
hepatocellular bile salt uptake pathways are less well
defined. The driving force for the Na*-independent up-
take of bile acids is not known, but most studies suggest
the role of a Na*-dependent bile acid transporter iden-
tified as the Na*/taurocholate cotransporting protein
(NTCP).

The amphipathic bile salts and nonbile salt organic
anions reach the sinusoidal or basolateral surface of
hepatocytes largely as albumin-bound complexes and
pass across the fenestrae of sinusoidal endothelial cells.
Dissociation of the bile salts, sulfobromophthalein, and
fatty acids is facilitated by the microenvironment of the
space of Disse or by the sinusoidal plasma membrane.
However, the hepatocellular uptake of these organic
anions is a saturable function of the unbound ligand
concentrations at physiological albumin levels and in-
volves Na*-dependent and Na™-independent transport
systems.

The Xenopus laevis sinusoidal Na*/taurocholate
cotransporting protein (Ntcp) was the first Na*-depen-
dent hepatocellular cotransporting protein identified
and characterized by expression cloning of X. laevis
oocytes. It is a glycoprotein with 362 amino acids
and an apparent molecular weight of 51,000 in isolated
basolateral rat liver plasma membranes. The human
analogue Ntcp (human NTCP) has also been identified
and consists of 349 amino acids with 77% amino acid
homology with the rat liver Ntcp. A number of recent
studies have shown that Na*/taurocholate cotransport-
ing protein can account for most, if not all, physiological
properties of Na*-dependent bile acid uptake in intact
liver. In addition, expression cloning in X. laevis oocytes
also identified the rat organic anion-transporting poly-
peptide 1 (oatpl) from rat liver as well as the human
organic anion-transporting polypeptide (OATP) from
human liver. Rat oatpl is a glycoprotein with 670
amino acids and a native molecular weight of approx-
imately 80,000 in sinusoidal plasma membranes iso-
lated from rat liver. Human OATP also consists of
670 amino acids and shows a 67% amino acid homology
with the rat liver oatpl, thereby suggesting that both
transporters may belong to the same transporter gene
family, although significant differences between the two
exist on both structural and functional levels. Cloning
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Ntcp/NTCP and oatpl/OATP has increased our under-
standing of the molecular physiology of sinusoidal bile
acid, organic anion, and drug uptake into rat and human
livers. Both Ntcp and NTCP are physiologically relevant
hepatocellular Na'-dependent bile acid carriers,
whereas the cloning of oatpl and OATP has confirmed
the existence of Na'-independent multispecific bile
acid carriers at the basolateral plasma membrane
domain of mammalian hepatocytes. The transport pro-
perties of oatpl can account at the same time for the
multispecific bile acid carrier, the neutral steroid car-
rier, and the charge-independent organic cation carrier.

Canalicular Transport

Transport of bile acids across the canalicular mem-
brane of the hepatocyte represents the rate-limiting step
in overall transport of bile acids from blood into bile.
This canalicular excretion of monoanionic bile acids,
which preferentially transports conjugated tri- and
dihydroxy bile acids, occurs largely via an ATP-
dependent processor. The transporter, the bile salt ex-
port pump (BSEP), has been cloned and is a member of
the ATP-binding cassette superfamily of proteins. The
BSEP is related to the multidrug resistance gene prod-
ucts, or P-glycoproteins, is expressed exclusively in the
liver, and has been localized to the canalicular domain of
hepatocytes. The expression of this transporter has been
shown to be sensitive to bile acid flux through the he-
patocyte, possibly at the level of transcription of the
BSEP gene. The promoter of the BSEP gene was very
recently cloned and was shown to contain an inverted
repeat-1 (IR-1) element, which serves as a binding site
for the farnesoid X receptor (FXR), a nuclear receptor
for bile acids. The FXR heterodimerizes with the reti-
noid X receptor o (RXRa), and when bound to bile acids,
the complex FXR/RXRa regulates the transcription of
several genes involved in bile acid homeostasis. These
studies demonstrate a critical role of FXR as a physio-
logical bile acid sensor integrating the expression of
BSEP in bile acid homeostasis.

ELECTROLYTE TRANSPORT AND
BILE FORMATION

Sodium and potassium are the major extra- and intra-
cellular cations in all living cells. The mechanism of the
bile salt-independent fraction of canalicular bile flow is
considered to involve the Nat, K*-activated adenosine
triphosphatase sodium pump in the canalicular mem-
brane, whereby three sodium ions are pumped out of the
cells for every two potassium ions pumped in, resulting
in a net intracellular negative potential that amounts to
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approximately —35mV in intact hepatocytes. In cul-
tured hepatocytes, it has been demonstrated that sub-
strate-induced (alanine, taurocholate) sodium influx is
associated with a rapid increase in Na®, K*-ATPase
cation pumping, indicating that pump activity is di-
rectly modulated by the intracellular sodium concen-
tration. The basolateral Na®, K'-ATPase-mediated
electrogenic cation pumping represents a major driving
force for both Na*-coupled solute transport across the
sinusoidal membrane and potential dependent anion
secretion across the canalicular membrane.

Plasma membrane Nat/H" exchange (or antiport)
that involves a sequential uptake of Na* by Na*, K*-
ATPase followed by uptake of protons via Na'/H"
exchange is selectively located in the basolateral mem-
brane in the hepatocyte and serves a variety of interre-
lated metabolic and transport functions, including
regulation of intracellular pH and cell volume control.
This Na*/H" exchange plays an important role in the
generation of bile acid-induced choleresis, e.g., the cho-
leresis induced by physiological bile acids, such as
taurocholate and the ursodeoxycholic acid-stimulated
bicarbonate secretion. Although a Na*/Cl~ or a Na*/
K"/Cl™ cotransport has not been found in rat liver cells,
the presence of an electroneutral CI" /HCO5 antiport is
demonstrated at the canalicular membrane and pro-
vides an explanation for the role of Na*/H" exchange
in the canalicular secretion of bicarbonate stimulated by
ursodeoxycholic acid. Also, a Na*/HCO;3™ cotransport
has been demonstrated in the basolateral, but not can-
alicular, membrane vesicles; it mediates Na™*-coupled
HCOs5 influx into rat hepatocytes under physiological
conditions and helps explain the Na* dependency of the
ursodeoxycholic acid-induced hypercholeresis.

Indirect evidence suggests that transport of gluta-
thione across the canalicular plasma membrane into
bile contributes to the formation of the bile acid-
independent fraction of bile flow and to an increase
in biliary glutathione that is associated with a corre-
sponding increase in bile flow. This tripeptide is se-
creted into canalicular bile in relatively high
concentrations via a specific carrier-mediated mecha-
nism. Quantitative measurements show that bile forma-
tion with glutathione is of the same order as that with
bile acids when measured at low rates of bile acid ex-
cretion, i.e., in the absence of micelles.

ENTEROHEPATIC CIRCULATION

The enterohepatic circulation of bile acids involves he-
patic bile acid formation and secretion into the bile,
accumulation of bile in the gallbladder, bile emptying
into the small intestine, bile acid reabsorption from the



BILE FORMATION

small intestine, and bile acid transport into the liver via
the portal blood. The intestinal conservation of bile
acids is approximately 95% efficient and reflects both
passive and active reabsorption processes. The total bile
acid pool in humans is about 3—5 g and cycles 6 to 10
times daily, depending on the number of times food is
ingested. In this way, 20—30 g of bile acids enter the
proximal small intestine in 24 hours. The daily 0.5-g
fecal loss of bile acids is balanced by hepatic de novo
synthesis of bile acids from cholesterol. The bile acids
exert two major actions on bile formation in mammals.
First, they stimulate bile flow, primarily as a result of
osmotic effects of their active secretion into the biliary
canaliculi, and second, they stimulate the biliary secre-
tion of the water-insoluble amphipaths lecithin and
cholesterol, with which they form mixed micelles.
Based on the observation that biliary bile acid output
and bile flow are linearly related in all animal species
studied so far, bile acid-stimulated bile flow has been
attributed to active secretion of bile acids followed by
osmotically driven water flow. However, the choleretic
efficiency may vary greatly for the same bile acid given to
different animal species, or for different bile acids given
to the same animal species, and these differences are not
always readily explained by differing micelle-forming
properties of the bile acids.

Hypercholeresis and Cholehepatic Shunt

Unconjugated bile acids produce choleresis in ex-
cess of that predicted by osmotic action of the secreted
bile acid, and it is accompanied by a selective increase in
biliary HCOs3 concentration. This phenomenon is
called hypercholeresis, which is bile acid-dependent
bile flow that appears to be greater than what can be
explained by the osmotic effects of the bile acid recov-
ered in bile. Hypercholeresis is observed on feeding a
dose of a bile acid that exceeds the capacity of the liver to
conjugate fully the infused bile acid with glycine and
taurine; the result is that a proportion of the unconju-
gated bile acid is secreted into the bile. This phenom-
enon is also observed with infusion of nor-bile acids
(which have four carbon atoms in the side chain, instead
of the five carbons in the normal bile acids). The hepatic
enzymes are unable to conjugate nor-bile acids. Two
mechanisms have been proposed to explain hypercho-
leresis. In the first, the unconjugated bile acid causes
intracellular alkalinization by increasing H* excretion
across the sinusoidal membrane; the increased intracel-
lular pH then induces HCO5 excretion across the
canalicular membrane. The second mechanism is ex-
plained by what is called the “cholehepatic shunt path-
way,” according to which the unconjugated bile acid
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is secreted by the hepatocyte in anionic form, proton-
ated by carbonic acid in the biliary tree via carbonic
anhydrase, passively reabsorbed in the protonated
form by the biliary ductular cells, and carried back to
the hepatocytes via the periductular capillary plexus,
thus generating HCO5 within the biliary tree. The
bile acid is thus available at the sinusoidal membrane
for another enterohepatic cycle, which may go on until
the bile acid is biotransformed.

Intestinal Absorption

An important component of the enterohepatic cir-
culation is the active reabsorption of conjugated bile
acids in the ileum, via the ileal apical sodium-dependent
bile acid transporter (ASBT), an integral brush border
membrane glycoprotein that cotransports sodium and
bile acids to ileocytes. Conjugated trihydroxy bile acids
(taurocholate) are preferred over dihydroxy (tauroche-
nodeoxycholate) bile acids, and unconjugated bile acids
are passively absorbed throughout the small intestine.
Several recent studies suggest that the ASBT is regulated
by intraluminal bile acids, and conditions that reduce
intestinal bile acid concentrations, such as fasting,
biliary diversion, and extrahepatic cholestasis, decrease
bile acid transport into brush border membrane vesi-
cles. However, others have found a feedback inhibition
of ASBT expression after taurocholate feeding in the rat
and guinea pig.

Bile acids are transported across the ileal brush bor-
der membrane aided by the ASBT, and the accumulation
of bile acids within the enterocyte against its electro-
chemical gradient is driven by the inwardly directed
Na* gradient, maintained by a basolateral Na*, K*-
ATPase. Intracellular transport of bile acids in the
enterocyte is mediated by several cytosolic and micro-
somal proteins. At the basolateral membrane of the
ileum, bile acids leave the enterocyte by a Na*-indepen-
dent anion exchange process. Absorption of bile acids
into the portal blood occurs mainly by way of hydro-
phobic binding to albumin, although a small fraction is
bound to lipoproteins. Bile acid uptake from the portal
blood, completing the enterohepatic circulation, is typ-
ically expressed as the first-pass extraction (percent bile
acid removed during a single passage through the
hepat