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Preface

Cobalamin(s) (vitamin B12) have been known for 100 years. Key milestones in 
the study of cobalamin have been through over 10 decades of trial and error, 
research and discoveries. Remarkable discoveries in the field have saved 
many lives and were awarded 2 Nobel Prizes; Minot and Murphy (Nobel 
Prize in Physiology or Medicine 1934) and Dorothy Hodgkin (Nobel Prize in 
Chemistry 1964). Still, cobalamin constitutes an amazing area of research with 
many undiscovered facets. 

The health relevance of cobalamin became evident long before discovering 
its chemical entity. Liver extracts containing few micrograms of the healing 
factor, cobalamin, were used in the 1920s up to the early 1930s as a life-saving 
medication against fatal pernicious anemia. The purification and production 
of large quantities of the ‘liver factor’ were real challenges, but the biggest 
challenge was for patients to eat these extracts as an alternative to death. Now 
that cobalamin has become available as over-the-counter supplements, or as 
injections containing a few micrograms to milligrams, its relevance to health 
and disease has gained more importance over the time. Cobalamin’s ‘lifting 
effect’ has been experienced by millions of patients and doctors. Today, the 
impact of cobalamin on human health has changed from ‘treating a severe 
disease’ to ‘prevention of a yet not-manifested condition’. The meaning 
of cobalamin has now taken new dimensions on a population level after 
implementing modern laboratory diagnosis tests. Using modern biomarkers 
has shown that subclinical cobalamin deficiency affects many individuals in 
critical life phases.    

‘Vitamin B12: advances and insights’ is an extract of knowledge of 
experienced scientists who have been working on nutritional, structural, 
chemical, and clinical aspects of the vitamin. This book has introduced an 
innovative and unclassical approach by addressing ‘gaps in knowledge’ that 
surround the topic. These gaps are identified by scientists who are very close 
to the cobalamin epi-center and intended to provide a direction for future 
research.  

The book is an in-depth study on the vitamin from basic science to 
modern health challenges. Early knowledge on cobalamin in the light of recent 
scientific discoveries (Chapter 1); Dietary requirements and nutritional supply  
(Chapter 2); Cobalamin uptake and intracellular processing (Chapter 3); 
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Congenital cobalamin disorders (Chapter 4); Acquired causes of cobalamin 
deficiency and clinical consequences (Chapter 5); Cobalamin deficiency: 
a public health problem in developing countries (Chapter 6); The role 
of cobalamin in the nervous system, its relevance to brain aging, and 
potential mechanisms surrounding this area (Chapters 7 and 8); Cobalamin 
deficiency biomarkers and diagnosis (Chapter 9); Cobalamin deficiency in 
critical age phases such as pregnancy, lactation and early life (Chapters 10  
and 11); Cobalamin deficiency in the era of folic acid fortification (Chapter 12); 
Cobalamin unexplained extreme values in clinical practice (Chapter 13); the 
role of Cobalamin in drug transport and development (Chapter 14). 

The target audience for this book are experts and researchers looking 
for in-depth knowledge in the above mentioned areas of cobalamin science; 
health care providers who take part in diagnosis, treatment, and prevention 
of deficiency conditions; policy makers who can influence implementation of 
diagnosis tools or nutritional policies on a country and population levels; and 
stakeholders and pharmaceutical companies who are interested in producing 
diagnosis tools, supplements, fortified foods or other pharmaceutical products 
that use cobalamin as a drug carrier.   

This book is by no mean a complete documentation of what is going on 
around the topic. However, it constitutes an attempt to grasp the current 
knowledge on a few areas related to cobalamin and to provide insights into 
unexplored questions and issues.          
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1
Milestones in the discovery 

of pernicious anemia and its 
treatment

Jörn Schneede

Overview

Pernicious anemia (PA) is a serious form of vitamin B12-deficiency. 
Vitamin B12 belongs together with heme and chlorophyll to the 
tetrapyrrole family (Figure 1) (Yin and Bauer 2013). Vitamin B12 is 
an evolutionarily ancient (≈ 3.8 x 109 years old) cofactor that was 
responsible for energy production through fermentation of small 
organic molecules in the absence of exogenous electron acceptors in 
the prokaryotic anaerobic world (Figure 2) (Santander et al. 1997). 
In the course of evolution siroheme later allowed making use of 
inorganic electron acceptors, before oxygen production by chlorophyll 
made aerobic respiration through heme possible. Almost 1% of the 
genome of S. typhymurium is dedicated to vitamin B12 synthesis 
and transport (Roth et al. 1996). Though being one of the structurally 
most complex, non-polymeric biomolecules synthesized by nature, 
eukaryotic organisms do not produce B12 (Figure 2). As a consequence, 
this vitamin is essential for human metabolism, albeit only required 
in trace amounts (possibly as low as 1 μg/d, while the recommended 
daily allowances in adults are 2.4 μg/d) and functions as cofactor in 
only two enzymes, methionine synthase and (R)-methylmalonyl-CoA 
mutase (Helliwell et al. 2011). The remarkable discovery of vitamin 
B12 was only possible and proceeded by the endeavor to find effective 

Department of Clinical Pharmacology. University of Umeå 901 85 Umeå, Sweden.
Email: jorn.schneede@medbio.umu.se

mailto:jorn.schneede@medbio.umu.se
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glycine
+

succinyl-CoA

siroheme

Fe ALA

cobalamin

Co

chlorophyll

Mg

UPG III

PP IX

Figure 1. Schematic depiction of the evolutionary development of the tetrapyrrole 
biosynthetic pathways. Synthesis of tetrapyrrols starts with succinyl-CoA and glycine 
to form 5-aminolevulinic acid (ALA). Uroporphyrinogen III (UPG III) is used for 
synthesis of cobalamin (vitamin B12), while protoporphyrin IX (PP IX) is the starting 
point for siroheme and chlorophyll synthesis. Note the different metal ions bound to 
the corrin rings: Co, Fe and Mg. Compared to (siro-)heme- and chlorophyll, synthesis 
of cobalamin is far more complicated and complex, involving considerably more 
enzymatic steps (at least 25 enzymes uniquely involved), ring contraction, insertion of 
cobalt, modifi cation of the tetrapyrrole ring and insertion of a nucleotide tail. Adapted 
and modifi ed from (Yin and Bauer 2013).

EvolutionEvolution

Bacteria   Archaea  Animals  Fungi

         Protists  Plants

B12 essential
Produce B12

Anaerobic conditions
Aerobic conditions

Yes
Yes

Yes
No

No
No B12-dependence

Atmospheric
conditions

Siroheme Chlorophyll Heme Prosthetic group
evolution

Figure 2. Distribution and dependency on vitamin B12 among different living forms 
during the evolutionary process and under different atmospheric conditions. Adapted 
and modifi ed from (Roth et al. 1996). 
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treatment options for PA, one of the conditions causing severe 
vitamin B12-deficiency. The scientific progress was, however, 
slow and stretched over a period of almost 200 years from the first 
description of PA, to the evolution of theories about possible causes 
and ultimately the invention of effective treatments. The search for 
effective treatment options also resulted in the resolution of the 
pathogenesis of pernicious anemia and ultimately the discovery 
of B12. Through isolation of an unknown extrinsic factor from liver 
extracts that was accountable for clinical response in pernicious 
anemia patients it was eventually possibly to elucidate the chemical 
structure of vitamin B12. In parallel, efforts were started to map the 
production of vitamin B12 in certain bacteria. The elucidation of the 
chemical pathways of bacterial production of the vitamin finally made 
the complete synthesis of the vitamin in the laboratory possible. This 
enterprise has sometimes been called “Mount Everest of biosynthesis” 
and it was not before in 2013 that the complete anaerobic pathway of 
B12-synthesis had been charted (Moore et al. 2013). All in all, vitamin 
B12 research has resulted in two Nobel prizes-   so far. Notwithstanding 
these achievements, synthesis of the vitamin in the laboratory is far 
too complicated and resource-demanding for commercial purposes 
and large-scale industrial production of vitamin B12 is still carried 
out by aerobic fermentation using Pseudomonas denitrificans (Xia et 
al. 2015) (Figure 3).

The course of history of vitamin B12 can arbitrarily be divided into 
different eras and stages (Figure 4). During this journey different therapeutic 
approaches for the treatment of vitamin B12-deficiency were developed, first 
oral therapy with raw liver, then oral or parenteral administration of liver 
extracts, followed by more refined liver concentrates that could be injected 
or taken by mouth with and without addition of intrinsic factor isolated from 
gastric juice. Later, crystalline B12 (cyanocobalamin) was isolated from the 
liver or produced by bacterial fermentation. With this advance, parenteral 
therapy with highly concentrated cobalamin preparations became feasible 
and affordable. In parallel, there was a continuous development of diagnostic 
tests for detection of vitamin B12-deficiency (Moridani and Ben-Poorat 2006). 
Parenteral therapy with intramuscular injections was soon considered the most 
reliable method of treating pernicious anemia (Bethell et al. 1959). However, 
recent clinical experience and health technology assessments from Sweden 
and other countries indicate that oral therapy with vitamin B12 tablets is both 
clinically feasible and more cost-effective than injections (Berlin et al. 1968b; 
Kolber and Houle 2014). 

The following historical review will present a survey over the history of 
vitamin B12 and changing concepts for the treatment of vitamin B12-deficiency 
over the last two centuries. 
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1. History of vitamin B12

1.1 The era before treatment of pernicious anemia was possible

1.1.1 Discovery of pernicious anemia as a first step in identification of 
vitamin B12

Pernicious anemia, an extreme form of vitamin B12-deficiency, was most 
likely first portrayed in 1822 by James Combe (1793–1860), a Scottish 
physician from Edinburgh (Combe 1824). He described the disease history of 
a 47-year-old man, Alexander Haynes, who suffered from a peculiar, rather  

Figure 3. Fermenter for pharmaceutical production of vitamin B12. Microbial fermentation still 
is the most commonly used method for industrial scale production of many vitamins, including 
vitamin B12 (Xia et al. 2015). The picture shows a fermenter for industrial scale production of 
vitamin B12 under both aerobic and anaerobic conditions. The tank volume of the depicted 
fermenter can be up to 6.000 liters. In large scale industrial production fermenters of 120.000 
liters can be used yielding up to 198 mg/l of B12 (Xia et al. 2015). Reproduced with permission 
(INOXPA 2015).
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rapidly progressing condition of severe anemia combined with gastrointestinal 
symptoms. Haynes finally deceased in a state of pulmonary edema within a 
period of less than seven months after the first contact with Combe. Combe 
recommended “chalybeates,1 tonics and a nourishing diet” to treat the condition, 
with no success. 

After the first description of PA as a clinical entity it would take over 100 
years before an effective treatment strategies became available. During this 
period, PA was considered an untreatable and inevitably lethal (“pernicious”) 
disease. The exact cause of the disease remained obscure for even many 
more years to come. This disease harvested many casualties. Before effective 
treatment became available, PA accounted for the death of more than 50,000 
people per year in the US alone (Ahrens 1993; Jarcho and Brown 1977). 

The constantly fatal outcome of this disease accompanied by lack of 
conclusive autopsy findings must indeed have been an agonizing experience 
for doctors at that time, but also spurred scientific efforts to find the cause and 
potential therapies of this disease. In 1855, Thomas Addison (1793–1860), a 
London physician, described more details about the disease from observations 
in 11 patients who were admitted to Guy’s Hospital in London (Pearce 2004). 
Addison reported: 

“a very remarkable form of general anaemia occurring without any discernable 
cause whatever.” The patients had “no previous loss of blood, no exhausting 
diarrhoea, no chlorosis, no purpura, no renal, splenic, miasmatic, glandular, 
strumous or malignant disease.” 

Addison’s observations of this “idiopathic anemia” initially received 
little attention in the scientific community. In 1872, however, Anton Biermer, 
a German internist working at that time in Zürich, gave a comprehensive 
description of this disorder during a meeting and used for the first time the 
expression “progressive pernicious anemia”. He chose the phrase “pernicious 
anemia” (PA) as the disease had an insidious onset with slow progress and 
because it was deemed to be untreatable and lethal at that time. This time, 
the disorder received more interest worldwide, which resulted in a large 
number of publications during the years to follow (Cohnheim 1876; Ehrlich 
1880; Eichhorst 1878; Fenwick 1880; Lichtheim 1887). As an acknowledgment 
of the contribution of both Addison and Biermer, PA is also called “Addison-
Biermer disease” (Ewing 1901).

During the years to come the morphological characteristics of PA were 
identified and described in more detail. Cohnheim (1839–1884) observed 
increased cellularity in the bone marrow (Cohnheim 1876) and Paul Ehrlich 
(1854–1915) discovered the occurrence of megaloblasts in the peripheral blood 
of PA patients in 1880 (Ehrlich 1880). In 1900, Russell described spinal cord 

1 Water from a mineral spring with a high content of iron.
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involvement in PA and coined the term “subacute combined degeneration of 
the spinal cord” (Russell et al. 1900). Moreover, gastric atrophy was detected 
in PA patients (Fenwick 1880). It was noted that hematologic abnormalities 
in PA patients resembled tropical sprue, which normally responded to a diet 
containing milk, meat, cod-liver oil and oranges. This may be the reason why 
similar treatments were used for patients with PA in the early days (Wills 1948). 

Thus, in the period from 1876 to 1900, it became clear that PA was not 
solely a hematological disease, but also had gastrointestinal and nervous 
system components (Table 1).

Because of the treacherous start and slow progression of PA, this disease 
was often misinterpreted, and initial symptoms were often attributed to normal 
or premature ageing processes (Tobin and Cargnello 1993). Consequently, the 
disease was often identified at a late stage and many patients only had a short 
time to live after diagnosis (Combe 1824). 

Nowadays it is difficult to imagine the seriousness of untreated pernicious 
anemia. However, thanks to William P Murphy, one of three laureates sharing 
the Nobel Prize in Physiology or Medicine in 1934, we are still able to watch a 
motion picture giving a vivid picture of the graveness of the disease in historic 
PA patients before and under treatment with liver extracts. The motion picture 
was presented during Murphy’s Nobel Lecture, December 12, 1934 (Murphy 
1934). This motion picture has been recently made available to the general 
public through the Blood journal’s website (Kumar et al. 2006). 

An overview over the milestones in the discovery of pernicious anemia 
and vitamin B12 is given in Table 1. 

2. early Treatment Approaches of PA 

The first therapeutic approaches to a disease of an unknown cause and 
pathogenesis were highly experimental and arbitrary, and quite often obscure. 
Until the discovery that liver contains important nutrients and factors for 
hematopoiesis, the methods intended to treat pernicious anemia only had 
temporary effects and were on the whole unsuccessful (Combe 1824; Sinclair 
2008). Around 1900 a renowned textbook of hematology considered iron 
being contraindicated for the treatment of certain forms of anemia where 
megalocytes with increased hemoglobin content appeared in the peripheral 
blood. Instead arsenic was supposed to exert almost specific effects and would 
result in increasing numbers of red cells and in stimulating the production 
of more uniformly distributed Hb (Ewing 1901). In the eighth edition of 
Sir William Osler’s “THE PRiNCiPLES AND PRACTiCE OF MEDiCiNE—
DESiGNED FOR THE USE OF PRACTiTiONERS AND STUDENTS OF 
MEDiCiNE” from 1915, one of the most authoritative text books at that time, 
it was suggested—among other remedies—to try Fowler’s Solution, sodium 
cacodylate or Atoxyl. Fowler’s Solution was an arsenical preparation, which 
may well have accelerated the death of many PA patients. Also Atoxyl, a 
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Table 1. Historical track record of discovery and treatment of pernicious anemia that later lead 
to the discovery of vitamin B12.
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1880 Recognition of megaloblasts in the blood of 

PA patients
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1887 Neurological components of PA (Lichtheim 1887)
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(Russell et al. 1900)
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absorption of B12
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of B12 synthesis

(Moore et al. 2013)
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precursor of sulfonamide antibiotics, contained arsenic (Riethmiller 2005), 
which—together with sodium cacodylate—was used for the treatment of 
syphilis (Nichols 1911). The following quote from Osler’s textbook illustrates 
the prevailing ignorance of the medical community about the proper treatment 
of PA at that time (Osler 1915): 

“There are five essentials: first, a diagnosis; secondly, rest in bed for weeks 
or even months, if possible (thirdly) in the open air; fourthly, all the good 
food the patient can take; the outlook depends largely on the stomach; fifthly, 
arsenic; Fowler’s solution in increasing dosis beginning with m iii or v (0.2 
to 0.3 c.c.) three times a day, and increasing to m i each week until the patient 
takes m xv (1 c.c.) three times a day. Other forms of arsenic may be tried, as 
the sodium cacodylate2 or the atoxyl hypodermically. Atoxyl can be given 
in doses of gr. ss (0.032 gm.) every five days, and the amount is gradually 
increased. Accessories are oil inunctions; bone-marrow, which has the merit 
of a recommendation by Galen; in some cases iron seems to do good. Care 
should be taken of the mouth and teeth. Gastric lavage and irrigations of the 
colon are useful in some cases. 
 injections of blood serum and defibrinated blood have been given. The 
serum is given in small amounts, 10 to 20 c.c., usually into a vein; rabbit 
serum is perhaps the best. Defibrinated human blood should be given 
intravenously in large amounts, up to 500 c.c.” (Osler 1915). 

Part of the short-lived effectiveness of arsenic for treatment of PA may 
be explained by liberation of B12 from the body’s own cells through arsenic-
induced cell-lysis (Dunlop 1973; Riedmann et al. 2015; Weber 1932).

3. recovery from PA by Liver Treatment

3.1 The discovery and development of oral liver therapy 

The First World War triggered research into blood substitutes and ways of 
improving recovery and hematopoiesis after massive blood loss (Sinclair 
2008). This may also have stimulated George Whipple, who was an expert in 
liver diseases working at the University of California, to examine the liver’s 
role in hematopoiesis. In 1920 he conducted a series of experiments in dogs 
that had been made anemic through venesectio and investigated the effects 
of various dietary treatments (Whipple et al. 1920). Interestingly, similar 
experiments carried out in pancreoectomized dogs resulted in the discovery 
of insulin by Fredrick Banting and Charles Best at the University of Toronto, 
Canada, during 1920–1924 (Banting et al. 1991). Whipple later moved to the 
University of Rochester, School of Medicine and Dentistry in New York State 

2 Chemical compound with the formula (CH3)2AsO2Na at that time used—together with Salvarsan 
and Atoxyl—for the treatment of syphilis
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and continued his research on the effects of dietary regimes including liver, iron 
pills, arsenic and germanium dioxide for treatment of chronic anemia. Only 
liver, and especially raw, uncooked liver turned out to be effective in treatment 
of anemia (Robscheit-Robbins and Whipple 1925). The finding that raw liver 
was more effective than cooked liver was pure serendipity. Disobeying the 
instructions of Whipple, a laboratory technicians responsible for the dogs, 
fed the anemic animals raw liver instead of cooked and a more pronounce 
hematological effect was observed (Sinclair 2008). We now know that liver is 
rich in vitamin B12, folate, and other nutrients. Further, vitamin B12 is heat-
stable while folate is not. Therefore, the chance finding that raw liver was more 
effective than cooked liver in restoring hemoglobin levels could indicate that 
apart from heat-stable vitamin B12 other, heat-labile hematopoietic factors such 
as folate contained in raw liver might have been responsible for the superior 
hematological effects in anemic dogs. Still, in 1923 George Minot and William 
Murphy, two physicians from Bostom, took notice of Whipple’s discovery 
in dogs and decided to try raw liver for the treatment of patients with PA 
(Sinclair 2008). In 1926, Minot and Murphy presented their results of the first 
45 patients who had been given a high protein diet that included 100–240 g of 
liver and 120 g of meat for between six weeks and two years at a meeting of 
the Association of American Physicians in Boston (Minot and Murphy 1926). 

Interestingly, Minot had learnt a method of counting reticulocytes in the 
meanwhile that allowed him to study early hematological responses to liver 
treatment (Sinclair 2008). Minot and Murphy observed raised reticulocyte 
counts within four to ten days after starting the diet (Kumar et al. 2006). Other 
signs of hematological response such as increased hemoglobin levels and red 
cell counts and improvement of jaundice in addition to neurological recovery 
followed later during therapy. 

3.2 Rather die than being treated with raw liver that tasted dreadful

Raw liver was assumed to contain a yet unidentified extrinsic factor responsible 
for the clinical effects. However, this diet tasted dreadful. David Hilbert 
(1862–1943), one of the greatest mathematicians of the first half of the twentieth 
century and director of the Mathematical Institute of Göttingen (Reid 1996) was 
diagnosed with pernicious anemia during autumn 1925. The disease had gone 
undetected for a long time because the first symptoms—taking into account 
his age of 65 y—had been interpreted as a merely age-related phenomenon. At 
the time of diagnosis, however, Hilbert was no longer able to leave his house 
because he was too weak to walk and he taught his students at home. The 
doctors gave him at best a few months or even weeks to live. A pharmacologist 
friend in Göttingen by chance read the paper of Minot and Murphy in JAMA 
from 1926 (Minot and Murphy 1926). By the intervention of Marianne Landau, 
daughter of the Nobel laureate Paul Ehrlich, contact was established with 
several Harvard professors in mathematics who finally could convince Minot 
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to send experimental liver extracts from the United States despite the scarcity 
of the preparations. Until the arrival of the liver extracts, Hilbert had, however, 
to follow the original raw liver diet. A colleague of Hilbert, EU Condon, 
visiting Göttingen in the summer of 1926, heard Hilbert complain that he 
would rather die than eat that much raw liver. Yet, his condition improved 
almost immediately upon the liver therapy (Reid 1986). 

3.3 Nobel Prize in Medicine in 1934 and development of oral and 
parenteral liver treatment

Vitamin B12 research resulted in two Nobel prizes. On December 10, 1934, 
the Caroline Institute awarded the Nobel Prize in Physiology or Medicine 
to three American investigators: George R. Minot and William P Murphy 
of the Harvard Medical School (Boston, MA) and George H Whipple of the 
University of Rochester School of Medicine and Dentistry (Rochester, NY), 
“in recognition of their discoveries respecting liver therapy in anaemias.” On 
December 12, 1934, Murphy presented this motion picture (Murphy 2006) as 
part of his Nobel lecture (Murphy 1934). He introduced the movie with the 
following words: 

“Rather than enlarge further upon the details and results of the treatment 
of pernicious anemia, i shall now present, with your permission, a motion 
picture which will illustrate many points more clearly than i could discuss 
them here.”

The motion picture, made at the Peter Bent Brigham Hospital in Boston 
emphasizes the superiority of parenteral to oral therapy with liver extract 
in the treatment of PA. The movie consists of two parts. In the first part 
hematologic and neurologic signs and symptoms in PA are illustrated and a 
synopsis of normal hematopoiesis as well as pathology seen in PA is given. 
Further, different treatment schemes with whole liver, oral liver extracts, and 
concentrated extracts for intramuscular injections are compared. The second 
part depicts the improvement in the peripheral smear with liver therapy, 
and the greater clinical effectiveness of parenteral therapy compared with 
oral treatment with liver or liver extracts. Even a cost-effectiveness analysis 
of the parenteral treatment is presented and the importance of maintenance 
therapy is highlighted. Oral liver therapy was used in clinical practice for 
a relatively short period of about seven years before it was substituted by 
parenteral therapy and at the time of the Nobel lecture oral liver therapy 
had been more or less replaced by intramuscular injections of liver extracts  
(Figure 4). Liver extraction methods were rather crude at that time (Gänsslen 
1930) and preparations certainly contained other hematopoietic factors in 
addition to vitamin B12 (Okuda 1999). Ironically, improved purification 
of liver extracts may have removed these additional hematopoietic factors 
and contributed to the lower potency and greater batch variability of the 
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preparations during the course of the years between 1940 and 1948 (Mollin 
1950). Until that time, the “extrinsic factor” contained in liver and curing PA 
still remained undiscovered. 

4. isolation and Crystallization of vitamin B12

The discovery of the unknown liver factor, i.e., vitamin B12, was delayed 
because no quantitative in vitro tests were available at that time to measure 
the potency of the different liver extracts. Thus, the only way to evaluate the 
effectiveness of the extracts was to test them on patients with PA, which was 
time-consuming (Rickes et al. 1948; Shive 2002; Vora 1956). The discovery 
of a microbiological assay for the measurement of vitamin B12 activity in 
1947 (Shorb 1947a; Shorb 1947b) accelerated the isolation of the extrinsic 
factor contained in liver that was responsible for the alleviating the clinical 
symptoms. Vitamin B12 in the liver extract was able to enhance the growth 
of the bacteria, and the growth rate could be used as a measure of the amount 
of the unknown factor in the extract. Unfortunately, extraction and isolation 
of crystalline vitamin B12 from liver was highly inefficacious. One and a 
half tons of beef liver was needed to produce 1 gram of vitamin B12. Finally, 
in 1948 two independent groups, Folkers and co-workers at Merck, United 
States, and Lester-Smith and co-workers at Glaxo, England, succeeded in 
isolating the extrinsic factor in 2 different crystalline forms (hydroxyl and 
cyano-cobalamin) and they named it vitamin B12 (Wagner and Folkers 1963). 
Vitamin B12 received its name (B12) just after folate (vitamin B9) had been 
discovered and thus it was given the number 12 in the B-group. The gaps in 
the numbering of the B-vitamin complex are due to the fact that a number of 
substances initially mistaken for vitamins were gradually removed from the 
group of B-vitamins (Elliot 2008).

4.1 Second Nobel Prize in Chemistry in 1955 and the discovery of the 
chemical structure of vitamin B12

The final product of the extraction, vitamin B12, turned out to be odor- and 
tasteless, bright red needle-shaped crystals (Howard 2003). However, it took 
seven more years before the exact chemical structure was finally resolved 
through X-ray crystallography by Dorothy Hodgkin in 1955 (Brink et al. 1954; 
Hodgkin et al. 1955). About ten million calculations had been necessary to 
clarify the structure of this factor. For this achievement Dorothy Crowfoot 
Hodgkin received the Nobel Prize in 1964. During the 1950’s studies on isolates 
of various bacteria and molds primarily used for antibiotic production, and 
rumen microorganisms revealed that many of these microbes were also able 
to synthesize vitamin B12 (Halbrook et al. 1950; Johnson et al. 1956).

Still, the complete laboratory chemical synthesis of vitamin B12 was not 
accomplished before 1972 (Woodward 1973). Total chemical synthesis requires 
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more than 70 steps and is extremely resource demanding. Microorganisms 
are far more efficient at synthesis of this vitamin and bacterial fermentation 
remains the main source of production of vitamin B12 at industrial scale even 
today (Xia et al. 2015) (Figure 3).

5. Oral Treatment revisited

5.1 Oral or parenteral treatment with liver extracts 

Even though the exact cause of PA remained unknown for many years to come, 
involvement of the gastric ventricle in the pathogenesis of this disease was 
anticipated as early as in 1880 (Fenwick 1880). Gastric atrophy and achlorhydria 
were common findings in pernicious anemia patients. In 1926, it was clear 
that liver obviously contained an, at that time, unidentified extrinsic (food/
liver) factor accountable for the clinical response, but for more effective oral 
treatment in addition an intrinsic (gastric) factor was needed and this factor 
was most likely contained in the gastric juice of healthy humans or animals 
(Castle 1929). 

In 1927, Castle performed the first experiments that demonstrated the 
existence of an additional endogenous gastric substance involved in the 
pathogenesis of PA, which he called the intrinsic factor (Castle 1929).

Castle found that neither normal human gastric juice nor nearly raw 
hamburger meat alone could induce a reticulocyte response in PA patients. 
However, hamburger meat that had stayed in Castle’s own stomach for 1 h 
before it was regurgitated and then fed to PA patients via a nasogastric tube 
triggered a reticulocyte response. Castle stated: 

‘that in contrast to the conditions within the stomach of the pernicious 
anaemia patient, there is found within the normal stomach during digestion 
of beef muscle some substance capable of promptly and markedly relieving 
the anaemia of these patients’ (Castle 1929).

Development of processed liver concentrates for oral administration 
followed. However, oral treatment demanded relatively high doses and 
was thus very expensive (Ungley 1955). It turned out that the potency of 
the liver extracts could be improved by adding the yet unidentified intrinsic 
factor (Castle 1953), which was supplied as liquefied stomach contents of a 
healthy normal person or desiccated hog’s stomach (Glass and Boyd 1953). 
However, all of these preparations tasted dreadful and the period of exclusively 
oral treatment of PA with liver or liver extracts was soon replaced by more 
“palatable” parenteral regimes with injectable liver extracts (Schultzer 1934). 
Parenteral treatment had additional advantages as it was—at that time—
considerably cheaper compared to oral therapy due to lower dose-demands 
and no intrinsic factor was needed (Ungley 1950a; Ungley 1950b). However, 
injectable liver extracts also had serious side effects, sometimes even fatal, and 
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the potency unfortunately showed considerable variability between vendors 
as well as over time resulting in many relapses during maintenance therapy 
(Anonymous 1965; Mollin 1950). Moreover, the cleaner the liver extracts 
became the poorer was their potency as other potentially active factors such 
as folate and iron from crude liver extracts gradually disappeared (Conley 
and Krevans 1955). By the end of the 1940s pure crystalline cyanocobalamin 
(vitamin B12) was preferred over liver extracts for treatment of PA (Blackburn 
et al. 1952; Blackburn et al. 1955; Wagner and Folkers 1963). 

Since then, parenteral supplementation with crystalline cyanocobalalmin 
has been the mainstay of treatment of most forms of vitamin B12 deficiency 
in the majority of countries world-wide (Stabler 2013). Adherence to this 
therapeutic tradition is most likely also a result of the 1959 US Pharmacopeia 
Anti-Anemia Preparations Advisory Board recommendation, which advised 
against the use of oral therapy for pernicious anemia, mostly because of its 
unpredictable efficacy (Bethell et al. 1959). Typically, arguments against oral 
cyanocobalamin therapy were based on findings of inadequately low serum 
cobalamin concentrations achieved in patients taking oral vitamin B12 doses of 
100–250 μg/d without intrinsic factor (Glass and Boyd 1953). According to our 
current knowledge, when oral doses > 10 μg/d are used, only approximately 
1.5% of the dose is expected to be absorbed through passive diffusion, thus 
explaining the relatively low efficacy of doses < 500 μg/d in treatment of PA. 

5.2 Oral treatment with crystalline vitamin B12 with and without 
intrinsic factor

Parallel with the parenteral use of crystalline vitamin B12, investigators 
searched for oral alternatives to liver extracts and experimented with oral 
use of small amounts of crystalline vitamin B12 in combination with intrinsic 
factor from various sources to improve bioavailability (Blackburn et al. 1955). 
By the end of the 1950s more efficient, large-scale industrial production of 
vitamin B12 by microbial fermentation was accomplished, securing the supply 
of inexpensive cyanocobalamin (Mervyn and Smith 1964). This opened up for 
the use of higher oral doses of cyanocobalamin without intrinsic factor despite 
poor bioavailability (Waife et al. 1963). During the 1950’s a large number of 
dose-finding studies of oral therapy with crystalline B12 were performed with 
and without addition of intrinsic factor and clinical responses were monitored 
thoroughly (Brody et al. 1959; Chalmers and Hall 1954; Chalmers and Shinton 
1958; Conley and Krevans 1955; Doscherholmen and Hagen 1957; Gaffney et 
al. 1959; McIntyre et al. 1960; Reisner et al. 1955; Ross et al. 1954; Schwartz  
et al. 1959; Shinton 1961; Spies et al. 1949; Ungley 1950a; Ungley 1950b; Ungley 
1950c; Ungley and Childs 1950; Waife et al. 1963). The required oral doses 
varied considerably between the studies and ranged from repeated daily 
doses of 50–100 μg (Brody et al. 1959) to 1000 μg per week (Reisner et al. 1955) 
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to at highest 3000 μg/d (Ungley 1950a). Consistently, it was found that oral 
doses needed to be 30–60 times higher than parenteral doses in patients with 
pernicious anemia (Chalmers and Hall 1954; Spies et al. 1949). In Sweden, 
during the late 1950’s and early 1960’s basic research was carried out studying 
the feasibility of oral treatment of pernicious anemia with tablets containing 
very high doses of cyanocobalamin without an intrinsic factor (Berlin et al. 
1965; Berlin et al. 1966; Berlin et al. 1968b; Berlin et al. 1958; Berlin et al. 1961). 
Little by little, this research provided convincing evidence from long-term 
follow-up of pernicious anemia patients, showing that oral treatment with 
vitamin B12-tablets was indeed possible and reliable (Berlin et al. 1965; Berlin 
et al. 1968b). Vitamin B12 tablets were approved by the Swedish Medical 
Products Agency in 1964 (Ågren 1964). Since then, vitamin B12-substitution 
with tablets has gradually replaced parenteral therapy in Sweden, where 
vitamin B12 tablets constitute more than 80% of vitamin B12-prescription 
drugs (Nilsson et al. 2005). 

6. The Pharmacology of Oral vitamin B12

To understand the feasibility of oral vitamin B12-treatment it is necessary to 
recognize the clinical pharmacology of vitamin B12, which is quite complex. 
Most of the work on vitamin B12 pharmacokinetics was carried out during 
the 1960s (Adams et al. 1971; Ardeman et al. 1964; Boddy et al. 1968; Gottlieb 
et al. 1965; Herbert 1968; Hertz et al. 1964; Heyssel et al. 1966; Skouby 1966). 
Physiological losses of vitamin B12 through renal and biliary elimination routes 
are minimal and daily losses in healthy subjects account for only 0.1–0.2% of the 
total body reserves of 3–5 mg, and merely this portions needs to be replenished 
(Table 3) (Combs 2008). Therefore, the daily cobalamin requirements in order 
to maintain normal vitamin status in healthy subjects are extremely low. The 
recommended daily allowance (RDA) for adults is 2.4 μg/d as set by the US 
Institute of Medicine in 1998. 

6.1 Pharmacokinetics 

Absorption, transport and cellular uptake as well as retention in the body 
depend on a number of transporters, binding proteins and receptors that all 
have a high specificity for vitamin B12 (Table 2).

The free binding capacity of most of the binding proteins is adapted to 
the physiologically low vitamin B12-supply and demands. Therefore, the 
free binding capacity of B12 binders is generally low as regards to both active 
intestinal absorption and transport in the blood. In line with this, the maximum 
capacity of active intrinsic factor-mediated absorption of vitamin B12 is only 
2.5 to 3.0 μg per serving (Heyssel et al. 1966). It takes about 4–6 hours before 
maximum active absorption capacity is completely restored (Heyssel et al. 
1966). Further, the unsaturated vitamin B12 binding capacity in human plasma 
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ranges from 230 to 1380 pmol/l (Herbert 1968), mostly constituted of apo-
transcobalamin II (apo TC-II) (Markle 1996; Obeid et al. 2006; Teplitsky et al. 
2003). This corresponds to a total binding capacity of only 3 to 5 μg of newly 
absorbed cobalamin (Gottlieb et al. 1965). Vitamin B12 unbound to transporters 
or plasma proteins is subject to glomerular filtration and rapid renal excretion 
(Herbert 1968). This limits maximum (active) absorption and body retention 
when vitamin B12 is supplemented in pharmacological doses (Table 3). Further, 
the bioavailability and total body retention of vitamin B12 not only depends 
on the route of administration, oral or parenteral, the capacity of vitamin B12 
binding proteins, but also on the formulation of vitamin B12 preparations (i.e., 
cyano- and hydroxocobalamin) (Adams et al. 1971; Boddy et al. 1968; Hertz et 
al. 1964; Skouby 1966) (Table 3). At high doses oral bioavailability or retention 
of i.m. vitamin B12 is very similar in healthy subjects and patients suffering 
from PA (Table 3, Figure 4).

6.1.1 Oral absorption

Gastric dysfunction such as chronic atrophic gastritis is a major cause of reduced 
oral up-take of cobalamin from food sources (food cobalamin malabsorption) 
(Nielsen et al. 2012). Interestingly, reduced availability of the intrinsic factor 
due to gastric atrophy is not a rate-limiting factor in this process. The stomach 
appears to have a large reserve capacity for intrinsic factor secretion and daily 
production of intrinsic factor suffices for uptake of 100–150 μg/d (Ardeman et 
al. 1964). Only extreme forms of atrophic gastritis and selective destruction of 

Table 2. Main proteins involved in vitamin B12 homeostasis and transport.*

Binding proteins or 
transporters

Receptor proteins

IF HC TCII Cubilin/
amnion-less

Megalin TC-receptor
CD320

Main function:

Intestinal absorption x x

Blood transport x x

Cellular uptake x x x

Entero-hepatic 
circulation

x x x

Renal tubular re-
absorption

x x x

Biliary elimination x

* The table is based on data from the following references (Banerjee et al. 2009; Birn 2006;
Fyfe et al. 2004; Grasbeck 2006; Herbert 1994; Kanazawa et al. 1983; Quadros and Sequeira
2013; Schjonsby 1989). IF = intrinsic factor; HC = haptocorrin; TCII = transcobalamin II; 
TC-receptor = transcobalamin receptor



Milestones in the Discovery of Pernicious Anemia and its Treatment 17

gastric parietal cells by autoantibodies in pernicious anemia can reduce intrinsic 
factor production to a significant level. Nevertheless, atrophic gastritis per se 
may limit the bioavailability of oral vitamin B-12 through other mechanisms, 
such as impaired release of the vitamin from food proteins due to impaired acid 
secretion and reduced digestion by pepsin (Selhub et al. 2000). These restraints 
do of course not apply for crystalline vitamin B12 tablets. The rate-limiting 
factor of oral bioavailability of low doses of food vitamin B12 is primarily 
saturation of ileal receptors, which recognize the cobalamin-intrinsic factor 
complex (Heyssel et al. 1966). The active transport of the cobalamin-intrinsic 
factor-complex is easily saturable. The maximum amount of vitamin B12 that 
can be absorbed from a single meal is about 2 μg (Scott 1997; Watanabe 2007) 
and the fractional absorption decreases as oral doses are increased. About 
50% of a single oral dose of 1 μg is retained, 20% of a 5 μg dose, and only 
5% of a 25 mg dose (Table 3). To improve oral bioavailability of vitamin B12 
repeated daily dosing at least 4–6 hours apart without concomitant food intake 
would appear advantageous (Berlin et al. 1968a; Brody et al. 1959; Heyssel 
et al. 1966). At oral doses of 500–1000 μg and above a constant fraction of 

Table 3. Bioavailability and retention of cobalamin.

Healthy subject Pernicious anemia 
patient

Daily loss* ≈ 1μg/d ≈ 2 μg/d

RDA 2.4 μg/d 1000 μg/d p.o.
1000 μg/90 days i.m.

Bioavailability of a single oral 
dose μg (% of the dose)

0.5 μg 0.38 μg (75%) 0.006 μg (1.2%)

1–2 μg 0.5–1 μg (50%) 0.012–0.024 μg (1.2%)

10 μg 1.6 μg (16%) 0.12 μg (1.2%)

50 μg 2.0 μg (4%) 0.6 μg (1.2%)

500 μg 10 μg (2%) 6 μg (1.2%)

1000 μg ≈ 14 μg (1.4%) ≈ 12 (1.2%)

Retention of a single i.m. dose  
(% of the dose)

CN-Cbl OH-Cbl CN-Cbl OH-Cbl

3 μg 100% 100% 100% 100%

10 μg 97% 98% 98% 98%

25 μg 95% 96% 96% 98%

40 μg 93% 94% 94% 96%

100 μg 55% 90% 60% 94%

500 μg 20% 50% 30% 55%

1000 μg 15% 30% 20% 35%

* Mainly represented by vitamin excreted in urine and bile. RDA, Recommended Dietary
Allowance. This table is a compilation of data from the following studies (Ardeman et al. 1964; 
Berlin et al. 1968a; Heyssel et al. 1966; Scott 1997).
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cobalamin, approximately 1.5 of the dose, is absorbed by simple diffusion from 
the lumen to the intestinal epithelium independent of intrinsic factor (Berlin 
et al. 1968a). In pernicious anemia active uptake of vitamin B12 through ileal 
receptors does not occur due to lack of intrinsic factor, but passive absorption 
by simple diffusion is more than adequate to meet the daily requirements for 
patients without intrinsic factor when daily oral dosages of 1000 µg are ingested 
(Berlin et al. 1968a). When using low oral doses of vitamin B12 a saturation 
of the plasma total vitamin B12 binding capacity is normally not achieved. 
However, at oral doses exceeding 1–10 mg signifi cant urinary excretion of 
newly absorbed vitamin B12 is observed (Berlin et al. 1968a).

At increasing oral doses the absolute and relative difference in vitamin 
B12 uptake between healthy subjects and patients with pernicious anemia 
becomes narrower (Berlin et al. 1968a) (Figure 5).

6.2 Pharmacodynamics

Vitamin B12 is essential for cell growth and replication and participates in 
transmethylation reactions during the synthesis of methionine, choline, 
creatinine and nucleic acids. Vitamin B12 supplements reverse the 
hematopoietic and, if started timely, neurological symptoms of vitamin B12 

Figure 5. Schematic representation of estimated vitamin B12-uptake at different oral doses (per 
serving) in healthy subjects (black color, black diamond symbols) and cyanocobalamin tablets 
patients with pernicious anemia (grey color, solid grey square symbols) based on data from 
literature (Doscherholmen and Hagen 1957; Gaffney et al. 1959). The fi gure illustrates the dual 
mechanism of active (saturable) and passive absorption of oral cyanocobalamin (Doscherholmen 
and Hagen 1957) and that similar absolute amounts of cyanocobalamin are absorbed in healthy 
subjects and patients suffering from PA when very high oral doses are used. 
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deficiency (Stabler 2013). Vitamin B12 does not exert direct pharmacodynamic 
activity, but acts as a co-factor in two different forms, methylcobalamin 
and 5-deoxyadenosincobalamin, for the enzymes methionine synthase and 
methylmalonyl-CoA mutase, respectively (Banerjee 2006). In addition, vitamin 
B12 has repeatedly been proposed as a carrier molecule for up-take and 
targeting of drugs to certain tissues (Clardy-James et al. 2013). 

6.3 Side effects

Generally, both oral vitamin B12 and vitamin B12-injections are well tolerated. 
However, injection site reactions including pain, erythema, pruritus, 
induration, swelling, and necrosis can occur (2013) causing patient discomfort 
and inconvenience (van Walraven et al. 2001a; van Walraven et al. 2001b). 
Oral supplementation reduces the risk of injection complications such as 
infections or cyst formations and nerve injuries are avoided. In addition, the 
risk of allergic reactions is lower with oral administration (Bilwani et al. 2005). 
Finally, oral treatment is preferred to intramuscular injections in patients on 
anticoagulation therapy as there is increased risk of hematoma formation 
when i.m. injections have to be performed regularly (Kim and Hyung 2011).

7. Diagnostic Achievements in the Course of Discovery of PA 

Milestones in the development of diagnostic procedures for vitamin B12-
deficiency are depicted by central gradient bars with solid-lined borders in 
Figure 4. Development of assays for identification and quantification of the 
putative extrinsic factor were crucial for final isolation of vitamin B12 from 
liver extracts, and measuring its concentration in these extracts (Vora 1956) 
and later diagnostically in blood samples. Before that, the potency of liver 
extracts assumed to contain the vital extrinsic factor that cured anemia had 
to be tested on the basis of the hematological response in affected patients, 
which was very time-consuming and not without risks (Shive 2002; Vora 1956). 
However, in 1947/48 important observations of Shorb of a linear relationship 
between the amount of a presumed growth factor for Lactobacillus lactis Dorner 
in liver extracts and the potency of the same factor for the treatment of patients 
suffering from pernicious anemia resulted in the first microbial vitamin 
B12-assay (Shorb 1947a; Shorb 1947b; Shorb 1948). Having a quantitative in 
vitro assay that allowed testing the biological activity of the extracts greatly 
accelerated the successful isolation of vitamin B12 (Ahrens 1993). 

Soon, the same principle of microbial assays was found to be useful for 
measuring of vitamin B12 concentrations in serum and other body fluids. 
Measuring blood concentrations of vitamin B12 soon became the first step in 
diagnosing PA (Ross 1952). 

However, even microbial assays were laborious had many limitations such 
as multiple steps and long incubation times, difficulties to automate the assay, 
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risk of microbial contamination, and suppression of growth by antibiotics 
and cytotoxic drugs and were relatively soon abandoned from the clinical 
routine laboratory (O’Sullivan et al. 1992). Today, microbiological assays for 
vitamin B12 are adapted to microtiter plate format and carried out by robotic 
workstations and are mainly used for scientific purposes (Molloy and Scott 
1997; O’Broin and Kelleher 1992; Taneja et al. 2007). 

In the 1960s, radioimmunoassays, RIAs, were introduced using 57Co-
cyanocobalamin and intrinsic factor and R-binder as binders (Moridani and 
Ben-Poorat 2006; O’Sullivan et al. 1992). RIA tests had the drawback of 
demanding manual sample pretreatment, radiation exposure risk and costs 
associated with disposal of the radioimmunoassay components (Kuemmerle 
et al. 1992; Moridani and Ben-Poorat 2006). By 2007, the manufacturer of the 
most commonly used RIA-assay, the Bio-Rad RIA, discontinued the production 
(Yetley et al. 2011). The first automated, non-isotopic chemiluminescence 
assays for measuring vitamin B12 in serum were developed in the early 
1990s (Kuemmerle et al. 1992). Current automated routine assays are mostly 
based on these non-isotopic procedures using chemiluminescence or more 
recently electroluminescence detection and exhibit relatively good measuring 
agreement between the methods (Karmi et al. 2011; Vogeser and Lorenzl 2007). 

In parallel, alternative or complementary tests to serum vitamin B12 assays 
were developed, including more sensitive and specific functional markers 
of vitamin B12 status such as methylmalonic acid and homocysteine that 
increase in blood and urine of people with deficiency. By the end of the 1980s 
and through the 1990s different methods for determination of the functional 
vitamin B12-marker methylmalonic acid (MMA) became available, including 
GC-MS, HPLC, capillary electrophoresis, LC-MS and LC-MS-MS techniques 
(Stabler et al. 1986; Schneede and Ueland 1993; Schneede and Ueland 1995; 
Windelberg et al. 2005; Lakso et al. 2008). Together with total homocysteine, 
MMA nowadays represents one of the cornerstones of vitamin B12 deficiency 
diagnostic tests (Langan and Zawistoski 2011; Remacha et al. 2014; Risch et 
al. 2015). 

During the same period, the concept of holotranscobalamin (holoTC) as a 
measure of biologically active cobalamin was developed (Carmel 1985; Herbert 
et al. 1990; Herzlich and Herbert 1988; Lindemans et al. 1983; Remacha et al. 
2014). Vitamin B12 in serum is carried by two binding proteins, transcobalamin 
and haptocorrin. Although the fraction of transcobalamin-bound vitamin 
B12 (holoTC) in relation to total vitamin B12 is small (≈ 20–30 %), holoTC is 
considered representing newly absorbed vitamin B12 and being responsible 
for delivering cobalamin to cells through a receptor mediated up-take. HoloTC 
is considered being the functionally active fraction of the vitamin (Carmel 
2011; Nexö and Hoffmann-Lucke 2011). The first commercial RIA-assay for 
determination of holoTC became available in 2002 (Ulleland et al. 2002) and 
has now been replaced by an automated sandwich microparticle enzyme 
immunoassay that can be run on standard analytical platforms (Brady et al. 
2008). The clinical utility of the holo-TC test has been evaluated during the 
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recent years and its place in vitamin B12-diagnostics is still under debate 
(Herrmann and Obeid 2013; Remacha et al. 2014; Risch et al. 2015).

Another landmark in revealing the cause of vitamin B12-deficiency 
through diagnostic test was the Schilling test. The Schilling test was introduced 
by Schilling in 1953 and was designed to assess the ability of the patient 
to absorb small oral doses of radioactively labeled vitamin B12 (Schilling 
1953). This test remained the mainstay of diagnostic tests for detection and 
differentiation of potential causes of vitamin B12 deficiency for more than five 
decades until it was abandoned due to high costs, lack of sensitivity under 
certain conditions and terminated production of cobalt radioisotopes and 
labeled cobalamin forms (Moridani and Ben-Poorat 2006; Palmer et al. 2012; 
Yetley et al. 2011). More recently, a non-radioactive vitamin B12 absorption 
test (CobaSorb) has been developed, but also this test has several limitations 
and has not achieved widespread adoption so far (Hardlei et al. 2010; Hvas 
et al. 2011; Hvas et al. 2007). 

8. Health-economic Assessments of Oral B12 Treatment

Vitamin B12-treatment was from the very beginning not just a matter of clinical 
effectiveness, but also cost-effectiveness (Kumar et al. 2006). Already in 1934 
Murphy addressed in his Nobel lecture cost-aspects of liver-treatment and 
potential savings with liver extracts for intramuscular use compared to peroral 
treatment (Murphy 1934). The first modern health-economic assessment of 
oral versus parenteral B12 supplementation that also included a sensitivity 
analysis was performed in 2001 (Figure 4) (van Walraven et al. 2001a), grey 
bars with solid-lined borders in Figure 4. Sensitivity analysis indicated that 
the number of injection-associated physician visits that could be avoided by 
switching patients to oral therapy had major impact on the cost-effectiveness. 
Later, publications on cost minimization analyses (Vidal-Alaball et al. 2006) 
and cost-saving analyses (Houle et al. 2014) as well as budget impact analyses 
(Masucci and Goeree 2013) performed in the UK, Canada and Spain followed. 

Nowadays, the switch to oral vitamin B12 supplementation with tablets 
is generally considered feasible and a cost-effective alternative to parenteral 
treatment (Kolber and Houle 2014; Kwong et al. 2005).

9. Summary

 Vitamin B12 is an archaic vitamin in many aspects. As other vitamins, vitamin 
B12 is vital for all higher organisms and functions as cofactor. Humans require 
dietary supply of these organic micronutrients, but microorganisms and many 
plants synthesize de novo the cofactors they need. Vitamin B12 is also an 
ancient molecule, as it was first synthesized by prokaryotic cells. Conceivably, 
the history of vitamin B12 deficiency and PA in humans has to be considerably 
shorter than the history of the vitamin itself, and can arbitrarily be divided 
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into different epochs. It is almost 200 years since the first description of PA 
and the pre-treatment era stretches over 100 years before effective treatment 
options were developed (Figure 4). Oral treatment with raw or slightly cooked 
liver or liver extracts followed, but was soon abandoned due to high costs and 
unacceptable taste. The epoch of oral liver therapy was succeeded by a period 
of intramuscular administration of liver extracts, which lasted for about 20 
years. With the isolation and characterization of the extrinsic factor (B12) from 
liver and the advent of large-scale, cost-effective production of vitamin B12 by 
bacterial fermentation (Xia et al. 2015) it was possible to use pure crystalline 
vitamin B12 for intramuscular administration, which still is the predominant 
treatment option of vitamin B12 deficiency world-wide today. The introduction 
and approval of high-dose vitamin B12 tablets in Sweden in the early 1960’s 
ushered in the renaissance of oral treatment of vitamin B12-deficiency. The 
need to diagnose PA and other causes of vitamin B12 deficiency triggered 
the development of a range of diagnostic tests, some of them now constitute 
the basis of diagnostic strategies in clinical routine. During the last decade 
several health-economic assessments have confirmed the cost-effectiveness of 
oral vitamin B12 treatment over parenteral therapy. Industrial production by 
bacterial fermentation and the return of oral treatment vitamin B12 deficiency 
underscore the archaic nature of this precious co-factor. Almost 200 years after 
discovering PA and after approximately 70 years of efforts to find the cause of 
PA and to understand the synthesis of vitamin B12, large parts of the puzzle 
now seem to have been solved, but in fact many questions on vitamin B12 
deficiency are still unanswered and warrant further investigations (Gräsbeck 
2013). 

Keywords: Vitamin B12 deficiency, cobalamin, history, management, 
diagnostics, supplementation, homocysteine, methylmalonic acid, holo-
transcobalamin, health economics. 
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Nutritional and Biochemical 

Aspects of Cobalamin 
throughout Life

Eva Greibe

1. Introduction

Cobalamin (vitamin B12) is important in all stages of life from birth to death. 
Since humans cannot synthesize cobalamin, we rely on nutritional sources 
for supply of the vitamin. 

This chapter describes the general nutritional aspects of cobalamin 
including content in food, dietary sources, bioavailability, forms of the vitamin 
in food, and dietary requirements. Also, the biochemical aspects of cobalamin 
including its role as a methyl donor are presented. In relation, acquired 
cobalamin deficiency is discussed. 

2. Nutritional aspects of cobalamin

All forms of cobalamin found in nature, including cobalamin analogues, are 
synthesized by microorganisms via a complex pathway. Several cobalamin-
dependent enzymes are present in algae; but no species of plants has been 
found to have the enzymes needed for synthesis of the vitamin. Herbivorous 
animals obtain the vitamin by consuming cobalamin-producing bacteria 
present in roots and legumes, or plants contaminated with faeces, and they 
store it in tissues or excrete it in milk. Therefore, animal products are main 
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dietary sources of cobalamin for human, who cannot synthesize the vitamin. 
Unlike humans, ruminants are unique in that they can absorb cobalamin 
synthesized by their intestinal microbiota. It is a common misunderstanding 
that humans also can absorb cobalamin in this manner. Bacterial synthesis of 
cobalamin in humans occurs mostly in the terminal part of the gastrointestinal 
tract, where intrinsic factor mediated absorption of cobalamin is unlikely to 
take place. Humans therefore depend on cobalamin provided by consumption 
of animal-based foods such as eggs, milk products, meats, fish, seafood, and 
poultry. 

2.1 Content of cobalamin in food items

The cobalamin content of different food items is listed in Table 1. Livers of 
ruminant animals contain the largest amounts of cobalamin, but also shellfish, 
fish, and fish roe have high contents. Usually, ruminant meats such as lamb 
and beef contain higher amounts of cobalamin compared with meats of 

Table 1. Content of Cobalamin in Uncooked Foods.

Food Cobalamin (µg/100 g)

Pasteurized milk 0.4–0.5

Cheese1 1.5–1.6

Infant formula (non-fortified) 0.9–1.0

Eggs 2.0

Beef 1.4–2.4

Veal 1.3

Beef liver 60–122

Chicken 0.3–0.5

Pork 0.6–0.8

Mutton 3.0–5.0

Lamb 1.2

Fish2 3.0–8.0

Fish roe3 18

Shellfish4 2–58

Fortified cereals 10–28

Soybeans 0

Rice, flour 0

Fruit, nuts, vegetables 0

1Hard cheese, brie, parmesan, mozzarella. 2Salmon, trout, mackerel, and tuna. 3Roe from atlantic 
cod, lumpfish, and rainbow trout. 4Clam, scallop, mussel, shrimp, and oyster.

Note: All value ranges are indicated for raw foods unless otherwise stated. The data has been 
extracted from a national food composition data bank (The Danish National Food Institute, 2015). 
Food composition databases do rarely disclose how the levels are obtained, and presumably the 
presented data represents the outcome of different methods. Because of this, the listed values 
should be regarded as estimates.
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monogastric animals such as pigs and poultry, because of a larger population 
of cobalamin synthesizing bacteria in the rumen of these animals. Meats 
from older animals tend to have a higher cobalamin contents that of younger 
animals; therefore generally the content of cobalamin in mutton and beef is 
higher than in lamb and veal (Table 1) (summarized by (Gille and Schmid 
2015)). The cobalamin content in cow’s milk is moderate, and fermentation 
of milk for production of yogurt and cheese decreases the original amount of 
cobalamin with up to 60% (Gille and Schmid 2015). High cobalamin contents 
in foods can be achieved by fortification of foods. Cereals, flour, and soy 
products are usually used as fortification vehicles. 

Individuals who are following alternative lifestyles (e.g., vegans, 
macrobiotics) commonly use commercially available plant-based products 
that claim to contain cobalamin. Some plants and algae contain cobalamin-
like compounds, the so called cobalamin analogues. Cobalamin analogues 
appear inactive in mammals and thus of no nutritional value (Dagnelie et 
al. 1991) (see paragraph on Forms of Cobalamin in Foods below). In general, 
bacterially fermented soy products and other fermented products do not 
contain measurable amounts of cobalamin (van den Berg et al. 1988). However, 
new attempts to enhance cobalamin content in fermented soy products have 
shown great promise (Gu et al. 2015), and may result in commercially available 
products in the future. Small concentrations of cobalamin have been found 
in malt syrup, sourdough bread, parsley, and shiitake mushroom (0.02–0.5 
µg/100 g) (van den Berg et al. 1988). However, due to the low concentrations 
of cobalamin, and the uncertainties in methods analyzing small amounts, 
these foods are not considered of any significant nutritional value as sources 
of cobalamin. 

The estimated amounts of cobalamin in food may vary with the 
method employed, and caution should be exercised when interpreting the 
values obtained. Microbiological assays based on the growth of cobalamin-
dependent microorganisms may give false results if the sample contains other 
components that affect microbial growth, such as cobalamin analogues. Also 
incomplete release of cobalamin from the food, and chemical alternation of 
the vitamin during the extraction procedure may compromise the cobalamin 
measurements (reviewed by (Lildballe and Nexo 2013; Watanabe 2007)). Besides 
microbiological assays, cobalamin content in foods can also be measured by 
chemiluminiscence assays and high-performance liquid chromatography. 

2.2 Bioavailability of cobalamin

Knowledge of the cobalamin content does not alone provide information on the 
nutritional value of a food item as a source of cobalamin. This is because a high 
cobalamin content does not automatically ensure a high bioavailability, and 
vice versa. A limited bioavailability is mainly due to the fact that cobalamin in 
animal products is bound to food proteins that must be degraded by digestive 
enzymes, possibly in combination with low pH, in order for cobalamin to be 
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absorbed. The nature of the food matrix in question seems to be of important 
for the bioavailability. For instance, cow’s milk contain high amounts of the 
cobalamin-binding proteins transcobalamin (Fedosov et al. 1996), and human 
milk contain high amounts of the cobalamin-binding protein haptocorrin 
(Greibe et al. 2013a). Both transcobalamin and haptocorrin have a very high 
affinity for cobalamin; however it is still not clear whether they hinder or 
promote the intestinal absorption of the vitamin. In addition, heat preparations 
of food have been found to reduce the content of cobalamin. Czerwonga et al 
found that heating of steak to a core temperature of 70ºC reduced the content 
of cobalamin with 32 percent compared with raw meat (Czerwonga et al. 
2014). Others have performed similar experiments with a loss in cobalamin 
content up to 68 percent depending on the study design, the temperature and 
cooking method, and the nature of the food (Heyssel et al. 1966; Nishioka et 
al. 2011; The Danish National Food Institute 2015). 

Bioavailability of cobalamin has traditionally been assessed by oral 
administration of 100 g food item labelled with radioactive 57[Co]-cobalamin 
followed by whole body counting or measurement of radioactivity in fecal and 
urine excretions (summarized by (Allen 2010)). The limitations of such studies 
are lack of knowledge concerning the behaviour of endogenous cobalamin 
in food as compared with the added labelled vitamin that is not bound to 
food proteins. The methods also lack sensitivity because the provided dose 
may be differently distributes and stored in tissues in different individuals 
which cannot be tested. Few studies have used alternative more physiological 
approaches. One approach employed chicken eggs from hens fed on 57[Co]-
cobalamin (Doscherholmen et al. 1975), and another one used fish fed with 
57[Co]-cobalamin before sacrifice (Aimone-Gastin et al. 1997; Doscherholmen 
et al. 1981). Today, it is not advised to use radioactivity in human absorption 
studies, and no golden method exist for determining bioavailability of 
cobalamin from different food sources. 

Based on previous radioactivity-based methods in humans and animals, the 
bioavailability of cobalamin is considered high from milk (65 percent) (Matte et 
al. 2012; Russell et al. 2001) and chicken (61–65 percent) (Doscherholmen et al. 
1978) and comparable to that of free crystallized cobalamin dissolved in water 
(Doscherholmen et al. 1975; Russell et al. 2001). In contrast, the bioavailabilities 
of cobalamin from fish (30–41 percent) (Doscherholmen et al. 1981) and eggs 
(24–36 percent) (Doscherholmen et al. 1975) are lower. The bioavailability of 
fortified food items is not well studied. Since crystallized free cobalamin (not 
protein-bound) is used for fortifying foods, the bioavailability of cobalamin 
in fortified foods would be expected to be higher than natural protein-bound 
cobalamin from food.

A further issue to take into account, when discussing bioavailability, is 
that the intrinsic factor mediated intestinal absorption system is saturable 
and that only a certain amount of cobalamin can be absorbed via a receptor-
mediated process after the meal. The point of saturation is currently debated 
by experts. Many believe it to be around 1–2 µg cobalamin per meal, while 
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others claim it to be higher. The fact that the system is saturable means that 
the bioavailability increases with increasing intake of cobalamin per meal up 
to a certain degree and then decreases if cobalamin content is higher than the 
capacity of the uptake system. The rational thinking to compare how different 
foods can contribute to cobalamin status is to compare the effect of controlled 
diets (e.g., milk based diet vs. meat based diet vs. fish-based diet) on modern 
plasma cobalamin markers like holoTC. Obviously, there is a lot of work that 
needs to be done in the field. 

2.3 Dietary sources of cobalamin

Dairy products, meats, fish, and seafood are considered to be the major dietary 
contributing sources of the vitamin in the western world. Brouwer-Brolsma et 
al. (2015) recently found that consumption of meat and dairy—predominantly 
milk—were the main predictors of having a high serum cobalamin in western 
elderly individuals, followed by fish and shellfish. Tucker et al. (2000) also 
found milk to have a high impact on serum cobalamin, and meat, poultry, 
and fish to play a minor role. The positive impact of dairy products on serum 
cobalamin is surprising when looking at the moderate content of cobalamin 
in milk (0.4–0.5 µg/100 g). However, the bioavailability of milk cobalamin is 
considered high (Matte et al. 2012; Russell et al. 2001) in addition to the relative 
high consumption of dairy products in the western society (Vogiatzoglou et al. 
2009). Consumption of fortified foods, such as cereals, contributes to increasing 
cobalamin status and has been associated with high serum cobalamin (Tucker 
et al. 2000). Consumption of eggs, on the other hand, appears not to contribute 
to a higher serum cobalamin (Brouwer-Brolsma et al. 2015; Vogiatzoglou et 
al. 2009). This could be explained by the low content of the vitamin in eggs 
(approx. 2 µg/100 g) combined with a poor bioavailability (Doscherholmen 
et al. 1975). 

2.4 Forms of cobalamin in foods 

Cobalamin consists of a corrin ring surrounding a central cobalt atom  
(Figure 1). All compounds containing this corrin ring are designated corrinoids. 
Attached to the cobalt atom are a lower (5’ position) and an upper (6’ position) 
ligand. The lower ligand of cobalamin consists of phosphate moiety, ribose, 
and a 5,6-dimethylbenzimidazole base. The upper ligand can be occupied 
by different anionic substituents (denoted –R in Figure 1). Several forms 
of cobalamin exists including cyanocobalamin (–CN), hydroxocobalamin  
(–OH), aquocobalamin (–H2O), methylcobalamin (–CH3), sulphitocobalamin 
(–SO3), glutathionylcobalamin (–GS), and 5’-deoxyadenosylcobalamin 
(-5’-deoxyadenosyl) (Fedosov 2012; Gimsing and Nexo 1983; Herbert 1996; 
Xia et al. 2004). Corrinoids with an altered lower ligand, or simply no lower 
ligand at all, or otherwise modified, are called cobalamin analogues and are 
defined as cobalamin-like structures with no known biological activity in man 
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(Fedosov 2012; Gimsing and Nexo 1983; Herbert 1996). The origin of cobalamin 
analogues in the human body is unknown, but they are found in the circulation 
bound to the cobalamin-binding protein haptocorrin. Recently, cobalamin 
analogues have been detected in cord blood (Hardlei et al. 2013). This suggests 
that they may be produced in the body from circulating cobalamin. At this 
point, it is unknown if the amount of cobalamin analogues in the circulation 
is influenced by diet or different physiological conditions. 

The principal forms of cobalamin found in foods are hydroxocobalamin, 
methylcobalamin, and 5’-deoxyadenosylcobalamin (Farquharson and Adams 
1976). Methylcobalamin and 5’-deoxyadenosylcobalamin are light-sensitive 
and can be converted into hydroxocobalamin when exposed to light, and this 
may be part of the explanation to the high amounts of hydroxocobalamin in 
prepared and processed food items (Farquharson and Adams 1976). However, 
since only a small part of a solid food can be exposed to light and since protein-
binding may shield the vitamin from photolysis, the forms of cobalamin present 
in foods can be a mixture of these three forms. Upon uptake of food cobalamin 
to the cell, it is converted to methylcobalamin and 5’-deoxyadenosylcobalamin 
that act as coenzymes in the conversions of homocysteine to methionine and 
methylmalonyl-CoA to succinyl-CoA, respectively. 

Cyanocobalamin, the synthetic and most stable form of the vitamin, is 
found in fortified foods and nutritional supplementation. In most countries, 

Figure 1. Structure of cobalamin. Cobalamin contains four reduced pyrrole rings (tetrapyrrole) 
forming a corrin ring system around a cobalt atom (red). The substitution group (upper ligand) 
designated R is indicated (green). Cleavage of the lower ligand (blue) converts cobalamin into 
the analogue cobinamide (black). The figure is adapted from (Brenner et al. 2010). 
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food fortification with cyanocobalamin is discretionary and an individual choice 
of the food manufacturer, and only processed food products and non-alcoholic 
beverages may be fortified. It is not settled yet whether the bioavailability of 
cyanocobalamin is higher or lower than that of naturally occurring cobalamin 
forms such as hydroxocobalamin in their free form. Our newest data on 
animals suggest that free cyanocobalamin and hydroxocobalamin are handled 
differently in the body and homes for different tissues (Kornerup et al. 2015). 
However, it is currently not possible to speculate about physiological and 
therapeutic relevant differences. Obviously, further research is needed to 
establish the many missing informations in this field. 

2.5 Dietary requirements of cobalamin throughout life

The Recommended Dietary Allowances (RDA) is generally defined as equal to 
the estimated average requirement (EAR) plus twice the CV to cover the needs 
of at least 97 percent of the individuals in the subgroup. For cobalamin, the 
RDA is 120 percent of the EAR. In this way, the RDA will assure that virtually 
everyone has an adequate intake. The RDA is classically based on scientific 
literature on the population for which the mean and standard deviation were 
determined. Thus, different populations (adults, children, pregnant women, 
etc.) have different RDAs. The RDAs for different age groups and populations 
are listed in Table 2. The RDA values were established by the Institute of 
Medicine (US) Standing Committee on the Scientific Evaluation of Dietary 
Reference Intakes and its Panel on Folate, Other B Vitamins, and Choline 
in 1998, and presented in the report Dietary Reference Intakes for Thiamin, 
Riboflavin, Niacin, Vitamin B6, Folate, Vitamin B12, Pantothenic Acid, Biotin, 
and Choline (1998). In the following, the underlying methods for establishing 
the RDAs in the report are given with focus on different populations. 

Population group Cobalamin (µg/day)

Adults and adolescence (age ≥ 14 years), men and women 2.4

Pregnant women 2.6

Lactating women 2.8

Children (age 9–13 years) 1.8

Children (age 4–8 years) 1.2

Children (age 1–3 years) 0.9

Infants (age 7–12 months) 0.5 (AI)

Infants (age 0–6 months) 0.4 (AI)

Table 2. Recommended Dietary Allowance (RDA) or Adequate Intakes (AI).

The RDA is 2.4 µg/day for adult men and women. As described above, the 
RDA is based on the EAR, which was estimated to be 2.0 µg/day for men and 
women aged 19 through 50 years. There was not sufficient data to distinguish 
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between requirements of men and women within this group. The EAR was 
primarily based on the amount of cobalamin needed to maintain an adequate 
hematological status and concentration of serum cobalamin in patients with 
pernicious anemia, and in persons with low cobalamin intakes. The estimated 
EAR value was supported by data on the daily amount of cobalamin needed 
to maintain cobalamin body stores, and the estimation of dietary intake by 
healthy adults with adequate serum values of cobalamin and its biomarker 
methylmalonic acid (MMA). 

For adults aged 51 years and older, the RDA was set to be the same as 
for younger adults (2.4 µg/day). The author finds this problematic. We know 
that 10–20% of the elderly in the western world show biomarkers indicative 
of cobalamin inadequacy (Koehler et al. 1996; Lindenbaum et al. 1994; 
Pennypacker et al. 1992), and also that different factors in the aging population 
that can affects cobalamin absorption and thereby the requirements for the 
vitamin. This includes atrophic gastritis, where a low stomach acid secretion 
can reduce the absorption of cobalamin from foods due to an inadequate release 
of the vitamin from the food matrix (Miceli et al. 2012). For this reason, the 
elderly may benefit from intakes of free cobalamin, as found in fortified foods 
and supplements, or from foods with a high bioavailability such as milk. In 
general, it would be adviserable to establish RDAs below and above 60 years 
of age. For further information on malabsorption in aging, see the paragraph 
on Cobalamin Malabsorption. 

For pregnant and lactating women, the RDA is based on the values of 
normal non-pregnant/non-lactating adults but adjusted according to the 
assumed transport of cobalamin from mother to fetus/infant. The EAR during 
pregnancy is adjusted according to an estimated fetal deposition of 0.1–0.2 
µg cobalamin/day and assumptions that maternal absorption of cobalamin 
is more efficient during pregnancy. It has, however, recently been shown that 
cobalamin absorption is unchanged during pregnancy (Greibe et al. 2011). The 
EAR during lactation has been adjusted according to the approximate secretion 
of 0.33 µg cobalamin/day into breast milk. This estimate was based on the 
average concentration of cobalamin in breast milk from nine Brazilian mothers 
with adequate cobalamin status at two months postpartum. Since the RDAs 
were established in 1998, it has been shown that measurement of cobalamin 
in breast milk without a prior removal of unsaturated haptocorrin provides 
inadequate results (Lildballe et al. 2009). It has also been shown that the content 
of cobalamin in breast milk greatly varies during the first 9 months of lactation 
(Greibe et al. 2013a). Recently it was shown that pregnant and lactating 
women have an increase in bioactive cobalamin (holotranscobalamin) upon 
oral intake of cobalamin supplements, which could suggest that the women 
could benefit from cobalamin intakes exceeding the current recommendation 
(Bae et al. 2015). Taken together, new knowledge on cobalamin metabolism 
during pregnancy and lactation suggest a need to re-establish the current 
RDAs for these subgroups. 
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For children and adolescence aged 1 through 18 years, no direct data 
was available on which to base the EAR. Therefore the EARs and RDAs for 
children and adolescence have been extrapolated down from adult values and 
rounded up. The RDAs for children and adolescence divided into different 
age groups are shown in Table 2. 

For infants, adequate intake (AI) is given rather than RDA (Table 2). AI 
is established when data is insufficient to develop an RDA and set by experts 
at a level assumed to ensure nutritional adequacy based on what appear to 
be typical intakes of healthy-seeming people. In the case of infants, the AI 
reflects the observed average cobalamin intake of infants fed principally with 
human milk. The AI for infants aged 0 through 6 months was set to be 0.4 µg/
day in 1998. The AI was based on the average concentration of cobalamin in 
milk collected from the above-mentioned Brazilian mothers and the estimate 
that an average woman produces 0.78 L breast milk/day. The adequacy of 
this intake was supported by evidence that it is above the intake levels that is 
associated with increased urinary excretion of MMA. The AI for infants aged 
7 through 12 months was set to be 0.5 µg/day by adjusting the AI for infants 
aged 0 through 6 months according to body weight ratio. 

A typical non-vegetarian western diet provides around 5–7 µg cobalamin 
per day, and a study suggest that doses of 6 µg cobalamin/day is needed 
to maintain serum biomarkers at a steady state levels (Bor et al. 2006). The 
fact that the RDAs were established almost 20 years ago, and that it for 
some populations are based on adjustments or extrapolations from the RDA 
determined for adults (infants, elderly, children, etc.), establishment of new 
RDAs needs to be considered. 

3. Biochemical aspects of cobalamin 

Cobalamin in transported to the cell bound to transcobalamin. The complex 
cobalamin-transcobalamin is hydrolysed in the cell lysosome. Cobalamin is 
then transferred to the cytosol where it is converted into methylcobalamin 
and to the mitochondria where it is converted to 5’-deoxyadenosylcobalamin. 
Cobalamin is a cofactor for only two reactions in mammalian cells. First, 
methylcobalamin is a co-factor for methionine synthase, the enzyme 
that converts homocysteine into methionine. The same reaction transfers 
methyl groups from 5-methyltetrahydrofolate to homocysteine. Second, 
adenosylcobalamin is a cofactor for the mitochondrial enzyme methylmalonyl-
CoA mutase that converts methylmalonyl-CoA into succinyl-CoA. The excess 
of succinyl-CoA is converted to MMA. Cobalamin deficiency causes elevation 
of plasma concentrations of homocysteine (cytosolic origin) and MMA 
(mitochondrial origin). Cobalamin deficiency also causes low methionine 
and therefore, low S-adenosylmethionine, the main methyl donor in the 
cell. Plasma concentrations of MMA are considered sensitive and specific 
for cobalamin deficiency. Plasma concentrations of homocysteine are more 
affected by folate deficiency rather than by cobalamin deficiency. In addition, 
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both MMA and homocysteine concentrations increase in plasma of people 
with renal insufficiency independent on cobalamin status. Therefore, using 
homocysteine and MMA as markers for cobalamin status though advantageous 
in many cases can have limitations in renal patients and elderly. 

4. acquired cobalamin deficiency—a matter of lifestyle?

There are two main forms of acquired cobalamin deficiency; the first is 
caused by nutritional factors and the second is caused by malabsorption. 
Both categories are outlined below. Cobalamin deficiency can also be caused 
by inborn errors in absorption, transport, or metabolism of the vitamin; but 
these conditions are rare and will not be discussed in this chapter. 

4.1 Nutritional cobalamin deficiency

Cobalamin deficiency is endemic in some parts of the world such as India, 
Mexico, Guatamala, and Kenya (reviewed by (Stabler and Allen 2004)). 
Cobalamin deficiency caused by inadequate vitamin intake can occur if the 
diet contains low or no animal products. Strict vegetarians (vegans) are at 
high risk of cobalamin depletion because they consume a diet completely free 
of animal products. Lacto- and lacto-ovo vegetarians have a smaller risk of 
deficiency because of the presence of cobalamin in eggs and dairy products, 
but still they have a higher risk than omnivores to become deficient (Herrmann 
et al. 2003; Majchrzak et al. 2006). For this reason, vegetarians are encouraged 
to take daily cobalamin supplements in order to maintain their cobalamin 
status and health. It is generally believed, that in some vegan communities the 
only source of cobalamin is from contamination of food with microorganisms. 

Nutritional cobalamin deficiency is also a major problem among 
individuals consuming a poor diet with low milk and meat intake, which is 
the case in several populations from developing countries, where animal-based 
foods are expensive and a luxury that only a few can afford with regularity. 
For this reason, the cobalamin status of many non-vegetarians in developing 
countries is only slightly better than that of lacto-ovo-vegetarians (Refsum et al. 
2001). Poverty-imposed cobalamin deficiency is a worldwide problem affecting 
people in all stages of life. Infants born to cobalamin deplete mothers are at 
high risk of cobalamin deficiency, and the condition is worsened by months of 
exclusive breastfeeding (Casterline et al. 1997; Duggan et al. 2014). Cobalamin 
deficiency during infancy can cause apathy, megaloblastic anemia, stunting, 
and delayed developmental, and lead to poor cognitive and neuromotor 
performance when growing up (Dror and Allen 2008; Stabler 2013). 

In the western society, cobalamin deficiency and depletion is common, 
particular among the elderly (Khodabandehloo et al. 2015; Lindenbaum et al. 
1994; Pennypacker et al. 1992). This is partly due to an inadequate intake of 
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animal products, simply due to loss of appetite and changes in dietary habits 
and partly to an age-related malabsorption for the vitamin (see below). 

4.2 Cobalamin malabsorption

Cobalamin malabsorption causes deficiency and is especially common among 
the elderly (≥ 65 years of age) (reviewed by (Carmel 1995; Wong 2015)). 
Malabsorption of cobalamin can occur as a result of a number of disorders 
that affect cobalamin release from food, its attachment to intrinsic factor, and 
uptake via the intrinsic factor receptor. Pernicious anaemia, the cobalamin 
malabsorption disease that originally led to discovery of the vitamin, has 
historically been considered the major cause of cobalamin deficiency, even 
though it is not a common condition. Pernicious anaemia is caused by lack 
of functional intrinsic factor, a glycoprotein secreted by gastric parietal cells 
that is required for cobalamin absorption from the terminal ileum. Lack of 
intrinsic factor can be caused by autoimmunity against the parietal cells that 
secrete intrinsic factor preventing production of intrinsic factor and secretion 
of hydrochloric acid. Pernicious anaemia can also be cause by autoimmunity 
against intrinsic factor itself where autoantibodies attach to intrinsic factor 
prevents binding to cobalamin in the intestine, or by preventing the absorption 
of the intrinsic factor-cobalamin complex by the ileal receptors (reviewed by 
(Rojas Hernandez and Oo 2015; Stabler 2013)). 

Atrophic gastritis is another condition associated with cobalamin 
malabsorption (Miceli et al. 2012; Wong 2015). The disorder is characterized 
by a progressive reduction in the secretion of hydrochloric acid from the 
parietal cells. The condition leads to a gradual loss of gastric acid and is 
believed to reduce the release of protein-bound cobalamin contained in the 
food, thereby causing malabsorption of food cobalamin. Malabsorption of 
cobalamin from food is believed to be the main cause of deficiency among the 
elderly (Carmel 1995; Wong 2015) and explains why depletion occurs with 
aging. It has also been suggested that atrophic gastritis can lead to bacterial 
overgrowth (Helicobacter pylori) in the stomach and intestine and that this can 
reduce cobalamin absorption (Kountouras et al. 2007). 

Other pathologies in the gastrointestinal tract such as pancreatic diseases 
and gastric reduction surgery may also cause or augment a deficient state 
(reviewed by (Carmel 1995; Schjonsby 1989)). Also parasitic infection with 
the fish tapeworm (Diphyllobothrium latum) can cause malabsorption because 
the worm is able to take up cobalamin from the small intestine of the host 
(Bjorkenheim 1966). Furthermore, medical treatments, such as proton-pump 
inhibitors, H2-receptor antagonists and the anti-diabetic drug metformin, 
have also been associated with low plasma cobalamin levels (Rozgony et 
al. 2010; Tomkin et al. 1971). However, new studies suggest that metformin 
treatment is not associated with functional cobalamin deficiency (elevated 
MMA or homocysteine) (Greibe et al. 2013b; Obeid et al. 2012). Taken together, 
disorders of cobalamin absorption are the most common factor affecting the 
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bioavailability of the vitamin and potentially the nutritional requirements of 
people with such disorders. There are currently no specific recommendations 
on the nutritional requirements for patients with various conditions that cause 
cobalamin deficiency. However, such recommendations are needed and can 
help preventing a large number of deficiency cases when the vitamin can be 
supplemented. 

4.3 Cobalamin dietary intervention studies

Dietary intervention, nutritional programs, fortification and intervention 
with low cobalamin doses to improve cobalamin status markers has been 
attempted in many populations and age groups with success. In Kenya, 
dietary intervention with milk and meat almost completely eliminated low 
plasma cobalamin concentrations (< 148 pmol/L) in school children after a 
two year period (McLean et al. 2007). A similar outcome was seen in young 
Indian adult subjected to a daily intake of milk for 14 days (Naik et al. 2013). In 
cobalamin-deficient women from Bangladesh, supplementation (250 µg/day) 
during pregnancy and lactation substantially improved maternal and infant 
cobalamin status and the content of cobalamin in breast milk (Siddiqua et al. 
2015). Intervention with supplemental cobalamin also caused improvement in 
growth and weight gain in cobalamin deficient Indian children (Strand et al. 
2015), and improved arterial function in vegetarians with subnormal cobalamin 
status (Kwok et al. 2012). In the elderly, intervention with cobalamin has not 
only been found to improve the hematological parameters, but has also been 
found to slow down cognitive and clinical decline (de Jager et al. 2012), and 
also brain atrophy rates in individuals with a high baseline of long chain 
omega 3 fatty acids (Jerneren et al. 2015). 

Taken together, cobalamin deficiency is fairly easy to prevent through 
dietary changes, fortification and supplementation. Voluntary cobalamin 
supplementation and fortification of foods with cobalamin should be 
encouraged, especially in the third world and among the elderly, vegetarians 
and other high-risk groups. 

5. concluding comments

Cobalamin deficiency is a world-wide public health problem affecting people 
in many geographical regions and of different life stages and life styles such as 
vegetarians, people living in developing countries, pregnant women, infants, 
children, and elderly. The current RDAs are not taking into consideration the 
development in the field within the last 20 years. There are no personalized 
recommendations for high risk groups that are known to benefit from higher 
intakes. The nutritional recommendations should aim at disease prevention 
in people liable to deficiency conditions. Therefore, I strongly recommend 
that the RDAs need to be re-evaluated based on the current knowledge and 
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specific recommendations for the individual population subgroups need to 
be established. 

Keywords: Cobalamin analogues, animal-based food, food content, nutrition, 
bioavailability, dietary sources, cobalamin forms, corrinoids, personalized 
recommendations, Recommended Dietary Allowance, recommendation, 
pregnancy, lactation, infancy, elderly, vegetarians, deficiency, malabsorption, 
pernicious anemia, atrophic gastritis 

abbreviations

AI : Average intakes
EAR : Estimated average requirement
RDA : Recommended dietary allowance
MMA : Methylmalonic acid
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Intracellular Processing and 

Utilization of Cobalamins
Luciana Hannibal1,* and Donald W Jacobsen2

1. Introduction

Humans and other members of the Eukaryota domain are unable to synthesize 
cobalamin (Cbl; B12). With the exception of plants and fungi, most members 
in Eukaryota have an absolute requirement for this essential micronutrient. 

The complex pathway for the biosynthesis of Cbl is found in a relatively 
few species of the Archaea and Bacteria domains (Martens et al. 2002) and 
its elucidation has been matter of intense research (Croft et al. 2005; Martens 
et al. 2002; Moore et al. 2013; Raux et al. 1998; Roth et al. 1996; Warren 2006; 
Warren et al. 2002). The exclusive biosynthesis performed by a few primitive 
microorganisms and the occurrence of rare, spontaneous and stereospecific 
photochemical A/D precorrin-to-corrin cycloisomerization observed during 
the artificial synthesis of vitamin B12 has led to the proposal that Cbl may 
be a primordial biomolecule, bridging life’s transition from chemistry to 
biology (Eschenmoser 2011). Uncovering the pathway of cobalamin utilization 
in mammals has not been less intense. Since the elucidation of its structure 
by Dorothy Hodgkin (Hodgkin et al. 1955; Lenhert and Hodgkin 1961), 
the intracellular maps of cobalamin utilization continue to be drawn until 
these days (Gherasim et al. 2013b). Mutations in the genes that encode the 
enzymes or proteins involved in Cbl processing, trafficking and biosynthesis 
are defined as Cbl complementation groups (cblA-cblG and mut) (Rosenblatt 
and Whitehead 1999; Watkins and Rosenblatt 2011) (Figure 1). These inborn 
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errors of Cbl metabolism lead to either isolated or combined homocystinuria 
and methylmalonic aciduria. Cellular Cbl utilization begins with the import 
of circulating Cbl bound to transcobalamin (holo-TC, TC•XCbl, where ‘X’ 
represents the β-axial ligand of Cbl). The transcobalamin receptor (TCblR) 
captures holo-TC from circulation and internalizes the complex by absorptive 
endocytosis (Quadros et al. 2009; Quadros and Sequeira 2013). Once 
internalized, holo-TC dissociates from its receptor in acidic endosomes and 
TCblR is recycled back to the cell surface (Amagasaki et al. 1990). Holo-TC 
is degraded in lysosomal vesicles by proteolysis and the XCbl is exported to 
the cytosol via the lysosomal transport system involving LMBRD1, the cblF 
gene product, and ABCD4, the cblJ gene product (Coelho et al. 2012; Gailus 
et al. 2010a; Gailus et al. 2010b; Rutsch et al. 2011). XCbl then binds to the cblC 
gene product MMACHC (for methylmalonic aciduria type C with homocystinuria; 
hereafter referred to as CblC). The β-axial ligand “X-group” is enzymatically 
eliminated by CblC. The cblD gene product MMADHC (for methylmalonic 
aciduria type D and homocystinuria; hereafter referred to CblD) is thought to 
direct CblC-bound Cbl to the mitochondria for AdoCbl synthesis (via cblA 

Figure 1. Intracellular events of processing, trafficking and delivery to acceptor proteins. 
Cobalamin processing begins upon its release from the lysosomal compartment by proteins 
CblF and CblJ. In the cytosol, the dedicated chaperone CblC process the upper axial ligand with 
concomitant generation of cob(II)alamin. Cob(II)alamin is directed to two possible compartments, 
the cytosol or the mitochondria by adapter protein CblD via protein-protein interactions with 
CblC. Cytosolic cob(II)alamin is further reduced by CblE enabling its entrance in the catalytic 
reaction of MS (cblG). Mitochondrial cob(II)alamin or cob(III)alamin (if oxidized) enters the 
catalytic cycle of mut (MCM) preceded by the actions of CblA and CblB. 
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and cblB), or to cytosolic methionine synthase for MeCbl synthesis (via cblE 
and cblG) (Figure 1). The following sections present an overview of the key 
known players in intracellular Cbl processing and trafficking and the synthesis 
and utilization of the two essential cofactors, methylcobalamin (MeCbl) and 
adenosylcobalamin (AdoCbl). 

2. Intracellular processing of cobalamins

A. CblC-mediated decyanation and dealkylation of B12

The routes of incorporation of incoming cobalamins into the two  
Cbl-dependent enzymes remained elusive for many years. Much of the current 
knowledge on Cbl processing (defined as the removal of the upper, β-axial 
ligand with either concerted or subsequent reduction of the cobalt center) 
arose from ex vivo studies with fibroblasts from patients carrying inborn errors 
of Cbl metabolism. A study by Chu et al suggested that even dietary MeCbl 
and AdoCbl must undergo processing of their upper axial ligand prior to 
their incorporation into B12-dependent methionine synthase (MS) and B12-
dependent methylmalonyl-CoA mutase (MCM), respectively (Chu et al. 1993). 

The first case report of functional Cbl deficiency caused by an inborn 
error of metabolism was provided by Harvey Mudd et al. more than 45 
years ago (Mudd et al. 1969). The patient under study belonged to the cblC 
complementation group and presented with combined homocystinuria and 
methylmalonic aciduria (Mudd et al. 1969). Cultured patient fibroblasts 
displayed slightly reduced uptake of Cbl with respect to the normal fibroblasts, 
efflux of Cbl at long incubation times, and impaired biosynthesis of both 
MeCbl and AdoCbl (Mudd et al. 1969). This was the first evidence that the 
gene responsible for the cblC complementation group was required for a step 
prior to both cofactors biosynthesis. The number of patients presenting with 
both early and late onset cblC disease in 2009 was greater than 360 (Lerner-
Ellis et al. 2009). 

1. Cloning of the cblC (MMACHC) gene

Early studies with crude cell extracts showed that cblC fibroblasts possessed 
reduced Cbl β-transferase activity and/or Cbl reductase activity (Pezacka 
et al. 1988; Pezacka et al. 1990; Pezacka 1993; Pezacka and Rosenblatt 1994). 
These preliminary findings pointed to CblC as the protein responsible for 
processing the dietary Cbls. These findings also evidenced the participation 
of the most abundant intracellular thiol, glutathione, in the step preceding 
cofactor biosynthesis (Pezacka et al. 1988; Pezacka et al. 1990; Pezacka 1993; 
Pezacka and Rosenblatt 1994). It was not until 2006 that the gene responsible 
for the cblC phenotype was identified and characterized (Lerner-Ellis et al. 
2006). Gene sequence alignment and motif searches revealed that the CblC 
protein is not a member of any previously identified gene family (Lerner-Ellis 
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et al. 2006). Although it is well conserved among mammals, its C-terminal 
end does not seem to be conserved in eukaryotes outside mammalia, and no 
homologs are found in prokaryotes. The CblC protein has two motifs that are 
similar to motifs present in bacterial genes with Cbl-related functions: a) a Cbl-
binding motif 52% identical to the corresponding motif of MCM of Streptomyces 
avermitilis, and b) a TonB motif ~40 –50% identical to various TonB proteins 
from Gram negative bacteria (Lerner-Ellis et al. 2006). The cblC gene appeared 
to be expressed in most tissues. High mRNA levels were detected in fetal liver, 
lower levels were detected in spleen, lymph node, thymus and bone marrow, 
and no message was detected in peripheral blood leukocytes. In addition, the 
cellular cblC phenotype was complemented in two immortalized cblC fibroblast 
cell lines infected with wild-type cblC cDNA. Function of both MS and MCM 
was restored to control levels, or above, in infected cblC fibroblasts. Moreover, 
the conversion of CNCbl into AdoCbl and MeCbl was more effective in the 
complemented cell lines (Lerner-Ellis et al. 2006). 

2. Expression and characterization of the cblC (MMACHC) gene product

The human CblC protein has been expressed and characterized by three 
independent groups (Deme et al. 2012; Froese et al. 2009; Kim et al. 2008; Plesa 
et al. 2011). The expression and characterization of bovine (Jeong et al. 2011) 
and C. elegans (Li et al. 2014a; Park and Kim 2015) variants of CblC have also 
been reported. Human recombinant CblC exists predominantly as a monomer 
with a molecular weight of 29 kDa. Studies by another group showed evidence 
that CblC can form dimers (Froese et al. 2012), consistent with phage display 
assays showing self-assembly regions in the protein (Deme et al. 2012). The 
relevance of oligomerization in CblC remains to be investigated. CblC does 
not bind any chromophoric ligands except Cbl upon reconstitution in vitro. 
Binding of Cbl to CblC leads to the base-off configuration of the micronutrient, 
that is, the detachment of the dimethylbenzimidazole moiety from the cobalt 
center (Figure 2). The binding affinity of CblC for Cbl is in the low micromolar 
range, with reported Kd values between 1 and 15 µM (Table 1). Binding of 
glutathione (GSH) to the bovine counterpart of CblC increases its affinity for 
Cbls (Jeong and Kim 2011), and protects bound aquacobalamin from catalyzing 
the oxidation of GSH to form GSSH (Jeong et al. 2011). 

An interesting feature of CblC is its stability. Froese et al. demonstrated that 
CblC is naturally thermolabile (Tm = 39ºC) and that some of the most frequent 
mutations that occur in humans exacerbate this property (Froese et al. 2010a) 
as well as its ability to bind Cbls (Froese et al. 2009). Further, the same study 
showed that CblC is most stable when bound to AdoCbl and MeCbl, with 
increased polydispersity and hydrodynamic radii (Froese et al. 2009). This 
may reflect conformational changes, as noted for bacterial apo-BtuF versus 
cyanocobalamin (CNCbl)-BtuF (James et al. 2009). Studies with the bovine 
isoform of CblC revealed that GSH stabilizes CblC, suggesting that intracellular 
redox control could play a role in the regulation of the protein’s lifetime (Jeong 
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Figure 2. Binding of CblC to Cbl induces the base-off configuration. (a) Structure of cobalamin. 
(b) The base-on to base-off transition of Cbl is a pH-dependent process that involves protonation 
of the dimethylbenzimidazole moiety leading to rupture of the axial Co-N bond. (c) Incubation 
of stoichiometric amounts of MeCbl with CblC results in a base-off CblC•MeCbl complex. The 
UV-visible spectra of free MeCbl and CblC•MeCbl (EPPS buffer (40 mM, pH 7.6) supplemented 
with 150 mM NaCl and 10% glycerol) are shown as line and line-circled traces, respectively.

Table 1. Binding affinity of CblC for several naturally occurring cobalamins.

et al. 2011; Jeong and Kim 2011; Park et al. 2012). Koutmos (Koutmos et al. 2011) 
and Froese (Froese et al. 2012) have independently obtained high-resolution 
X-ray crystal structures of CblC. The work by Koutmos et al. revealed that CblC 
possesses an N-terminal flavodoxin nitroreductase domain, which can use 

CblC Binding affinity, Kd (µM)

CNCbl HOCbl MeCbl AdoCbl GSCbl Reference

H. sapiens 15.5 ± 1.1 ND ND ND ND (Kim et al. 2008)

H. sapiens 18.1 ± 6.3 3 ± 0.4 2.1 ± 0.3 0.9 ± 0.1 ND (Froese et al. 2010a)

H. sapiens 6.4 ± 0.04 9.8 ± 0.06 1.42 ± 0.02 1.68 ± 0.02 ND (Plesa et al. 2011)

B. taurus 16.1 ± 1.0 16.7 ± 1.5 8.6 ± 2.2 11.7 ± 2.7 ND (Jeong et al. 2011)

C. elegans 50.2 ± 9.5 ND 16.8 ± 6.1 22.0 ± 7.5 26.5 ± 5.5 (Park and Kim 2015)

ND: Not determined
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FMN or FAD to catalyze the reductive decyanation of CNCbl (Koutmos et al. 
2011). CblC possesses a large cavity for binding B12 in its base-off configuration 
(Figure 3, panel a), a binding mode thought to facilitate the reductive removal 
of CNCbl’s cyanide group at the β-axial position. Unlike other Cbl-dependent 
enzymes, the base-off Cbl binding by CblC does not involve the coordination 

Figure 3. The structures of apo-CblC, CblCMeCbl and CblC AdoCbl. (a) The structure of CblC.
MeCbl (3SC0, (Koutmos et al. 2011)) reveals that the cofactor exists in its base-off configuration. 
The bound cobalamin is located within a spacious cavity. The inset shows a surface representation 
depicting significant solvent accessibility of the Cbl moiety. (b) Binding of MeCbl to apo.CblC 
(3SBZ, (Koutmos et al. 2011)) triggers conformational changes in three loop regions comprising 
amino acid residues 103–115, 196–203 and 231–238. Loop regions in black and orange or apo.
CblC and CblC.MeCbl, respectively. (c) The structure of CblC.AdoCbl (3SOM (Froese et al. 2012)) 
shows that conserved amino acid residues Arg161, Arg206 and Arg230 (yellow sticks) necessary 
for GSH binding are in close contact with a citrate molecule where GSH is predicted to bind under 
physiological conditions. (d) Superposition of the structures of CblC. MeCbl and CblC.AdoCbl 
confirms that the Cbl-bound proteins share highly similar composition of secondary structure 
elements, including the abovementioned loops that seem only sensitive to Cbl binding. 
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of a His residue from the protein backbone (Koutmos et al. 2011). Binding of 
MeCbl to CblC induces measurable conformational changes in three different 
loop-structured domains around the B12 cavity (Figure 3, panel b). Froese 
et al. elucidated the first structure of CblC bound to AdoCbl (Froese et al. 
2012). The overall fold of CblC does not differ markedly from that reported of 
MeCbl bound to CblC, but revealed a highly conserved dimerization cap for 
the β-axial 5’-adenosyl ligand, and an arginine-rich GSH-binding pocket up 
above the β-axial ligand position (Froese et al. 2012). Importantly, the arginine-
rich pocket comprises residues Arg161, Arg206 and Arg230 (Figure 3, panel c, 
yellow sticks) all of which are sites for point mutations that occur in humans, 
leading to cblC disease. A citrate molecule from the solvent was identified 
in the predicted region for GSH binding during catalysis (Figure 3, panel 
c, green). Froese et al. further showed that recombinant mutant Arg206Gln 
was insoluble suggesting a structural role for this residue, and that mutants 
Arg161Gln and Arg230Gln abolished GSH binding and dealkylase activity, 
which is a strong indication that these amino acid residues are critical for GSH 
binding (Froese et al. 2012). The authors noted that FMN, and to a lesser extent 
Cbl, induces the dimerization of CblC, a previously unrecognized feature of 
the protein (Froese et al. 2012). Biophysical characterization of CblC variants 
that mimic these naturally occurring mutations showed that the Arg triad is 
essential to maintain the enzyme coupled toward Cbl processing (Gherasim et 
al. 2015). Mutations in Arg residues lead to futile redox cycling that generates 
superoxide and in turn, H2O2, contributing to oxidative stress (Gherasim et 
al. 2015). Importantly, patients with the cblC disorder exhibit alterations in 
redox status, including abnormal GSH-GSSG ratios (Pastore et al. 2014) and 
elevated markers of oxidative stress (Jorge-Finnigan et al. 2010; Mc Guire et 
al. 2009; Richard et al. 2009). Thus, apart from supporting GSH binding, these 
conserved Arg residues might ensure optimum electron transfer to support 
Cbl processing. 

Residues Arg161 and Arg206 appear to support the interaction of 
CblC with MS (Fofou-Caillierez et al. 2013). While a crystal structure of the 
complex to fully demonstrate this is not yet available, molecular modeling 
and docking studies suggest that a loop of MS interacts directly with residues 
Arg161 and Arg206. This seems plausible as both residues exhibit substantial 
accessibility to the solvent (Figure 3, panel c), which would facilitate protein 
recognition events. The structures of CblC bound to MeCbl and AdoCbl are 
markedly similar (Figure 3, panel d), which suggests that major changes are 
only observed during the Cbl-binding event. Analysis of a clinical case with a 
deletion mutant showed that amino acid residue Gln131 is essential to support 
CblC enzyme activity (Backe et al. 2013). This amino acid residue establishes 
direct hydrogen bond contacts with the Cbl moiety, and its absence is predicted 
to alter Cbl positioning within its binding pocket thereby disrupting electron 
transfer reactions (Backe et al. 2013). Structural elucidation revealed a highly 
disordered C-terminus in CblC (Koutmos et al. 2011). Further, it was found that 
a C-terminus truncated form of CblC is predominantly expressed in murine 
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tissues (Koutmos et al. 2011). In contrast, western blot analysis of human cell 
lines (HEK93 and fibroblasts MCH46) showed that CblC is expressed as a 
full-length protein with a molecular mass of 32 kDa (predicted value is 31.9 
kDa) (Deme et al. 2012). Altogether, these findings reveal that the structural 
requirements that enable CblC function vary across species. 

3. Mechanism of CblC enzyme activity

Regardless of the chemical nature of their β-axial ligands, all dietary Cbls 
must undergo enzymatic processing by the CblC chaperone prior to their 
incorporation into the final acceptor proteins MS and MCM (Chu et al. 1993). 
The reductive decyanation of CNCbl is catalyzed by the CblC chaperone in 
the presence of a flavoprotein reductase and NADPH (Kim et al. 2008) or with 
GSH (Li et al. 2014a). Surprisingly, CblC was first found not to catalyze the 
removal of methyl and adenosyl groups from MeCbl and AdoCbl, two major 
dietary forms (Kim et al. 2008). A reexamination of this work with cultured 
fibroblasts carrying the cblC mutation indicated that the CblC protein was 
indispensable for the dealkylation of natural and synthetic alkylcobalamins 
(Hannibal et al. 2009).

Three cblC mutant fibroblasts isolated from severely ill and genetically 
unrelated patients were used in an ex vivo study to assess Cbl dealkylation. 
The biochemical profile of the cblC mutant cell lines WG1801, WG2176 and 
WG3354 resembled that reported for other cblC cell lines, i.e., substantial export 
of homocysteine and methylmalonic acid into culture medium (indicative of 
functional Cbl deficiency) and poor or negligible utilization of CNCbl as a 
substrate for cofactor biosynthesis (Hannibal et al. 2009). cblC mutant fibroblasts 
were unable to utilize [57Co]-Propyl-Cbl as a substrate for AdoCbl and MeCbl 
biosynthesis, which demonstrated that the cblC protein was essential for 
dealkylation (Hannibal et al. 2009). These findings were later confirmed by in 
vitro studies performed with human recombinant CblC (Kim et al. 2009). The 
CblC protein catalyzed the dealkylation of MeCbl and AdoCbl in the presence 
of excess reduced GSH (Kim et al. 2009). Demethylation of MeCbl was much 
faster than the removal of the 5’-adenosyl group from AdoCbl (Kim et al. 
2009). The ability of CblC to dealkylate a series of MeCbl analogues previously 
described to undergo processing in ex vivo studies, namely, ethylCbl, propylCbl, 
butylCbl, pentylCbl and hexylCbl (Hannibal et al. 2009) was also assessed. 
CblC catalyzed the removal of the alkyl group in the β-axial position of all 
MeCbl analogs examined (Kim et al. 2009). However, the rate of dealkylation 
decreased with increasing alkyl chain length (Kim et al. 2009). Whether the 
later is a result of conformational alterations in CblC induced by the more 
bulky alkyl moieties or due to an unfavorable incorporation of the longer 
alkyl carbocations into GSH remains to be elucidated. CblC exhibits marked 
versatility in terms of catalysis, adopting features of the GSH S-transferase 
family (removal of alkyl groups) as well as of the MS enzymes (transfer of 
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methyl groups to the sulfur acceptor homocysteine). The GSH-mediated 
reactions catalyzed by CblC are summarized in Figure 4. Dealkylation occurs 
through the formation of the supernucleophile cob(I)alamin which quickly 
oxidizes to the more stable form cob(II)alamin (Kim et al. 2009). The cob(I)
alamin species was recently captured under aerobic conditions in a reaction 
catalyzed by C. elegans CblC, though this is thought to be an exception to 
the highly unstable nature of cob(I)alamin (Li et al. 2014b). Decyanation of 
CNCbl is driven by reductase partners such as MS reductase (MSR) and novel 
reductase 1 (NR1) as well as GSH under anaerobic conditions (Kim et al. 2008; 
Li et al. 2014a). 

4. Regulation of CblC enzyme activity

While our understanding of the reactions catalyzed by the CblC enzyme has 
deepened during the past 5 years, little knowledge exists on the factors that 
regulate its enzyme activity. Oxidized GSH (GSSG) appears to destabilize CblC 
via conformational changes as shown by thermal denaturation studies and 
an increased susceptibility to trypsin digestion (Park et al. 2012). It was found 
that GSSG binds to CblC with essentially the same affinity as GSH (Park et al. 
2012). This finding suggests that subtle changes in the redox status of the cells 
that alter the ratio of GSH/GSSG might modulate CblC enzyme activity. Ex-
vivo studies are warranted to further investigate this proposal. Some naturally 
occurring mutations identified in cblC patients have also been shown to alter 
CblC activity by reducing its thermal stability compared to the native protein 
(Froese et al. 2010a), decreasing enzymatic activity (Backe et al. 2013) and via 

Figure 4. Mechanism of GSH-dependent catalysis by CblC. (A) Decyanation of CNCbl occurs 
via one-electron reductive elimination of cyanide with formation of glutathionyl radical and 
cob(II)alamin. Reduction of HOCbl to cob(II)alamin also proceeds via one-electron reduction by 
GSH (B) Dealkylation of MeCbl, AdoCbl and synthetic alkylcobalamins occurs via nucleophilic 
attack by GSH to yield cob(I)alamin and cob(II)alamin and the corresponding alkylated versions 
of glutathione (GSR). X: CN or HO/H2O; R: alkyl group (Co-C bond). Reproduced from Li et al. 
(Li et al. 2014a), with permission. 
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futile redox cycling that deviates electron transfer from the Cbl processing 
pathway (Gherasim et al. 2015). 

The expression of CblC is also subject of epigenetic (Loewy et al. 2009) 
and transcriptional regulation (Quintana et al. 2014; Yu et al. 2013). Ex vivo 
studies demonstrated that the methionione-dependent tumorigenic melanoma 
cell line MeWo-LC1 exhibited the same phenotype of cultured cells carrying 
the cblC inborn error of metabolism, yet, no mutations were identified in the 
cblC gene (Loewy et al. 2009). A fully methylated CpG island at the 5’-end 
of the cblC gene was identified in the MeWo-LC1 cell line, which led to low 
expression of CblC and, therefore, to methionine dependence (Loewy et al. 
2009). Mutations in the global transcriptional co-regulator HCFC1 (Homo 
sapiens host cell factor C1) lead to severe reduction in the mRNA levels of the 
cblC gene, a condition that manifests as a late-onset form of the cblC disorder 
(Yu et al. 2013). Consensus HCFC1 binding sites were identified in the cblC 
gene, suggesting a conserved mechanism for regulation (Yu et al. 2013). This 
new case of combined homocystinuria and methylmalonic aciduria was 
named ‘cblX’, given that the mutation is linked to chromosome X (Yu et al. 
2013). Disrupted control of cblC expression via mutation of the upstream co-
regulator HCFC1 led to craniofacial abnormalities during the development of 
zebra fish, which was ascribed to deficient expression, and therefore reduced 
activity of the CblC protein required for Cbl processing (Quintana et al. 2014). 

5. Proteomics of CblC-mediated B12 processing

One strategy to understand the biological relevance of the changes associated 
with functional Cbl deficiency is to examine the human proteome using the 
cblC genetic background as a model. Two such comprehensive studies have 
been carried out in cells (Hannibal et al. 2013; Hannibal et al. 2011) and plasma 
(Caterino et al. 2015) of cblC patients. Likewise, examining the proteome could 
shed light on the relationship between Cbl deficiency, the cognate functions 
of the CblC protein, and of seemingly unrelated metabolic pathways. The 
proteome of cells and plasma isolated from cblC patients share alterations in 
proteins involved in cellular detoxification, GSH metabolism, protein folding 
and cytoskeleton organization and assembly (Caterino et al. 2015; Hannibal et 
al. 2013; Hannibal et al. 2011). An important finding that emerged from these 
studies is the deregulation of the expression of proteins that are established 
pathological hallmarks of unrelated illnesses such as muscular dystrophy, 
Alzheimer’s and Parkinson’s diseases. Progressive cognitive decline, dementia, 
muscular dystonia and atrophy are common clinical manifestations of patients 
with cblC disease (Carrillo-Carrasco et al. 2012). Thus, it is reasonable to 
speculate that an absent or truncated CblC protein has effects beyond its 
catalytic reaction of processing dietary Cbls. Furthermore, the lack of functional 
CblC protein may impair the interacting partners of proteins downstream 
in the pathway of Cbl utilization, leading to widespread cellular stress. For 
example, the CblC protein interacts with MS in the cytosol (Fofou-Caillierez 



56 Vitamin B12: advances and insights

et al. 2013). It is presently unknown whether this interaction occurs solely for 
Cbl delivery or if it is serves additional functions in the cell. 

B. CblD-mediated intracellular trafficking of B12

The molecular events that occur after processing of the β-axial ligand of Cbls 
by CblC but prior to delivery to MS and MCM are unknown. Mutations in the 
cblD (MMaDHC) gene cause either combined or isolated homocystinuria and 
methylmalonic aciduria (Atkinson et al. 2014; Miousse et al. 2009; Stucki et al. 
2012; Suormala et al. 2004) with heterogeneous clinical manifestations (Miousse 
et al. 2009). However, the cblD gene product CblD is not responsible for 
catalyzing decyanation or dealkylation of XCbl as cultured fibroblasts carrying 
mutations in this gene are able to process exogenously added radioactive XCbl 
normally (Suormala et al. 2004). CblD has been shown to direct the partition 
of newly processed Cbl between the cytosol and mitochondria (Gherasim et 
al. 2013a; Jusufi et al. 2014; Stucki et al. 2012; Suormala et al. 2004). Cultured 
fibroblasts from patients with cblD disease have an altered ratio of MeCbl/
AdoCbl compared to normal individuals (Gherasim et al. 2013a; Suormala 
et al. 2004). Studies with purified CblD showed that the protein interacts 
with CblC, particularly under conditions that favor catalysis (Gherasim et al. 
2013a). Thus, it is thought that the CblD protein functions as an adaptor that 
orchestrates the fate of newly made co(II)alamin for downstream delivery to 
MS and MCM. 

1. Cloning of the cblD (MMADHC) gene

The cblD gene has been recently cloned and mapped to chromosome 2q23.2 
(Coelho et al. 2008). The predicted gene product has sequence similarity with 
a bacterial ATP-binding cassette transporter, possesses a putative cobalamin 
binding motif (amino acid residues 81 to 86), and a putative mitochondrial 
targeting sequence (amino acid residues 1–12) (Coelho et al. 2008). The cblD 
gene transcribes into a single product of 891 base pairs, yielding a protein of 296 
amino acid residues (32.8 kDa). A second initiation site has been identified at 
Met62, which would yield a cytosolic product. However, immunoprecipitation 
and western blot analyses identified the full-length protein as the only 
translated product (Coelho et al. 2008). Based on its predicted structure and 
mutational data from patients, it has been proposed that different mutations 
may determine distinct phenotypes of the disorder. For instance, mutations 
affecting the putative Cbl-binding site in the C-terminus of the protein, 
would lead to disrupted delivery of newly processed Cbls to both MS and 
MCM, resulting in combined homocystinuria and methylmalonic aciduria (a 
phenotype common to the cblC disorder). Mutations affecting the N-terminus 
of CblD have been identified in patients having isolated methylmalonic 
aciduria, consistent with disrupted delivery of Cbl to MCM. Impairments 
in the C-terminus of CblD lead to isolated homocystinuria. These sequence-
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based predictions have been partly confirmed experimentally (Deme et al. 
2012; Jusufi et al. 2014; Plesa et al. 2011; Stucki et al. 2012). 

2. Expression and characterization of the cblD gene product

Analysis of cell lysates prepared from HEK93 and MCH46 human cell lines 
demonstrated that CblD is expressed in full-length form, with a molecular 
mass equivalent to the protein lacking the mitochondrial leader sequence 
(CblD D1-12) (Deme et al. 2012; Stucki et al. 2012). Interestingly, another 
report showed that murine CblD is predominantly expressed as a truncated 
protein lacking a portion of its C-terminus (Koutmos et al. 2011). The human 
recombinant CblD protein was first cloned and expressed by Plesa et al. as a 
fusion with maltose binding protein (Plesa et al. 2011). Several other groups 
have reported CblD expression and isolation (Deme et al. 2012; Gherasim et al. 
2013a; Jusufi et al. 2014). Human recombinant CblD is isolated as a monomeric 
polypeptide free of bound cofactors including Cbl (Deme et al. 2012; Gherasim 
et al. 2013a; Plesa et al. 2011), despite the presence of a putative Cbl binding 
site. Expression of CblD isoforms lacking the mitochondrial leader sequence 
(CblD D1-12) and the shorter product with predicted initiation site at Met62 
(CblD D1-61) showed that both proteins are stable, monomeric and elongated 
according to circular dichroism studies. Prediction studies using algorithm 
PSI-PRED suggest that residues 26 to 109 (N-terminus) of the protein are 
highly unstructured and/or disordered. Algorithm DISOPRED identified 
three regions with substantial disorder, namely 28–48, 83–106 and 124–139 
(Deme et al. 2012). Transfection studies performed on immortalized fibroblasts 
showed that synthesis of AdoCbl requires translocation of the CblD protein 
into mitochondria (residues 1-61) as well as an intact sequence downstream 
of the second presumptive starting site (Met62) (Stucki et al. 2012). Likewise, 
truncation of the first 115 amino acid residues yielded a protein that supports 
normal MeCbl synthesis (Stucki et al. 2012). Co-transfection studies with cblC 
and cblD suggested that the interaction between these proteins might regulate 
the intracellular flow into the MeCbl and AdoCbl synthesis pathways (Stucki 
et al. 2012). X-ray structural studies of a C-terminal fragment of cblD (cblD 
D1-108) sufficient for its interaction with cblC and to support the cytosolic Cbl 
trafficking pathway demonstrated that the protein is highly similar to CblC, 
which the authors referred to as ‘molecular mimicry’ (Yamada et al. 2015). 
CblD employs an α+β fold, reminiscent of the nitro-FMN reductase domains 
seen in CblC and the activation domain of MS (Yamada et al. 2015). These 
mammalian proteins share structural similarities with corrinoid-dependent 
reductive dehalogenases NpRdhA from N. pacificus (Payne et al. 2015), and 
PceA from S. multivorans (Bommer et al. 2014), and together they conform 
a new subclass within the nitroreductase superfamily (Yamada et al. 2015). 

CblD possesses a putative Cbl binding domain, but it does not bind to 
Cbl. Similarly, the activation domain of MS does not bind Cbl, but instead, 
it binds AdoMet. While the equivalent of MS’ AdoMet site is occupied by a 
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loop (L7, Figure 5, panels a, b) in CblD, another cavity showing topological 
homology to the flavin binding site of CblC was identified (Yamada et al. 
2015). In CblC, this flavin-binding site could only be observed in the crystal 
structure lacking Cbl (apo-CblC, PDB 3SBZ (Koutmos et al. 2011)). The authors 
proposed that the interaction of CblD with CblC and perhaps other biological 
partners may lead to reorganization of loop L7 (amino acid residues 226–245, 
Figure 5, panels a, b) in CblD to form a ligand-binding cavity (Yamada et al. 
2015). This interesting proposal warrants further investigation. In the absence 
of interacting partners, CblD does not interact with Cbl, ATP, GTP, AdoMet, 
NADP+ or NADPH (Yamada et al. 2015). Importantly, the four known missense 
pathogenic mutations of the cblD disorder could be mapped in the protein 
structure. These are T182N, D246G, Y249C, L259P (Figure 5, panel c). Mutation 
D246G is located in loop 7. All of these mutations are located near a hairpin 
structure (hairpin b1’-b2’, Figure 5, panel a) proposed to be important for 
CblC-CblD recognition (Yamada et al. 2015). 

Figure 5. Structure of the C-terminal fragment (CblD D108, PDB 5CV0 (Yamada et al. 2015)) of 
human CblD. A deletion of the first 108 amino acid residues allowed crystallization of human 
CblD preserving its function for interactions with CblC. (a) Structure of human CblD D108 colored 
by secondary structure elements. CblD possesses several loops predicted to be flexible (grey). A 
Hairpin structure formed with sheets b1’-b2’ may be important for recognition with CblC. (b) 
Map of the four known missense mutations that cause cblD disorder in humans. Three of the 
mutations (D246G, Y249C and L259P) are located in or near hairpin b1’-b2’. Mutation T182N is 
located near sheet b2. 

3. Interaction of CblD with CblC

An interaction between CblC and CblD has been described by several 
laboratories using ex-vivo, in vitro and in silico approaches (Deme et al. 2012; 
Gherasim et al. 2013a; Jusufi et al. 2014; Mah et al. 2013; Plesa et al. 2011; 
Stucki et al. 2012). Mah et al. demonstrated that CblC resides exclusively 
in the cytosol whereas CblD localizes both in cytosol and in mitochondria  
(Figure 6) (Mah et al. 2013). Analysis of MeCbl and AdoCbl synthesis in 
cultured fibroblasts from patients exhibiting each of the different phenotypes 
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Figure 6. Subcellular localization of CblC and CblD. Immunostaining of cultured fibroblasts 
expressing green fluorescent protein fusions with CblC (CblC-GFP) or CblD (CblD-GFP). (A) 
Top panels show detection of the target proteins using an anti-GFP antibody. The middle row 
shows staining of mitochondria with marker anti-SLIRP antibody. An overlay of the top two 
rows shows that CblC resides in the cytosol whereas CblD localizes both to the cytosol and the 
mitochondrion. Deletion of the mitochondrial leading sequence of CblD disrupts its translocation 
to he organelle (third column). (B) Fibroblasts stained with anti-GFP antibody, without marking 
of the mitochondrion. Adapted from Mah et al. (Mah et al. 2013), with permission. 

of the cblD disorder showed that complete absence of or presence of a truncated 
CblD protein leads to abnormal partition of the MeCbl and AdoCbl pathways 
(Gherasim et al. 2013a). Further, inability to synthesize one of the cofactors, 
leads to an overproduction of the other (Gherasim et al. 2013a). These data 
strongly suggest that CblD is essential for routing newly processed Cbl into 



60 Vitamin B12: advances and insights

the cofactor synthesis pathways, and that this function may be attained via its 
interaction with CblC in the cytosol. Native gel electrophoresis (PAGE) showed 
that CblC and CblD interact to form a 1:1 complex and that their interaction 
is strongest under conditions that favor dealkylation reactions, i.e., a Co-C 
bonded substrate and the presence of GSH (Gherasim et al. 2013a). In vitro 
studies with the recombinant proteins showed an interaction with relatively 
high affinity, and some specificity toward the β-axial ligand of the Cbl substrate. 
Bacterial two-hybrid systems and phage display revealed five distinct regions 
in CblD involved in its interaction with CblC, two near the center of the 
protein, comprising the homology domain of the ABC-transporter and three 
regions belonging in the C-terminus of CblD (Plesa et al. 2011). This finding 
concurs with another study where truncation variants of CblD suggest the 
existence of two domains that interact with either cytosolic or mitochondrial 
targets (Stucki et al. 2012). Another study employing a similar phage display 
approach identified four regions in CblD that would associate with CblC: 
region I (residues 34–57), region II (residues 221–238), region III (residues 
236–250) and region IV (residues 261–280) (Deme et al. 2012). Importantly, 
regions I and II were mapped to the structure of CblC (PDB ID: 3SC0) and 
showed that binding in this region involves the core module and C-terminus 
of CblC, respectively, both of which undergo substantial mobility upon Cbl 
binding (Deme et al. 2012). While regions III and IV could not be mapped to 
the three dimensional model, they are thought to be extensions of region II 
and part of a disordered 48-amino acid residue stretch at the C-terminus of 
CblC (Deme et al. 2012). This region of disorder may indicate regions of protein 
interactions as observed in other proteins (Fong et al. 2009; Gunasekaran et 
al. 2003; Sugase et al. 2007). Overall, consensus exists that the N-terminal 
region of CblD is not important for its interaction with CblC (Deme et al. 2012; 
Gherasim et al. 2013a; Plesa et al. 2011; Stucki et al. 2012). 

A study employing point mutagenesis of select amino acid residues within 
the different regions of CblD confirmed the presence of functional domains 
that are necessary to support MeCbl and AdoCbl biosynthesis (Jusufi et al. 
2014). Jusufi et al. showed that region 197 to 226 is responsible for MeCbl 
synthesis, a truncation of more than 20 amino acids at the C-terminus leads 
to defects in AdoCbl synthesis, and region 259 to 266 is indispensable for both 
routes (Jusufi et al. 2014). Recreating these mutations in cultured fibroblast 
mimicked the three different phenotypes found in patients with the cblD 
disorder (Jusufi et al. 2014). 

The CblD proteins harboring the four known pathogenic mutations in 
humans, namely T182N, D246G, Y249C, L259P have been expressed and their 
activity examined in vitro (Yamada et al. 2015). Binding of wild type CblD to 
CblC-cob(II)alamin accelerates the oxidation of cob(II)alamin to cob(III)alamin 
(Yamada et al. 2015), which is thought to facilitate release of Cbl from CblC. 
CblC has a lower binding affinity for cob(III)alamin compared to cob(II)alamin 
(Yamada et al. 2015). In contrast, all CblD pathogenic mutations were found to 
retard cob(II)alamin oxidation (Yamada et al. 2015). One proposed hypothesis 
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is that wild type CblD weakens Cbl binding to CblC thus facilitating Cbl relay 
to acceptor proteins in the trafficking pathways. Mutations in the CblD gene 
impair this process by slowing the release of Cbl from CblC. In this scenario, 
CblC presumably operates as a transient trap for Cbl (Yamada et al. 2015). 

In sum, much progress has been made in elucidating the properties of 
CblC and CblD and their association, both in vitro and ex vivo. Nonetheless, 
the molecular mechanism or signal that defines shifting Cbl trafficking into 
the cytosolic and mitochondrial compartments remains unresolved. 

3. Intracellular utilization of cobalamins

Synthesis of MeCbl is performed by cytosolic methionine synthase (MS; 
complementation group cblG) (Gulati et al. 1996; Leclerc et al. 1998; Sillaots 
et al. 1992), and its intramolecular partner methionine synthase reductase 
(MSR; complementation group cblE) (Gulati et al. 1997; Leclerc et al. 1998; 
Watkins and Rosenblatt 1989). During the catalytic cycle of MS, the Cbl 
cofactor cycles between cob(I)alamin and MeCbl. The supernucleophile 
cob(I)alamin undergoes occasional oxidation (once for every 200 to 2,000 
turns of the catalytic cycle) to an inactive cob(II)alamin-bound form of the 
enzyme, which is repaired by reductive methylation mediated by MSR and 
S-adenosylmethionine (SAM) (Banerjee and Matthews 1990; Matthews 2001). 
MSR, a dual flavoprotein oxidoreductase, reduces the cobalt center using 
NADPH as the source of electrons (Olteanu and Banerjee 2001). 

The first step in the synthesis of AdoCbl is the in situ reduction of cob(II)
alamin to cob(I)alamin by ATP-dependent cob(I)alamin adenosyltransferase 
(CblB; complementation group cblB) (Leal et al. 2003). A second protein from 
the MMAA gene (for methylmalonic aciduria, type a; complementation group 
cblA; hereafter referred to as the CblA protein) (Dobson et al. 2002a) protects 
methylmalonyl-CoA mutase (MCM; complementation group mut) from 
oxidative inactivation in the presence of nucleotides and increases its kcat by 
2-fold (Padovani et al. 2006). CblA forms a stable complex with MCM, and 
also interacts with ATR. Although the synthesis of AdoCbl is limited in cblA 
mutant cell lines (Lerner-Ellis et al. 2004), AdoCbl biosynthesis in extracts 
from these cells is comparable to that in control cell lines (Mahoney et al. 
1975). It has therefore been speculated that CblA could also interact with the 
mutase and influence AdoCbl synthesis in the mitochondria (Banerjee 2006). 
The functions of the two Cbl-dependent enzymes and their chaperones are 
discussed in the sections below. 

A. Methionine synthase 

Methionine synthase is a tetramodular 140-kD enzyme that catalyzes the 
remethylation of homocysteine to yield the amino acid methionine, using 
N5-methyltetrahydrofolate (CH3-THF) as the methyl donor. This reaction 
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regenerates tetrahydrofolate, an essential precursor for the biosynthesis of 
purines and pyrimidines, and involves the redox cycle of cob(I)alamin and 
MeCbl (formerly cob(III)alamin). MS is the only enzyme known to generate 
tetrahydrofolate from CH3-THF. Occasional oxidation of cob(I)alamin to 
catalytically inert cob(II)alamin occurs every 200 to 2000 turns of the catalytic 
cycle (Drummond et al. 1993; Wolthers and Scrutton 2007). Inactive MS is 
repaired by electrons provided by MSR, a dual flavoenzyme that interacts 
with the C-terminal domain of MS to convert inert cob(III)alamin to the 
corresponding one- and two-electron reduced species. MS is one of four 
enzymes in the ubiquitous methionine cycle. The methionine formed by 
the remethylation of homocysteine is converted to SAM by methionine:ATP 
adenosyltransferase. SAM is used as a methyl donor substrate by over 200 
different methyltransferase enzymes, catalyzing the methylation of DNA, 
RNA, proteins, lipids and numerous small molecules. S-adenosylhomocysteine 
(SAH) is then hydrolyzed to homocysteine and adenosine by SAH hydrolase 
to complete the methionine cycle.

1. Cloning of the methionine synthase (CblG) gene

Human MS possesses four discrete domains each binding homocysteine, 
CH3-THF, Cbl and SAM. The identification and cloning of the MS gene was 
performed by three different research groups almost simultaneously (Chen 
et al. 1997; Leclerc et al. 1996; Li et al. 1996). The MS gene was localized to 
chromosome 1q43 and the open reading frame comprises 3798 nucleotides 
(Chen et al. 1997; Leclerc et al. 1996; Li et al. 1996). This yields a protein product 
of 1265 amino acids, with a predicted molecular mass of 140 kDa. Human MS 
shares 53 and 63% sequence identity with E. coli and C. elegans MS proteins, 
respectively (Chen et al. 1997). A common polymorphism was identified in 
human samples that results in a single-amino acid replacement (D919G) in 
the protein (Chen et al. 1997). Human MS mRNA was found in high levels 
in the pancreas, heart, skeletal muscle and kidney (Chen et al. 1997). Since 
the identification of the MS gene, several mutations have been mapped all 
belonging in the cblG complementation group, leading to homocystinuria 
(Fofou-Caillierez et al. 2013; Gulati et al. 1996; Harding et al. 1997; Morita et 
al. 1999; Watkins et al. 2002; Wilson et al. 1998). 

2. Expression and characterization of methionine synthase 

Full-length mammalian MS was first isolated from pig liver by Loughlin and 
colleagues (Loughlin et al. 1964) and later by Banerjee and colleagues (Banerjee 
et al. 1997; Chen et al. 1994). Human MS was first isolated from placenta by 
Kolhouse and colleagues (Utley et al. 1985). The native apo-protein could be 
reconstituted in vitro with various Cbls, only after reduction to cob(II)alamin 
(Kolhouse et al. 1991). Most Cbl analogues supported the reaction of MS after 
their reduction to cob(II)alamin (Kolhouse et al. 1991). This was critical evidence 
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that MS exhibited specificity for the redox state and the coordination sphere of 
the incoming Cbl. The expression of recombinant human MS was a challenge 
for many years. Human MS is prone to proteolysis using conventional bacterial 
expression systems (Wolthers and Scrutton 2007). Scrutton and colleagues 
adopted the Pichia pastoris expression system with success (Wolthers and 
Scrutton 2009), with specific activity and yields comparable to the expression 
of MS in a baculovirus system (Yamada et al. 2006). In both systems, MS is 
recovered as an apo-protein that can be readily reconstituted with HOCbl, 
and fully activated in the presence of HOCbl, NADPH and MSR (Drummond 
et al. 1993; Wolthers and Scrutton 2009). The expression and crystallographic 
analysis of the activation domain of MS (Bandarian et al. 2002; Drennan et 
al. 1994) and MSR (Wolthers et al. 2007a; Wolthers et al. 2007b) has permitted 
a deeper understanding of structure-function relationships. The activation 
domain of MS has two modules that bind homocysteine and CH3-THF, a third 
module that binds Cbl and a C-terminal module that binds SAM (Drummond 
et al. 1993). The activation domain is located in the C-terminal region of the 
gene and is separated from the rest of the protein by a linker of 38 amino acid 
residues (Wolthers et al. 2007b). Because MS switches between the catalytic 
and reactivation cycles, the conformational changes associated with this dual 
function have been investigated. Domain alternation has been proposed to 
modulate the function of MetH, the E. coli Cbl-dependent ortholog of MS, in 
particular, to facilitate the activation conformation (Bandarian et al. 2002), 
that is, the base-off configuration of Cbl and appropriate proximity to the 
SAM binding site to enable the methyl transfer step that regenerates MeCbl. 
A comparison of the two states of MS showed that reactivation involves a 
significant movement of the four-helix domain that caps Cbl in the resting 
and catalytic states (Figure 7). The structures showed that amino acid residues 
that connect the Cbl and cap domains enable the cap to adopt a new position, 
suitable for the reactivation cycle (Bandarian et al. 2002). 

3. Mechanism of methionine synthase enzyme activity

Methionine synthase catalyzes the conversion of homocysteine to methionine 
using CH3-THF as the methyl donor (Figure 8). Cobalamin mediates this 
methyl transfer reaction cycling between oxidation states cob(III)alamin and 
cob(I)alamin. Cob(I)alamin attacks the methyl group of the tertiary amine CH3-
THF, forming MeCbl and regenerating THF. Cob(I)alamin is easily oxidized 
by O2 and reactive oxygen species to give the catalytically inert cob(II)alamin. 
Repair of cob(II)alamin to cob(I)alamin is catalyzed by the reductase domain 
of MS and is known as the reactivation cycle (Wolthers and Scrutton 2009) 
(Figure 8). Newly processed Cbl is presumably delivered as cob(II)alamin via 
a mechanisms that may involve a direct interaction with processing enzyme 
CblC (Fofou-Caillierez et al. 2013). Upon insertion into apo-MS, inert cob(II)
alamin is reduced to cob(I)alamin by the reductase domain that transfers 
electrons from NADPH to the FAD and FMN subdomains and ultimately 
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Figure 7. Structure of the activation domain of MS. The C-terminal fragment of methionine 
synthase (amino acid residues 651-1227) is shown in stereo ribbon representation. (a) The four-
helix bundle that caps MeCbl in the resting state is depicted in yellow. The C-terminal activation 
domain (blue) contains the corrin ring and interacts with the Cbl domain (red). MeCbl is shown 
as gold sticks. (b) Position and movement of the cap domain that accompanies the interaction of 
the Cbl domain with the SAM activation domain. The position of the cap domain in the isolated 
fragment (649–896), corresponding to the resting state, is shown as silver ribbons. Transition to the 
activation conformation results in dramatic displacement (26.2 Å, and a 62.7 degree rotation) of 
this domain (compare silver versus yellow). Figures reproduced from Bandarian et al. (Bandarian 
et al. 2002), with permission.

Figure 8. Methionine synthesis and reactivation of cob(II)alamin by MSR. MS catalyzes the 
methylation of homocysteine to form methionine, using N5-CH3-THF as a co-substrate for methyl 
transfer. This reaction regenerates THF, an essential precursor for nucleic acid biosynthesis. Every 
200-2000 catalytic cycles, cob(I)alamin is oxidized to inert cob(II)alamin. MSRred reduces cob(II)
alamin to cob(I)alamin, which abstracts a methyl group from S-adenosylmethionine (SAM), to 
re-enter the cycle as MeCbl. This reactivation cycle generates S-adenosylhomocysteine (SAH) 
and oxidized MSR (MSRox). The catalytic and reactivation cycles are depicted in grey and black, 
respectively. This figure was adapted from Bandarian et al. (Bandarian et al. 2002), with permission. 
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to Cbl in the activation domain (Matthews et al. 2008). Abstraction of the 
methyl group from CH3-THF is driven by the highly nucleophilic cob(I)
alamin, to form methionine and tetrahydrofolate, with transient formation 
of MeCbl (Matthews et al. 2008). The nature of the redox cycle demands 
that MS stabilizes six-coordinate MeCbl and a four-coordinate cob(I)alamin 
oxidation states. MS binds MeCbl in the base-off/His-on configuration, with 
the protein nitrogen ligand provided by amino acid residue His759. Histidine 
759 forms H-bonds with Asp757 and Ser819, and this triad has been shown 
to be essential for stabilizing cob(I)alamin (Jarrett et al. 1996). This network 
of H-bonds supports heterolytic methyl transfer to and from substrates and 
inhibits unwanted hemolytic loss of the methyl group by photolysis (Jarrett 
et al. 1996). The sequence Asp-X-His-X-X-Gly which supports the base-off/
His-on configuration upon binding of MeCbl to MS is also conserved in MCM 
and B12-dependent glutamate mutase, both of which employ this binding 
mode to facilitate catalysis (Drennan et al. 1994). 

B. Methionine synthase reductase-mediated repair of inactivated 
methionine synthase

1. Cloning of the methionine synthase reductase (cblE) gene

Methionine synthase reductase is one of 77 flavoproteins present in the 
human proteome, of which 50 are associated with diseases (Lienhart et al. 
2013). Mutations in the MSR gene (cblE) lead to a deficiency in methionine 
biosynthesis due to failure to support cob(I)alamin formation for subsequent 
methyl group abstraction from CH3-THF. Along with nitric oxide synthase 
reductase and cytochrome P450 reductase, MSR is a dual flavoenzyme, 
employing both FAD and FMN as intramolecular electron carriers during 
catalysis (Haque et al. 2014). The MSR gene is localized to chromosome 
5p15.2–15.3 (Leclerc et al. 1999; Leclerc et al. 1998). The MSR gene codes for 
698 amino acids with a predicted molecular weight of 78 kDa. Nonetheless, 
analysis of the gene revealed the presence of two major transcription start 
sites that by alternative splicing would yield the translation of products of 
698 and 725 amino acid residues (Froese et al. 2008). In either case, subcellular 
imaging studies showed that MSR is restricted to the cytosol, likely due to 
the lack of a mitochondrial leader sequence (Froese et al. 2008). The human 
MSR domain shares 38% identity with human cytochrome P450 reductase, 
and 43% identity with the putative MSR of C. elegans (Leclerc et al. 1998). 
MSR has two critical functions in methionine synthesis: (a) It stimulates Cbl 
uptake at the Cbl-binding site of MS and (b) it reduces cob(III)alamin and 
cob(II)alamin to cob(I)alamin so it can re-enter the catalytic cycle (Wolthers 
and Scrutton 2009). Fluorescence quenching of bound flavins showed that the 
role of the MSR domain involves specific protein-protein interactions with 
the MS Cbl-binding domain, which could not be reproduced by the reductase 
domain of the related dual flavoenzyme cytochrome P450 reductase (CPR) 
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(Wolthers and Scrutton 2009). Crystallization of the activation domain of 
human MS suggested formation of a putative dimer structure that could be 
of physiological relevance (Wolthers et al. 2007b). 

2. Expression and characterization of methionine synthase reductase (MSR)

Isolated MSR is a monomeric protein of 78 kDa containing 1 molar equivalent 
each of FAD and FMN. In the presence of NADPH, the protein is self-sufficient 
in converting cob(III)alamin and cob(II)alamin into cob(I)alamin (Olteanu 
and Banerjee 2001). Human MSR contains two flavin-binding subdomains, 
termed NADPH/FAD–binding domain, which is the equivalent of bacterial 
ferredoxin-oxidoreductase (FNR) and a FMN-binding domain, related to the 
flavodoxins of prokaryotes. In vitro, MSR reduces non-native substrates such 
as cytochrome c and FeCN, (Olteanu and Banerjee 2001; Olteanu et al. 2002) a 
feature also observed by CPR and NOS reductase, and cob(II)alamin/cob(III)
alamins (Wolthers and Scrutton 2009). In vivo, the flavins transfer electrons from 
the oxidation of NADPH to the Co-center following the sequence NADPH 
→FAD →FMN→cob(II)alamin (Olteanu and Banerjee 2001; Wolthers and 
Scrutton 2004). Studies by Wolthers and Scrutton showed that the FMN-
domain of MSR interacts directly with the Cbl-containing activation domain 
of MS (Wolthers and Scrutton 2007). This interaction is weakened by high 
ionic strength, suggesting that electrostatic interactions are critical for MSR-
MS interaction (Wolthers and Scrutton 2007). Cross-linking studies showed 
that the MSR domain exhibits mainly acidic residues in its interacting surface 
while the MS-activation domain presents basic surface residues at the predict 
protein-protein interface (Wolthers and Scrutton 2007). ITC studies showed 
that full length MSR binds to MS in a 2:1 stoichiometry, whereas the isolated 
FMN domain forms a 1:1 complex, suggesting that only 50% of the MSR forms 
a complex with MS (Wolthers and Scrutton 2007). One possibility is that MSR 
exists in two different conformations, where in one ‘open’ conformation, 
the FMN subdomain is able to interact with MS, whereas in the ‘close’ 
conformation, the FMN domain is closer to the NADPH-FAD binding domain 
(Wolthers and Scrutton 2007). This proposal is supported by crystallographic 
evidence of a flexible linker that would enable ‘swing’ between the two states 
of the FMN domain (Wolthers et al. 2007b).

3. Mechanism of methionine synthase reductase enzyme activity

The Cbl reductase activity of MSR involves electron transfer from the FMN 
(either FMN semiquinone or FMN hydroquinone) to the cobalt center of the 
Cbl residing the activation domain (Wolthers and Scrutton 2004). Reduction 
of cob(II)alamin by MSR coupled with methyl transfer from SAM restores the 
MeCbl-bound active state of MS. Compared to members of the same class, 
like cytochrome P450 reductase, inducible and neuronal NOS reductases, MSR 
is a rather sluggish reducing system, and thus, likely the rate-limiting step 
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for methionine biosynthesis (Haque et al. 2014; Wolthers and Scrutton 2009). 
While the related dual flavoenzymes nitric oxide synthase reductase and 
cytochrome P450 reductase catalyze the reduction of Cbl in vitro, none of them 
support synthesis of MeCbl by MS (Wolthers and Scrutton 2009). This provided 
evidence that the effect of MSR on MeCbl biosynthesis extends beyond the 
mere reduction of Cbl (Wolthers and Scrutton 2009). In particular, addition of 
the isolated FNR subdomain of MSR to the activation domain of MS in vitro 
had the same stabilizing effect as adding MS (Wolthers and Scrutton 2009). 
Expression of the isolated subdomains of MSR showed that they conserve their 
thermodynamic properties, which suggests that FMN electronics is essential 
for methionine synthesis (Wolthers et al. 2003). Thus, in addition to reducing 
Cbl, MSR functions as a chaperone that stabilizes the activation domain of 
MS (Wolthers and Scrutton 2009). 

C. Methylmalonyl-CoA mutase 

1. Cloning of the mut gene

The conversion of propionyl-CoA to the Krebs cycle intermediate succinyl-
CoA involves three enzymatic reactions: (1) carboxylation of propionyl-CoA 
to (2S)-methylmalonyl-CoA, (2) isomerization of (2S)-methylmalonyl-CoA to 
(2R)-methylmalonyl-CoA, and (3) rearrangement of (2R)-methylmalonyl-CoA 
to succinyl-CoA (Banerjee 1999). In mammals, the substrate propionyl-CoA is 
produced by catabolism of valine, isoleucine, methionine and threonine and 
also by the degradation of thymine, cholesterol and odd-chain fatty acids 
(Banerjee 1999). The product, succinyl-CoA is an important intermediate of 
the Krebs cycle and a precursor of heme biosynthesis (Hunter and Ferreira 
2009). The human mut gene is located in chromosome 6p12–21.2 (Ledley et 
al. 1988a; Ledley et al. 1988b). It is subject to over 250 mutations that lead to 
methylmalonic aciduria (Froese and Gravel 2010). The open reading frame 
of human MCM comprises 750 amino acid residues, of which the initial 
32 conform a mitochondrial leader sequence, targeting the enzyme to the 
mitochondrion (Andrews et al. 1993). 

2. Expression and characterization of the mut gene product

Human MCM has been isolated as a homodimer of 150 kDa (Fenton et al. 
1982; Kolhouse et al. 1980). Human recombinant MCM was first expressed in 
S. cerevisiae, and its enzymatic properties were undistinguishable from those 
of the native enzyme isolated from mammalian tissues (Andrews et al. 1993). 
MCM requires AdoCbl for its catalytic activity, and the assistance of two other 
proteins, CblA and CblB. The crystal structure of human MCM shows that 
the protein features two domains, namely a large TIM barrel located at the 
N-terminus binding to substrate methylmalonyl-CoA and a small AdoCbl-
binding domain toward the C-terminus (Figure 9). These two domains are 
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connected by a linker of 100 amino acid residues, and the active site forms 
at the N/C-domain interface (Froese et al. 2010b). A comparison of apo- and 
holo-MCM revealed significant conformational changes induced upon binding 
of Cbl (Froese et al. 2010b). Binding of AdoCbl features a base-off/His-on 
configuration, as seen in MS, and provokes substantial outward displacement 
of helical structures at the C-terminus of the protein whereas the N-terminus 
remains essentially unchanged (Froese et al. 2010b). These changes generate an 
induced-fit binding pocket that support the base-off/His-on AdoCbl binding 
mode, with the formation of new bonding interactions with His627, Leu674 and 
Ala675 and the burying of the dimethylbenzimidazole moiety in a glycine-rich 
hydrophobic cavity. In addition, exposure of the binding cleft to the solvent is 
minimized by a reorganization of flexible linker region comprising amino acids 

Figure 9. Structure of MCM and the two observed spatial configurations of AdoCbl in the 
presence of the substrate, MM-CoA. (a) Cartoon representation of homodimeric human MCM, 
highlighting N- and C-terminal domains (blue and magenta, respectively), the connecting linker 
(yellow) and bound AdoCbl located at the interface of N- and C-domains. (b) An overlay of the 
structures of holo-MCM and holo-MCM bound to substrate MM-CoA. The arrows show changes in 
secondary structure elements upon binding of MM-CoA. (c) Residues lining the substrate binding 
channel in holo-MCM (cyan) and holo-MCM bound to MM-CoA (pink). Substrate analogue 
malonyl-CoA (mCoA) and AdoCbl showing its 5’-adenosyl moiety in two conformations are 
shown in sticks. Adapted from Froese et al. (Froese et al. 2010b) with permission. 
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500 to 505. The substrate binding channel maintains its solvent accessibility via 
a long crevice (Froese et al. 2010b). Analysis of the active in the structures of 
apo-MCM, holo-MCM and holo-MCM bound to methylmalonyl-CoA revealed 
that substrate binding influences the position of AdoCbl (Figure 9), especially 
of the 5’-adenosyl moiety which can adopt at least two different orientations, 
such to prime Co-Co homolysis (Froese et al. 2010b). 

3. Mechanism of methylmalonyl-CoA mutase enzyme activity

Methylmalonyl-CoA mutase is an AdoCbl-dependent isomerase that catalyzes 
a carbon skeleton rearrangement reaction to convert substrate methylmalonyl-
CoA into product succinyl-CoA (Banerjee 2003). The proposed first step 
of this reaction is the homolysis of the Co-C bond of AdoCbl to generate 
the radical species required for carbon atom rearrangement (Chowdhury 
and Banerjee 2000). In the case of MCM and related enzymes such as B12-
dependent glutamate mutase, Co-C bond cleavage is coupled to formation 
of the next radical in the reaction pathway (Figure 10), which represents a 
substrate-centered radical (Padmakumar et al. 1997). Homolysis of the Co-C 
bond of AdoCbl is a thermodynamically uphill process. The rate for Co-C 
bond dissociation in base-on AdoCbl for the uncatalyzed reaction is 3.8 x 
10–9 s–1, whereas in the various AdoCbl-dependent enzymes the kcat for the 

Figure 10. Mechanism of MCM catalysis. Binding of the substrate methylmalonyl-CoA (MM-
CoA) produces a Michaelis-Menten enzyme-substrate complex. Substrate binding produces 
conformational changes at the active site that favor Co-C bond homolysis in AdoCbl, to generate 
the radical species required for presumably coupled hydrogen abstraction in the following step. 
Isomerization and radical recombination lead to product formation, succinyl-CoA, and the 
regeneration of AdoCbl. This figure was adapted from Chowdhury and Banerjee (Chowdhury 
and Banerjee 2000), with permission. 
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reaction is approximately 102 s–1 (Chowdhury and Banerjee 2000). The great 
extent of labilization induced by the isomerases has been mainly ascribed 
to destabilization and distorsion of the corrin ring (Brown and Brooks 1991; 
Kraeutler et al. 1994; Marzilli et al. 1979) and electronic trans effects (Geno 
and Halpern 1987; Ng and Rempel 1982). A comparison of the Co-C bond 
stretching frequencies by resonance Raman suggests major labilization occurs 
upon substrate binding. A study by Chowdhury and Banerjee concluded that 
substrate binding is an exothermic process, and that enthalpic and entropic 
factors contribute to lowering the activation energy for the hemolytic rupture 
of the Co-C bond in MCM (Banerjee 1999; Chowdhury and Banerjee 2000). 

While the synthesis of MeCbl is self-reliant on methionine synthase and 
its dedicated reductase MSR, the biosynthesis of AdoCbl requires MCM and 
the assistance of two chaperones: cob(I)alamin adenosyltransferase (MMaB 
for methylmalonic aciduria, type B; hereafter referred to as CblB) and the GTPase 
protein MMAA, or CblA. Mutations in the MMAB and MMAA genes lead to 
methylmalonic aciduria due to failures in Cbl insertion into MCM or reduction 
to complete the redox cycle, as will be described in the following two sections. 

D. Biosynthesis of adenosylcobalamin

1. Cloning of the cblB (MMAB) gene

The cblB (MMAB) locus encodes the enzyme ATP-dependent cob(I)alamin 
adenosyltransferase (CblB) and has been mapped to human chromosome 
12 and comprises 1128 nucleotides (Leal et al. 2003). Human CblB shares 
88% and 26% identity with bovine MMAB and the ATR PduO of S. enterica, 
respectively (Leal et al. 2003). A N-terminal stretch of 50–60 amino acids that 
is only present in the sequence of eukaryotic CblB harbors a mitochondrial 
leader sequence (Leal et al. 2003). 

2. Expression of adenosyltransferase, the MMAB gene product

Human MMAB has been expressed in E. coli with and without the mitochondrial 
leader sequence (Leal et al. 2003). The CblB products exhibited the expected 
molecular masses, of 58 and 55 kDa, respectively (Leal et al. 2003). Enzymatic 
activity was detected in lysates of the soluble and insoluble fractions, being 
higher in the soluble fraction. Activity could only be observed in the presence 
of both ATP and Cbl (Leal et al. 2003). CblB carrying the mitochondrial leader 
sequence displayed lower activity than the product without it, both in bovine 
and human variants (Leal et al. 2003). Expression of the human CblB in a  
S. enterica strain deficient in ATP-dependent cob(I)alamin adenosyltransferase 
complemented its phenotype, demonstrating that the human enzyme was 
active, even in a foreign host (Leal et al. 2003). Human fibroblasts with the 
cblB disorder showed either absence of or the presence of smaller peptides 
(23–25 kDa) reactive toward the CblB antibody (Leal et al. 2003). The crystal 
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structure of an archaeal CblB has been elucidated, namely, from Thermoplasma 
acidophilum (Saridakis et al. 2004). The protein is trimeric, both in solution 
and in crystalline form (Saridakis et al. 2004). This CblB has only 32% 
identity with its human counterpart, yet, 22 amino acid residues thought to 
be essential for catalytic activity are conserved in both species (Saridakis et 
al. 2004). These includes residues Arg-119, Arg-124, and Glu-126 in archaeal 
CblB corresponding to amino acid residues Arg-186, Arg-191, and Glu-193 
in the human CblB, (Saridakis et al. 2004), which are mutated residues in 
cblB patients (Dobson et al. 2002b). The crystal structure of human CblB was 
elucidated by Schubert and Hill (Schubert and Hill 2006). The study revealed 
that 20 residues at the N-terminus of CblB become ordered upon binding to 
ATP, generating an unprecedented form of ATP-binding site that extends 
through a cleft likely to bind Cbl (Schubert and Hill 2006). This cleft has the 
appropriate dimensions to host base-off Cbl, which appears to be the binding 
mode of Cbl-CblB according to UV-visible and EPR studies (Stich et al. 2005; 
Yamanishi et al. 2005). These twenty conserved amino acid residues provide 
bonding contacts to support ATP binding as well as H-bonds for structural 
stability and binding to Cbl (Schubert and Hill 2006). Human CblB is trimeric, 
as seen in the archaeal counterpart and both these proteins share structural 
similarity with members of the ferritin family (Dobson et al. 2002b; Schubert 
and Hill 2006). While binding of ATP to CblB does not affect Cbl binding, the 
opposite is true. Binding of Cbl to CblB increases the affinity of the enzyme 
for ATP. Two critical residues, Arg190 and Arg186 are critical for the binding 
affinity of CblB for Cbl, and explained the phenotype of cblB patients carrying 
R190H and R186W mutations (Zhang et al. 2009). 

3. Mechanism of cblB enzyme activity

The enzymatic activity of CblB involves a tetra-coordinated cob(II)alamin 
intermediate (St Maurice et al. 2008) and a rotary mechanism where the only 
vacant binding site in one of the monomers triggers AdoCbl ejection to client 
MCM from one of the two occupied active sites upon ATP binding (Padovani 
and Banerjee 2009b). Formation of a Co-C with the 5’-adenosyl moiety requires 
formation of the supernucleophile cob(I)alamin. This implies that cob(II)
alamin must undergo reduction to cob(I)alamin in the CblB active site, and 
this reduction step is facilitated by formation of a four-coordinate cob(II)
alamin intermediate (St Maurice et al. 2008). Indeed, this intermediate has 
been captured in the crystal structure of the CblB -like protein of Lactobacillus 
reuteri, along with the product AdoCbl partially occupied in the active site 
(St Maurice et al. 2008). Importantly, this base-off cob(II)alamin species 
only forms in the presence of bound ATP (Stich et al. 2004; Stich et al. 2005; 
Yamanishi et al. 2005). Structural analysis revealed that a ‘close’ conformation 
of the active site displaces the dimethyl-benzimidazole ligand destabilizing 
cob(II)alamin in its ground state thereby favoring a configuration analogous 
to cob(I)alamin, suitable for AdoCbl synthesis (St Maurice et al. 2008). The 
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generation of a four-coordinate cob(II)alamin species makes it reduction to 
cob(I)alamin energetically favorable. Thus, similarly to the Circe effect, (Jencks 
1975) where the favorable enthalpy associated with substrate binding pays for 
ground-state destabilization, binding of ATP to CblB favors the generation of 
an unstable four-coordinate cob(II)alamin intermediate. In this system, cob(I)
alamin is generated in the absence of a dedicated reductase, which implies 
the occurrence of intramolecular reduction or disproportionation of cob(II)
alamin (Yamada et al. 1968). 

E. Regulation of MCM activity by the cblA gene product

1. Cloning of the cblA (MMAA) gene

The human gene that leads to the cblA disorder was first identified by 
Dobson and colleagues (Dobson et al. 2002b). Orthologous genes of MMAA 
are widespread from bacteria to eukaryotes. Mutations in the MMAA lead to 
methylmalonic aciduria, despite the presence of a normal gene for MCM. It 
has been documented that certain Cbl-dependent enzymes such as glycerol 
and diol dehydratases undergo inactivation by the substrate during catalysis 
brought about by irreversible breakage of the Co-C bond in AdoCbl to form 
5’-deoxyadenosine and an alkylcobalamin-like species (Kajiura et al. 2001; 
Seifert et al. 2001; Toraya 2000). The modified Cbl remains bound to MCM 
without exchange of free intact cofactor until reactivation by a chaperone-like 
protein catalyzes the replacement with intact AdoCbl via an ATP-dependent 
reaction (Kajiura et al. 2001). In the case of MCM, this role is fulfilled by 
the MMAA chaperone, a.k.a. MeaB (Korotkova and Lidstrom 2004). In fact, 
mutations in MeaB lead to inactivation of MCM due to lack of AdoCbl 
(Korotkova and Lidstrom 2004). 

2. Expression and characterization of CblA 

Recombinant MeaB, a bacterial CblA ortholog, from M. extorquens has been 
expressed and purified in E. coli (Korotkova and Lidstrom 2004). The protein 
has a molecular mass of 35 kDa and size exclusion chromatography indicated 
both monomeric (Korotkova and Lidstrom 2004) and dimeric (Padovani et al. 
2006) states in solution. MeaB hydrolyses GTP to produce GDP in the presence 
of MgCl2, but does not hydrolyze ATP in vitro (Korotkova and Lidstrom 2004). 
Crystallographic analysis revealed that MeaB is homodimeric, with each 
subunit containing a α/β-core G domain typically observed in other members 
of the GTPase family (Figure 11) (Hubbard et al. 2007). MeaB possesses N- and 
C-terminal extensions not seen in other GTPases, which involved in protein-
protein interactions and dimerization, respectively (Hubbard et al. 2007). 
Switch regions (loops, denominated switch I, II, and III), required for signal 
transduction upon GTP hydrolysis are located at the dimer interface rather 
than at the surface of the protein, suggesting that the interaction of MeaB with 
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MCM must involve substantial conformational changes in MeaB (Figure 11) 
(Hubbard et al. 2007). Expression of variants of MeaB with mutations observed 
in patients with the cblA disorder led to the conclusion that these amino acid 
replacements predominantly affect protein stability, leading to failed folding 
(manifested as inclusion bodies), rupture of helical structures and the creation 
of a non-native disulfide bond (Hubbard et al. 2007). 

3. Interaction of CblA with MCM

The first evidence of an interaction between CblA and MCM was perhaps 
provided by the observation that expression of M. extorquens MCM alone 
was not successful, but instead, co-expression of MeaB and MCM lead to 
the recovery of active MCM (Korotkova and Lidstrom 2004). Native PAGE 
confirmed the formation of a complex between MeaB and MCM, which was 
stabilized by the presence of AdoCbl or CNCbl, GTP and GDP, but not by ATP 
(Korotkova and Lidstrom 2004). Analysis of MCM activity in vitro showed that 
MeaB activates MCM almost 4-fold compared to control reactions, but this 
activation did not involve exchange of Cbl as it had been described for other 
Cbl-dependent enzymes (Korotkova and Lidstrom 2004). Studies by Padovani 

Figure 11. Crystal structure of MeaB, the bacterial ortholog of CblA. MeaB is homodimeric and 
presents distinctive N- and C-terminal extensions that enable protein-protein interactions and 
dimerization independent of GTP, respectively. Signal transduction switches I-III are located at 
the dimer interface, which suggest large molecular motions must occur to permit recognition of 
client MCM. The G-domain of MeaB resembles those observed in other members of the GTPase 
family. Reproduced from Hubbard et al. (Hubbard et al. 2007), with permission. 
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et al. showed that the two proteins interact with a dissociation constant of 
ranging from 34 to 524 nM, and that presence of the non-hydrolyzable GTP 
analogue GMP-PNP strengthened the interaction approximately 15-fold 
(Padovani et al. 2006). While the intrinsic GTPse activity of MeaB is low 
(0.04 min–1), presence of MCM stimulates its activity by 100-fold. A later 
study revealed that the intrinsic GTPse activity of MeaB is kept low via an 
autoinhibitory loop denominated Switch II (Lofgren et al. 2013a). Analysis of 
binding energetics suggested large conformational rearrangements, involving 
an interacting surface of 4000–8600 Å2 (Padovani et al. 2006). In the absence 
of MeaB, AdoCbl binds to MCM with a dissociation constant of 404 nM. 
Addition of MeaB increases the affinity of MCM for AdoCbl 2-fold (210 nM) 
(Padovani and Banerjee 2006). In the presence of GMP-PNP, no heat release 
could be detected for binding of AdoCbl to MCM in isothermal calorimetry 
measurements, suggesting that hydrolysis of GTP is a prerequisite for Cbl 
binding (Padovani and Banerjee 2006). Thus, in vitro studies demonstrate 
that MeaB has dual functions: (a) it supports the assembly of holo-MCM, a 
process that depends on GTP hydrolysis, and (b) it protects the mutase from 
oxidative inactivation during catalysis in a nucleotide-independent fashion 
(Padovani and Banerjee 2006). 

The energy of GTP hydrolysis is utilized to release inactive Cbl from the 
active site of MCM during catalysis, which helped explain the inability of 
cblA patients to perform AdoCbl synthesis (Padovani and Banerjee 2009a). 
The crystal structure of MeaB in its apo and GMP-PNP-bound forms revealed 
that the third of its three mobile loops (Switches I to III), named ‘Switch III’, is 
essential for GTP-responsive communication between the active sites of MeaB 
and MCM (Lofgren et al. 2013b). Patients with a disrupted switch III fail to 
support AdoCbl biosynthesis, which leads to methylmalonic aciduria (Lofgren 
et al. 2013b). Additional crystallographic studies showed that the active site of 
MeaB is incomplete in the absence of client MCM, impairing the formation of 
the transition state in GTP hydrolysis (Lofgren et al. 2013a). Further, Switch II 
ensures that in the absence of MCM, MeaB remains in an inactive conformation, 
suppressing wasteful GTPase activity (Lofgren et al. 2013a). 

The crystal structure of human CblA and MCM has been solved by Froese 
and colleagues (Froese et al. 2010b). Size exclusion chromatography showed the 
formation of high-molecular weight oligomers that could correspond to 2 CblA 
dimers: 1 MCM dimer (MW 352 kDa) and their corresponding 2 (observed: 
740 kDa, calculated: 704 kDa) and 4 units (observed: 1410 kDa, calculated: 
1408 kDa) of this core assembly (Froese et al. 2010b). While the function of 
the higher order species remains to be investigated, the authors speculate that 
formation of these large units may help to recruit apo-MCM toward MMAB for 
concerted transfer of newly synthesized AdoCbl to the CblA-MCM complex 
(Froese et al. 2010b). This supramolecular arrangement would minimize the 
leakage of AdoCbl into the mitochondrial milieu, allowing mammalian CblA to 
perform the gate-keeping function described for MeaB (Padovani and Banerjee 
2009a). The crystal structure of human CblA and MCM is compatible with 
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formation of a complex with 2:1 stoichiometry. Nucleotide binding sites and 
Switch motifs I and II from both subunits of the CblA dimer are juxtaposed in a 
central cavity such that they can be contacted, simultaneously, by one subunit 
of the MCM dimer (Froese et al. 2010b). This arrangement is different from 
that described for the MeaB-MCM complex of M. extorquens, featuring a 1:1 
stoichiometry (Padovani et al. 2006). These species-specific differences are not 
unexpected. For example, the MCM of M. extorquens is a heterodimer, requires 
only 1 mole of AdoCbl, and its available surface is considerably smaller than 
that of the human counterpart (45,000 versus 53,000 Å2) (Froese et al. 2010b). 
In its GTP-bound state, MeaB identifies and enables the transfer of AdoCbl 
from its source CblB to apo-MCM (gate keeping function) and surveys and 
removes inert oxidized Cbl from client MCM (editing function) (Padovani 
and Banerjee 2009a). In light of the structural differences between MeaB and 
human CblA, it would be interesting to assess whether human CblA performs 
the same gate-keeping and editing functions predicted for MeaB (Padovani 
and Banerjee 2009a).

4. unresolved Issues of Intracellular processing and utilization 
of B12

A. Cellular import of cobalamin—new genes?

Cobalamins reach all cells in the body via the TC-TCblR interaction. The 
endocytosis pathway takes up the TC-TCblR complex and carries TC-Cbl to the 
lysosome. A case study showed that a homozygous missense mutation in gene 
ZFYVE20 encoding rabenosyn-5 (rbsn-5), a conserved multidomain protein 
involved in receptor-mediated endocytosis, causes transient Cbl deficiency 
of the combined phenotype and a series of clinical manifestations similar to 
those of established inborn errors of vitamin B12 metabolism (Stockler et al. 
2014). The rabenosyn-5 protein may be critical to support holo-TC uptake via 
receptor-mediated absorptive endocytosis (Amagasaki et al. 1990; Jacobsen et 
al. 1980; Kishimoto et al. 1987; Takahashi et al. 1980). Fibroblasts isolated from 
the patient showed an abnormal ratio of MeCbl to AdoCbl biosynthesis, which 
suggests that rbsn-5 may also assist in Cbl trafficking downstream of cellular 
membrane-to-lysosome transit (Stockler et al. 2014). Thus, it is plausible that 
unexplained cases of functional Cbl deficiency may involve this and other 
genes not directly related to the classical cbl complementation groups. 

B. Mitochondrial transport of cobalamin—who are the players?

Although essential Cbl synthesis and chaperone machineries reside in the 
mitochondrion, little is known about the transport system employed by newly 
processed Cbl to enter this organelle. Rosenberg and coworkers performed 
the first and only studies reporting that lysosome-free preparations of rat 
liver mitochondria take up [57Co]-hydroxoCbl by a diffusion process that is 
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dependent on mitochondrial swelling, rather than on energy or ion fluxes. 
(Fenton et al. 1976) This uptake system was saturable, unidirectional, and 
selective: [57Co]-CNCbl was taken up less rapidly and to a lesser extent than 
[57Co]-hydroxoCbl. Unlabeled MeCbl and AdoCbl inhibited [57Co]-hydroxoCbl 
markedly, while CNCbl did not, suggesting some specificity of the putative 
mitochondrial transporter for the β-axial ligand of Cbl. (Fenton et al. 1976) 
Incubation of mitochondria with [57Co]-hydroxoCbl, followed by Cbl extraction 
and chromatography, led to a ~80% recovery of [57Co]-hydroxoCbl and ~20% 
recovery of a presumptive [57Co]-sulfitoCbl species. The biological relevance of 
this finding is still unknown. (Fenton et al. 1976) A follow-up study by the same 
group reported that when free [57Co]-hydroxoCbl is added to a suspension of 
intact rat liver mitochondria in the presence of ATP and a reducing system, 
AdoCbl synthesis could be observed. (Fenton and Rosenberg 1978) In contrast, 
when mitochondrial swelling was prevented, little or no synthesis of AdoCbl 
was observed. No synthesis of AdoCbl could be detected when [57Co]-CNCbl 
was used as the source (Fenton and Rosenberg 1978). Intriguingly, this work 
also provided evidence that Cbl could be reduced with electrons derived from 
the respiratory chain, namely complexes I and II, in the presence of glutamate 
(Fenton and Rosenberg 1978). The authors found that newly synthesized 
[57Co]-AdoCbl was present in the medium where mitochondria were 
suspended, which indicated that mechanisms exist for the export of Cbl from 
the mitochondrion (Fenton et al. 1976; Fenton and Rosenberg 1978). To date, 
the identity and exact mechanisms of Cbl transport across the mitochondrion 
continue to be a mystery. The discovery of a mitochondrial cblD isoform in 
humans points to a possible role of this protein in Cbl trafficking within the 
organelle, and perhaps, in facilitating its translocation across the mitochondrial 
membranes. These ideas await further investigation. 

C. Regulation of cobalamin biosynthesis by oxidative stress 

Mammalian MS and MCM are sensitive to O2 and reactive oxygen species, 
namely N2O and •NO, both in vivo and in vitro. (Ast et al. 1994; Brouwer et al. 
1996; Christensen and Ueland 1993; Danishpajooh et al. 2001; Kambo et al. 
2005; Kondo et al. 1981; Nicolaou et al. 1994; Nicolaou et al. 1996; Nicolaou 
et al. 1997) In humans, the use of N2O, a general anesthetic, is associated 
with hematologic and neurologic abnormalities that mimic those seen in 
Cbl deficiency. Kondo and coworkers have shown that N2O causes serious 
impairment of both MS and MCM activities in rats (Kondo et al. 1981). Of the 
two Cbl-dependent enzymes, MS was the most sensitive toward time and 
concentration-dependent inactivation by N2O. Exposure to N2O had multiple 
effects on Cbl metabolism. N2O caused displacement of Cbl from MS, reduced 
synthesis of MeCbl, conversion of authentic Cbl to Cbl analogues, and an 
eventual decrease in MCM activity (Kondo et al. 1981). Although N2O caused 
a rapid inhibition of MS activity, this process was reversed upon its removal. 
Studies performed by Christensen and Ueland showed that inhibition of 
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MS activity by N2O increased homocysteine efflux and thereby the level of 
extracellular homocysteine in cultured cells and plasma. (Christensen and 
Ueland 1993) This was further evidence that MS inactivation is due to a failure 
to remethylate homocysteine. Similar effects have been observed after exposure 
to •NO; both Cbl-dependent enzymes are inactivated, in a concentration and 
time-dependent fashion, using both authentic •NO as well as nitric oxide 
donors. (Ast et al. 1994; Danishpajooh et al. 2001; Kambo et al. 2005; Nicolaou 
et al. 1994; Nicolaou et al. 1996; Nicolaou et al. 1997) In vitro and in vivo studies 
have shown that •NO is a more potent inhibitor than N2O. (Danishpajooh et 
al. 2001; Kambo et al. 2005) It has been proposed that inhibition by •NO is 
caused by the formation of nitroxylcob(III)alamin (NOCbl), which cannot be 
recycled by MS or MCM. In support of that notion, model studies have shown 
that the following reactions exist and could be responsible for the observed 
inactivation by both NO and N2O: (Zheng et al. 2002) 

2Cbl (I)– + 2•NO + 2H+ ↔ 2Cbl (II) + N2O + H2O
2Cbl (I)– + N2O + 2H+ ↔ 2Cbl (II) + N2 + H2O
Cbl (II) + •NO ↔ NOCbl

Thus, conditions of oxidative stress that lead to oxidation of cob(I)alamin 
to cob(II)alamin or formation of NOCbl inactivate the two mammalian Cbl-
dependent enzymes. In fact, the high reactivity of Cbl toward ROS, specifically 
with superoxide, has been demonstrated in vitro (Suarez-Moreira et al. 2009) 
and in cultured cells (Moreira et al. 2011). Repair mechanisms for the clearance 
of catalytically inert NOCbl and other Cbl analogues that may form upon 
scavenging of reactive oxygen species are yet to be described. 

D. Inhibition of MS and MCM by cobalamin analogues 

Stabler and coworkers provided some of the first evidence that Cbl analogues 
could efficiently inhibit both MS and MCM (Stabler et al. 1991). Synthesis of 
a series of Cbl derivatives featuring rational modifications at the side chains, 
corrin ring and nucleotide moiety showed that an intact, authentic Cbl is 
required to support the activity of MS and MCM in vivo. Modifications of the 
side chains of the B and C corrin rings (hydroxoCbl[c-lactam], hydroxoCbl[e-
dimethylamide] and hydroxoCbl[e-methylamide]) resulted in the most potent 
inhibitors for both enzymes. For instance, administration of hydroxoCbl[c-
lactam] to rats inhibited MCM and MS activities by 30% and 80%, respectively 
(Stabler et al. 1991). HydroxoCbl[c-lactam] has been successfully used to 
generate a model of B12-deficiency in cell culture (Sponne et al. 2000). One 
major topic of interest concerns the presence of substantial amounts of Cbl 
analogues in human cord blood (Carmel et al. 1988; Hardlei et al. 2013; Muir 
and Landon 1985). A comparison of Cbl analogues patterns and abundance in 
the cord serum of newborns and their mothers showed striking similarities, 
which suggests that Cbl analogues are derived from Cbl metabolism (Hardlei 
et al. 2013). A Cbl analog with HPLC elution properties matching those of 
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dicyanocobinamide was two-fold more abundant in the newborns compared 
to their mothers (Hardlei et al. 2013). Although the presence of Cbl analogues 
has been well documented in various mammalian tissues (Allen and Stabler 
2008; Gimsing 1995; Gimsing and Beck 1989; Hardlei et al. 2013; McLean et al. 
1997), the low abundance of Cbl in cells and plasma has hampered unequivocal 
structural characterization and the elucidation of their physiological roles. 
Increased sensitivity of new mass spectrometry technologies will soon allow 
us to uncover the nature and potential functions of these Cbl analogues. 

E. Transcytosis of cobalamins

Early studies showed that Cbl can be transported through the cell by 
transcytosis (Gueant et al. 1988). The transcellular transport of Cbl has been 
demonstrated in kidney (Ramanujam et al. 1991a; Ramanujam et al. 1994; 
Ramanujam et al. 1992; Strope et al. 2004) and in intestinal cells (Bose et al. 
2007; Bose et al. 1997; Dan and Cutler 1994; Pons et al. 2000; Ramanujam et 
al. 1991b). This transport pathway has potentially important implications for 
tissue-to-tissue transfer of Cbl, supplying the micronutrient to tissues with 
limited access to circulation. This could contribute to multi-organ homeostasis, 
as suggested by a study where endothelial transport of Cbl appeared essential 
for Cbl access to the liver (Soda et al. 1985). Additional studies performed in a 
variety of cell types are required to assess the contribution of this pathway to 
global Cbl homeostasis, in particular, to help establish whether a relationship 
exists between intracellular and serum levels of the vitamin. 

5. Summary and conclusions

The identification of the genes involved in the complex pathways of Cbl 
processing, trafficking and coenzyme biosynthesis has enabled much progress 
in the field. In light of these discoveries and the likely primordial origin of 
B12, one could argue that Nature has deployed a complicated network of 
biochemical interactions and reactions to furnish the needs of two ancestrally 
ancient Cbl-dependent enzymes. Table 2 lists the proteins involved in 
intracellular Cbl pathways and their known functions. The structure-function 
relationships that ensure that demands for MeCbl and AdoCbl will be met are 
only now beginning to be understood. Even less is known about the protein-
protein interactions involved in intra and extra-cellular communication 
of function and dysfunction events of Cbl metabolism. Apart from these 
established enzymatic functions, Cbl participates in intracellular signaling 
(Okada et al. 2011), apoptosis (Jorge-Finnigan et al. 2010; Orozco-Barrios et al. 
2009; Richard et al. 2007), oxidative stress (Richard et al. 2009) and cytokine 
and growth factor-mediated regulation (Scalabrino 2009). We anticipate that 
the coming years will witness the discovery of new genes and modes of 
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Gene or 
complementation 
group

Protein/enzyme Clinical phenotype References

TCN2, TC TC
Transcobalamin 
Cellular delivery 
of cobalamin

Combined homocystinuria 
and methylmalonic 
aciduria

(Hakami et al. 1971; 
Trakadis et al. 2014)

CD320 TCblR
Cellular receptor 
for TC

Combined homocystinuria 
and methylmalonic 
aciduria

(Jiang et al. 2013; 
Quadros et al. 2010; 
Quadros et al. 2009)

Rbsn-5, ZFYVE20
Rabenosyn 5
Receptor-
mediated 
endocytosis

Transient Cbl deficiency
Combined homocystinuria 
and methylmalonic 
aciduria

(Stockler et al. 2014)

cblF, LMBD1 CblF
Lysosomal Cbl 
efflux

Combined homocystinuria 
and methylmalonic 
aciduria

(Idriss and Jonas 
1991; Laframboise 
et al. 1992; 
MacDonald et al. 
1992; Rosenblatt et 
al. 1985; Rosenblatt 
et al. 1986; Shih et 
al. 1989; Vassiliadis 
et al. 1991; Watkins 
and Rosenblatt 
1986)

cblJ, aBCD4 CblJ
Lysosomal Cbl 
efflux

Combined homocystinuria 
and methylmalonic 
aciduria

(Coelho et al. 2012)

cblX, HCFC1 CblX 
Global 
transcriptional co-
regulator HCFC1
Transcriptional 
regulation of 
MMACHC

Combined homocystinuria 
and methylmalonic 
aciduria

(Quintana et al. 
2014; Yu et al. 2013)

cblC, MMaCHC Cbl
Cytosolic 
chaperone, 
processing 
of newly 
internalized Cbl

Combined homocystinuria 
and methylmalonic 
aciduria

(Dillon et al. 1974; 
Lerner-Ellis et al. 
2006; Linnell et al. 
1976; Mahoney and 
Rosenberg 1971; 
Mahoney et al. 
1971; Mellman et al. 
1979a; Mellman et 
al. 1979b; Mudd et 
al. 1969; Mudd et al. 
1970; Pezacka et al. 
1990; Pezacka 1993;

Table 2. The cast of characters for cellular uptake, intracellular processing, trafficking and 
utilization of cobalamins (in order of appearance). 

Table 2. contd....
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Pezacka et al. 1992; 
Rosenberg et al. 
1975; Watanabe et 
al. 1989; Watanabe 
et al. 1996; Willard 
et al. 1978; Willard 
and Rosenberg 
1979)

cblDcyto, MMaDHC CblDcyto 
Cytosolic and 
mitochondrial 
chaperone that 
orchestrates the 
fate of newly 
processed 
Cbl; functions 
downstream of 
the MMACHC 
protein

Isolated or combined 
homocystinuria and 
methylmalonic aciduria

(Dillon et al. 1974; 
Linnell et al. 1976; 
Mahoney and 
Rosenberg 1971; 
Mahoney et al. 
1971; Mellman et al. 
1979a; Mellman et 
al. 1979b; Mudd et 
al. 1969; Mudd et al. 
1970; Pezacka et al. 
1990; Pezacka 1993; 
Pezacka et al. 1992; 
Rosenberg et al. 
1975; Watanabe et 
al. 1989; Watanabe 
et al. 1996; Willard 
et al. 1978; Willard 
and Rosenberg 
1979)

cblG MS
Methionine 
synthase, 
synthesis of 
MeCbl, Met and 
regeneration of 
THF

Homocystinuria (Gulati et al. 1996; 
Leclerc et al. 1996; 
Sillaots et al. 1992)

cblE MSR
Methionine 
synthase 
reductase, 
regeneration of 
cob(I)alamin

Homocystinuria (Coelho et al. 
2012; Gailus et al. 
2010a; Gailus et al. 
2010b; Gulati et al. 
1997; Leclerc et al. 
1998; Rutsch et al. 
2009; Rutsch et al. 
2011; Watkins and 
Rosenblatt 1989)

Gene or 
complementation 
group

Protein/enzyme Clinical phenotype References

Table 2. contd....

Table 2. contd.
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cblDmito, MMaDHC CblDmito 
Cytosolic and 
mitochondrial 
chaperone that 
orchestrates the 
fate of newly 
processed 
Cbl; functions 
downstream of 
the MMACHC 
protein

Isolated or combined 
homocystinuria and 
methylmalonic aciduria

(Dillon et al. 1974; 
Linnell et al. 1976; 
Mahoney and 
Rosenberg 1971; 
Mahoney et al. 
1971; Mellman et al. 
1979a; Mellman et 
al. 1979b; Mudd et 
al. 1969; Mudd et al. 
1970; Pezacka et al. 
1990; Pezacka 1993; 
Pezacka et al. 1992; 
Rosenberg et al. 
1975; Watanabe et 
al. 1989; Watanabe 
et al. 1996; Willard 
et al. 1978; Willard 
and Rosenberg 
1979)

cbla, MMaa CblA
Mitochondrial 
chaperone, 
gate-keeper and 
editor for AdoCbl 
insertion into apo-
MCM

Methylmalonic aciduria (Fenton and 
Rosenberg 1978; 
Gravel et al. 1975; 
Mahoney et al. 
1975; Mahoney et 
al. 1971)

cblB, MMaB CblB
Mitochondrial 
cob(I)alamin ad-
enosyltransferase

Methylmalonic aciduria (Fenton and 
Rosenberg 1981; 
Gravel et al. 1975; 
Mahoney et al. 
1975; Morrow et al. 
1975)

mut MCM
Methylmalonyl-
CoA mutase; 
synthesis of 
succinyl-CoA

Methylmalonic aciduria (Acquaviva et al. 
2005; Chang 2005; 
Kierstein et al. 2003; 
Sakamoto et al. 
2007; Wilkemeyer et 
al. 1991)

Table 2. contd....

Gene or 
complementation 
group

Protein/enzyme Clinical phenotype References
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regulation of intracellular Cbl metabolism as well as their interaction with 
other biochemical pathways. 

Keywords: Vitamin B12, cobalamin, cobalamin deficiency, homocysteine, 
homocystinuria, methylmalonic aciduria, inborn errors of metabolism, 
cobalamin processing, cobalamin trafficking, methionine synthase, 
methylmalonyl-CoA mutase

Abbreviations 

Hcy :     homocysteine 
MMA : methylmalonic acid 
Cbl : cobalamin 
MS : methionine synthase 
MCM : methylmalonyl-CoA mutase 
MMACHC : methylmalonic aciduria combined with 

homocystinuria type C 
MMADHC : methylmalonic aciduria combined with 

homocystinuria type D
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Inherited Defects of Cobalamin 

Metabolism
David Watkins* and David S Rosenblatt

1. Introduction

Inborn errors of cobalamin (vitamin B12) metabolism result in decreased 
synthesis of the cobalamin coenzyme derivatives adenosylcobalamin and 
methylcobalamin, either alone or in combination, and decreased function 
of one or both of the cobalamin-dependent enzymes methylmalonyl-CoA 
mutase and methionine synthase. Decreased methylmalonyl-CoA mutase 
activity results in accumulation of its substrate methylmalonic acid (MMA), 
and is associated with a tendency to development of life threatening metabolic 
acidotic crises and, in the long-term, moderate to severe intellectual handicap 
and end-stage renal failure. Decreased function of methionine synthase 
leads to increased serum homocysteine levels as well as decreased levels of 
methionine and its derivative S-adenosylmethionine, the major methyl group 
donor in cellular metabolism. Hyperhomocysteinemia has been associated 
with hypercoagulability and a variety of neurologic problems, while decreased 
methionine levels are associated with decreased central nervous system 
myelination. Inborn errors of cobalamin metabolism result in problems 
affecting multiple systems, including hematologic, neurologic, ophthalmologic, 
dermatologic, cardiovascular and renal.

The first inborn errors of cobalamin metabolism were reported in the late 
1960s, with the description of patients with elevated serum and urine levels of 
MMA in the presence of serum vitamin B12 levels within the reference range, 
including cases in which MMA levels responded to therapy with cobalamin. 
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Subsequently additional patients with cobalamin-responsive combined 
methylmalonic aciduria and homocystinuria or isolated homocystinuria were 
described, and somatic cell complementation analysis was used to identify 
classes of patients with mutations at the same locus (Gravel et al. 1975; 
Willard et al. 1978; Watkins and Rosenblatt 1986; Watkins and Rosenblatt 
1989). Currently, ten classes of inborn error of cellular cobalamin metabolism, 
designated mut, cbla-cblG, cblJ and cblX, are recognized (Table 1). These 
disorders are inherited as autosomal recessive traits with the exception of the 
cblX disorder, which is X-linked. Identification of the gene underlying each 
of these disorders has provided a means to study the reactions catalyzed by 

Disorder MIM 
Number

Biochemical 
Findings

Gene Location MIM Gene 
#

Transcobalamin 
Receptor 
Deficiency

613646 MMA + Hcy CD320 19p13.2 606475

cbla 251100 MMA MMaa 4q31.21 607481
cblB 251110 MMA MMaB 12q24 607568
cblC 277400 MMA + Hcy MMaCHC 1p34.1 609831

cblD* 277410 MMA Hcy 
MMA + Hcy

MMaDHC 2q23.2 611935

cblE 236270 Hcy MTRR 5p15.31 602568
cblF 277380 MMA + Hcy LMBRD1 6q13 612625
cblG 250940 MMA + Hcy MTR 1q43 157570
cblJ 614857 MMA +Hcy aBCD4 14q24.3 603214
cblX 309541 MMA + Hcy HCFC1 Xq28 300019

Methylmalonyl-
CoA Mutase 
Deficiency

251000 MMA MUT 6p12.3 609058

MMA = methylmalonic acidemia (aciduria)
Hcy = hyperhomocysteinemia, homocystinuria
* patients with the cblD disorder can present with MMA, Hcy or MMA + Hcy, depending on the 

mutations present in the MMaDHC gene.

Table 1. Inborn Errors of Cobalamin Transport and Metabolism.

their gene products, providing novel information on human cellular cobalamin 
metabolism.

The biochemical characteristics of inborn errors of cobalamin metabolism 
reflect the step in cellular cobalamin metabolism that is affected (Figure 1). 
Exogenous cobalamin is internalized by carrier mediated endocytosis 
and converted to the active cobalamin derivatives adenosylcobalamin 
and methylcobalamin in the mitochondria and cytoplasm, respectively. 
Adenosylcobalamin is required for activity of the mitochondrial enzyme 
methylmalonyl-CoA mutase, which converts methylmalonyl-CoA to succinyl-
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CoA; methylcobalamin is generated by the cytoplasmic enzyme methionine 
synthase, which catalyzes methylation of homocysteine to form methionine. 
Disorders that affect cellular uptake of cobalamin or early steps in cellular 
metabolism common to synthesis of both coenzyme derivatives result in 
accumulation of both MMA and homocysteine in blood (methylmalonic 
acidemia and hyperhomocysteinemia) and urine (methylmalonic aciduria 
and homocystinuria). Isolated methylmalonic aciduria occurs when synthesis 
of adenosylcobalamin alone is affected, while isolated homocystinuria occurs 
when synthesis of methylcobalamin is impaired. The cblD disorder represents 
a special case. Depending on the site and nature of the causal mutations, 
cblD patients may present with combined methylmalonic aciduria and 
homocystinuria, isolated methylmalonic aciduria, or isolated homocystinuria.

2. Diagnosis of Inborn Errors of Cobalamin Metabolism

The inborn errors have traditionally been diagnosed by studies of cultured 
patient skin fibroblasts. The function of methylmalonyl-CoA mutase is assessed 
by measuring incorporation of label from [14C]propionate into trichloroacetic 
acid-precipitable cellular macromolecules in intact patient cells. Similarly, 

Figure 1. Cellular Cobalamin Metabolism and Inborn Errors. Inborn errors of cobalamin 
metabolism (mut, cbla-cblG, and cblJ, are shown beside the protein affected in each disorder. 
Abbreviations: ABCD4; product of the aBCD4 gene, AdoCbl; - adenosylcobalamin, ATR; cobalamin 
adenosyltransferase (product of the MMaB gene), Cbl; cobalamin, cbl+; cob(I)alamin, cbl++; cob(II)
alamin, HCFC1; product of the HCFC1 gene, host factor 1, LMBD1; product of the LMBRD1 gene, 
MCM; methylmalonyl-CoA mutase (product of the MUT gene), MeCbl; methylcobalamin, MMAA; 
product of the MMaa gene, MMACHC; product of the MMaCHC gene, MMADHC; product of 
the MMaDHC gene, MTR; methionine synthase (product of the MTR gene), MTRR; methionine 
synthase reductase (product of the MTRR gene), TC; transcobalamin, TCblR; transcobalamin receptor. 
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function of methionine synthase is assessed by measurement of incorporation 
of label from 5-[14C]methyltetrahydrofolate into cellular macromolecules, or 
incorporation of label from [14C]formate into cellular methionine. Ability to 
synthesize cobalamin coenzyme derivatives is determined by measurement 
of uptake of [57Co]cyanocobalamin bound to human transcobalamin and 
its conversion to adenosylcobalamin and methylcobalamin. Assignment of 
the patient disorder to one of the known complementation classes is then 
achieved by somatic cell complementation analysis. With the identification 
of the causal genes for all of the known inborn errors of cobalamin, it is now 
possible to proceed directly to gene sequencing as the first step in diagnosis, 
and next generation sequencing panels that incorporate all known genes in 
the pathway are currently available. However, if no causal mutations can 
be identified or if the pathogenicity of novel sequence variants is not clear, 
biochemical studies of cultured patient fibroblasts remain an important means 
of establishing a diagnosis.

In the past, most patients with inborn errors of cobalamin metabolism came 
to medical attention when they developed symptoms of their disorder. In many 
cases there was a delay of variable length between development of symptoms 
and establishment of a diagnosis, resulting in delays in starting appropriate 
treatment. Neonatal screening for MMA in urine using chromatography was 
first performed in the 1980s and allowed for presymptomatic identification 
of patients with disorders characterized by methylmalonic aciduria with 
or without homocystinuria (Coulombe et al. 1981; Lemieux et al. 1988). 
More recently, screening for C3 acylcarnitine in newborn blood spots using 
tandem mass spectroscopy, followed by specific measurement of MMA and/
or methylcitric acid in urine in patients with a positive result, has become 
common (Wilcken et al. 2003; Cheng et al. 2010). Techniques for tandem mass 
spectrometric measurement of homocysteine in newborn blood spots have 
been developed, with measurement of serum total homocysteine as second-
tier measurement (Tortorelli et al. 2010; Turgeon et al. 2010). These have not 
been widely adopted to date but show promise (Wong et al. 2015) and will 
likely be used more frequently in the future.

Prenatal diagnosis has been performed for most of the disorders using 
cultured amniocytes or chorionic villus cells, measurements of metabolites 
in amniotic fluid or maternal blood and, as the underlying genes have been 
identified, sequencing of genomic DNA isolated from amniocytes or chorionic 
villus cells (Morel et al. 2005; Rosenblatt and Watkins 2010). Both cell studies 
and measurement of metabolites in amniotic fluid have given rise to false 
positive results, leading to suggestions that two independent techniques 
should always be used for prenatal diagnosis. Results of studies using 
amniocytes have been more reliable than those using chorionic villus cells 
(Morel et al. 2005). Prenatal diagnosis has been successfully carried out in a 
pregnancy at risk for the mut disorder using analysis of fetal cell-free DNA in 
maternal plasma (Gu et al. 2014). 
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Table 2 presents a scheme for diagnosis of infants or children with possible 
inborn errors of cobalamin metabolism based on identification of elevated 
methylmalonic acid and/or homocysteine levels. The scheme utilizes gene 
sequencing as the first-line strategy for identification of the patient’s disorder; 
however, if the pathogenicity of sequence variants identified is unclear, 
additional somatic cell studies may be necessary to confirm the diagnosis. 
The next sections describe the different groups of inborn error of intracellular 
cobalamin metabolism.

3. Isolated Methylmalonic Aciduria

Methylmalonyl-CoA is generated in the mitochondria from propionyl-CoA 
formed during the breakdown of branched-chain amino acids, odd-chain 
fatty acids and other molecules. Conversion of methylmalonyl-CoA to 
succinyl-CoA depends on the activity of methylmalonyl-CoA mutase (the 
product of the MUT gene on chromosome 6p12.3) as well as cob(I)alamin 
adenosyltransferase (product of the MMaB gene on chromosome 12q24) and 
the G-protein chaperone MMAA (product of the MMaa gene on chromosome 
4q31.21), which are required for synthesis of adenosylcobalamin, its transfer to 
methylmalonyl-CoA mutase and its stabilization. Mutations affecting activity 
of any of these proteins result in decreased ability to convert methylmalonyl-
CoA to succinyl-CoA and accumulation of MMA in blood and urine, in the 
absence of elevated serum and urine homocysteine levels. Mutations in the 
MUT gene cause the mut disorder (MIM 251000); mutations in the MMaa gene 
result in the cbla disorder (MIM 251100); and mutations affecting the MMaB 
gene cause the cblB disorder (MIM 251110). Patients with the mut disorder 
have been subdivided into two classes: mut0 patients have no detectable 
methylmalonyl-CoA mutase protein and no response of mutase activity in 
cultured fibroblasts to addition of hydroxocobalamin to the culture medium; 
mut– patients have detectable methylmalonyl-CoA mutase protein and respond 
to hydroxocobalamin supplementation by increasing methylmalonyl-CoA 
mutase activity.

Urine levels of MMA are elevated in patients with all three disorders, 
with values ranging from 10 to 10,000 or more nmol/mol creatinine (reference 
< 5 mmol/mol creatinine). Levels of metabolites of MMA (methylcitrate, 
3-hydroxypropionate, lactate and propionylglycine) are also elevated (Fowler 
et al. 2008). Serum MMA levels are also elevated; mean levels of 70 µmol/L 
for relatively mildly affected patients and levels from 210–5452 µmol/L in 
patients severe disease have been reported (reference < 0.27 µmol/L) (Nizon 
et al. 2013; Niemi et al. 2015). Serum total homocysteine and cobalamin 
levels are within the reference range. In addition to mut, cbla and cblB, 
methylmalonic aciduria in the absence of homocystinuria also occurs in 
other genetic disorders. Mild methylmalonic aciduria occurs in patients with 
mutations affecting the MCEE gene, which encodes methylmalonyl-CoA 
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Table 2. Diagnosis of patients with methylmalonic aciduria and/or homocystinuria in infants and 
children.

A. PATIENTS WITH ELEVATED SERUM MMA

 Infant with elevated C3-carnitine on tandem mass spectrometry of newborn blood spot, and 
confirmation of elevated serum/urine MMA; or with elevated serum or urine MMA following 
symptomatic presentation.

Low or low-normal maternal serum vitamin B12: 

 Possible maternal cobalamin deficiency due to dietary insufficiency or undiagnosed pernicious 
anemia. 

Elevated serum total homocysteine:

 See C

Serum total homocysteine within reference range: 

 Isolated methylmalonic aciduria due to mutations in MUT (mut0, mut–), MMaa (cbla), MMaB 
(cblB) or MMaDHC (cblD variant 2) genes.

 Mild methylmalonic aciduria due to mutations in MCEE (methylmalonyl-CoA epimerase) 
gene.

 Mild methylmalonic aciduria due to mutations in aCSF3 gene; malonic aciduria may or may 
not be present as well.

 Mild methylmalonic aciduria due to mutations in SUCLG1, SUCLa2 (succinate-CoA ligase) 
genes; symptoms of mitochondrial disease will also be present.

B. PATIENTS WITH ELEVATED SERUM HOMOCYSTEINE

 Infant with elevated serum total homocysteine following symptomatic presentation, or with 
elevated homocysteine on newborn testing. 

Elevated serum MMA or C3-carnitine, or elevated urine MMA:

 See C

Elevated serum methionine:

 Classical homocystinuria caused by mutations in CBS (cystathionine β-synthase) gene.

Low or low-normal methionine, presence of megaloblastic anemia:

 Homocystinuria due to mutations in MMaDHC (cblD variant 1), MTRR (cblE) or MTR (cblG) 
genes.

 Homocystinuria due to mutations in the MTHFD1(methylenetetrahydrofolate dehydrogenase 
1) gene.

Low or low-normal methionine, absence of megaloblastic anemia:

 Homocystinuria due to mutations in the MTHFR (methylenetetrahydrofolate reductase) gene.

C.   PATIENTS WITH ELEVATED MMA AND HOMOCYSTEINE

Inborn errors of cellular cobalamin metabolism:

 Caused by mutations at the MMaCHC (cblC), MMaDHC (cblD), LMBRD1 (cblF), aBCD4 (cblJ) 
genes; mutations in the HCFC1 gene (cblX) if patient is male. Serum cobalamin levels normal.

Transcobalamin deficiency:

 Caused by mutations in the TCN2 gene. Serum cobalamin levels normal.

Inborn errors of intestinal cobalamin absorption:

 Caused by mutations in the GiF (intrinsic factor deficiency), CUBN or aMN (Imerslund-
Gräsbeck syndrome) genes. Presentation is typically later (after 1 year of age) after cobalamin 
stores present at birth are exhausted. Serum cobalamin levels decreased. Not detected by 
newborn screening.

Decreased cellular cobalamin uptake:

 Caused by mutation in the CD320 (transcobalamin receptor) gene. Serum cobalamin levels 
normal.
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isomerase (racemase), the enzyme that catalyzes the step prior to mutase in 
propionyl-CoA metabolism (Dobson et al. 2006). Pathways for non-enzymic 
isomerization of methylmalonyl-CoA are believed to exist (Montgomery 
et al. 1983) and it is not clear that patients with MCEE mutations have any 
consistent clinical symptoms. Mutations in the SUCLG1 and SUCLa2 genes, 
which encode subunits of succinate-CoA ligase, the Krebs cycle enzyme that 
utilizes succinyl-CoA generated by methylmalonyl-CoA mutase, result in 
mild methylmalonic aciduria accompanied by symptoms of mitochondrial 
dysfunction (Ostergaard 2008). Mutations in the aCSF3 gene, which encodes 
a member of the acyl-CoA synthetase family of unknown function, may also 
have methylmalonic aciduria with or without accompanying malonic aciduria 
(Alfares et al. 2011; Sloan et al. 2011).

Patients with isolated methylmalonic aciduria are typically well at birth. 
Severely affected individuals come to medical attention during the first 
hours or days of life. Most patients present before the end of the first year, 
although a few have come to medical attention later in childhood or even 
in adolescence. Patients are prone to potentially life threatening episodes 
of metabolic acidosis and hyperammonemia, which may be precipitated by 
febrile illnesses or increased protein intake. These crises can lead to multiorgan 
failure and death. Surviving patients often have a difficult clinical course with 
multiple hospital admissions due to episodes of metabolic decompensation. 
Patients typically present with lethargy, failure to thrive, recurrent vomiting, 
dehydration, respiratory distress and hypotonia. Laboratory testing shows 
elevated serum and urine concentrations of MMA as well as propionate and 
methylcitrate, ammonia, ketones, and glycine. There are also elevated levels 
of propionylcarnitine. Homocysteine levels are within the reference range. 
Neutropenia, thrombocytopenia, and/or anemia have been reported in 
approximately 50% of patients. 

Long-term consequences of methylmalonic aciduria include moderate to 
severe intellectual handicap, chronic renal failure, growth and psychomotor 
retardation, mild microcephaly, and choreoathetosis and tremor. Bilateral 
globus pallidus infarcts are seen frequently, and small lacunar infarcts in the 
pars reticulata of the substantia nigra may also be present (Baker et al. 2015), 
but neurological impairment may be seen in patients with no evidence of basal 
ganglia injury (Ktena et al. 2015). The lesions represent specific sensitivity of 
cells in these particular structures to damage by high levels of MMA rather than 
interruption of vascular supply. Renal disease, characterized as chronic tubulo-
interstitial nephritis affecting particularly the proximal tubules, can progress to 
end-stage renal failure requiring dialysis and kidney transplantation (Morath et 
al. 2013). The precise pathology underlying kidney damage in methylmalonic 
acidemia is unknown. High frequencies of joint hypermobility and pes planus 
have been noted (Ktena et al. 2015).
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In general, patients with early-onset methylmalonic aciduria are more 
severely affected than those with later-onset disease. As well, studies have 
shown that mut0 patients have an earlier age at onset, have a more severe 
clinical course, are more likely to develop end-stage renal disease, have a less 
favorable neurocognitive outcome, and are more likely to die than patients 
with other forms of methylmalonic aciduria; cblB patients tend to be more 
severely affected than cbla or mut– patients (Matsui et al. 1983; Hörster et al. 
2007; Cosson et al. 2009; O’Shea et al. 2012). Although treatment outcomes 
have improved with time, mortality among mut patients remains in the range 
of 40% (Sloan et al. 2015).

Long-term treatment of methylmalonic aciduria includes a restricted 
protein diet to minimize production of propionyl-CoA from branched-chain 
amino acids, and IM cobalamin in patients that are clinically cobalamin-
responsive. Both cyanocobalamin and hydroxocobalamin have been used 
successfully; treatment with adenosylcobalamin does not appear to have any 
advantage over these forms (Batshaw et al. 1984). Carnitine is used to prevent 
carnitine deficiency, and antibiotics may be given to decrease production of 
propionic acid by gut flora. Despite these treatments, MMA levels remain 
markedly elevated, and episodes of decompensation continue to occur. In 
addition to renal transplantation in patients with end-stage renal failure, 
liver transplantation (combined liver and kidney transplantation in patients 
with end-stage renal failure) has been advocated to increase metabolic control 
and prevent metabolic decompensation. Successful transplantation has been 
associated with decreased, but not normal, levels of MMA and improved 
metabolic control (Niemi et al. 2015; Sloan et al. 2015). However, neurological 
dysfunction and renal deterioration may continue despite the improved 
biochemical parameters.

On the basis of results of newborn screening, the estimated frequency of 
isolated methylmalonic aciduria has ranged from 1:22,000 to 1:115,000 births in 
different populations. The mut disorder is the most common form of isolated 
methylmalonic aciduria, with several hundred patients identified. Over 240 
MUT mutations have been identified, including specific mutations common in 
North American Hispanic patients, patients of African descent, and Japanese 
patients (Worgan et al. 2006). Over 120 patients with the cbla disorder, and 
over 60 patients with the cblB disorder, have been reported.

4. Isolated Homocystinuria

Methylcobalamin is generated during the catalytic cycle of methionine 
synthase, which catalyzes remethylation of homocysteine to form methionine. 
Remethylation represents one of two pathways for eliminating potentially 
harmful homocysteine: transsulfuration, with conversion of homocysteine to 
cystathionine as the first step and leading to generation of cysteine, is the other. 
Mutations affecting either pathway result in accumulation of homocysteine 
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in blood and urine. Disorders affecting remethylation result in decreased or 
low-normal levels of methionine in addition to elevated homocysteine, while 
those affecting transsulfuration (classic homocystinuria due to mutations 
affecting the CBS gene encoding cystathionine β-synthase) result in elevated 
methionine levels.

Homocysteine remethylation requires the presence of two 
proteins. Methionine synthase (5-methyltetrahydrofolate:homocysteine 
methyltransferase), encoded by the MTR gene on chromosome 1q43, catalyzes 
transfer of a methyl group from 5-methyltetrahydrofolate to enzyme-bound 
fully-reduced cob(I)alamin to form methylcobalamin, followed by transfer of 
the methyl group from methylcobalamin to homocysteine to form methionine 
and regenerate cob(I)alamin. During this catalytic cycle, cob(I)alamin may 
be spontaneously oxidized to the cob(II)alamin form; when this happens, 
methionine synthase reductase, encoded by the MTRR gene on chromosome 
5p15.31, catalyzes reductive methylation of the cobalamin prosthetic group 
using S-adenosylmethionine as methyl donor to regenerate methylcobalamin. 
Isolated cobalamin-responsive homocystinuria is caused by mutations 
affecting one or the other of these proteins: the cblG disorder (MIM 250940) is 
caused by mutations affecting the MTR gene (Gulati et al. 1996; Leclerc et al. 
1986), while the cblE disorder (MIM 236270) is caused by mutations affecting 
the MTRR gene (Leclerc et al. 1998).

Clinical presentation in the cblE and cblG disorders is virtually identical 
(Huemer et al. 2014a); differentiation requires either complementation analysis 
or sequencing of the MTR and MTRR genes. Patients usually present in the 
first year of life, but presentation later in childhood or adulthood has been 
reported. Megaloblastic anemia is almost universally present; neutropenia, 
thrombocytopenia or pancytopenia may also be observed. The presence of 
megaloblastic anemia can differentiate the cblE and cblG disorders from severe 
methylenetetrahydrofolate reductase deficiency, which also results in impaired 
homocysteine remethylation but is not characterized by megaloblastosis. 
Neurological findings are usually prominent, with developmental delay, 
cerebral atrophy, microcephaly, hypotonia, seizures and EEG abnormalities, 
hydrocephalus, ataxia and psychiatric symptoms all described; however, 
patients with no neurological findings have been reported (Vilaseca et al. 2003). 
Hypotonia may be a more frequent finding in the cblG disorder compared to 
the cblE disorder (Huemer et al. 2014a). Atypical hemolytic uremic syndrome 
and glomerulopathy have been described in some patients (Paul et al. 2013; 
Huemer et al. 2014a).

Serum total homocysteine is elevated in patients with the cblE and cblG 
disorders; values in the range of 30–250 µM have been reported (reference 
< 14 µM). These levels are higher than those typical of dietary cobalamin 
deficiency but lower than those typical of cystathionine β-synthase deficiency. 
Serum methionine is decreased or in the low-normal range. Serum and 
urine MMA and serum cobalamin levels are within the reference range. In 
cultured patient fibroblasts, synthesis of methylcobalamin from exogenous 
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cyanocobalamin is decreased and methionine synthase function is reduced. 
Methionine synthase specific activity in extracts of patient cells is decreased 
under all assay conditions in the cblG disorder. In cblE fibroblast extracts, 
methionine synthase specific activity is within the reference range when the 
assay is performed under standard conditions, which include saturating 
levels of reducing agent, but is decreased compared to control extracts when 
the concentration of reducing agent is reduced (Watkins and Rosenblatt 1988; 
Watkins and Rosenblatt 1989).

Treatment of these disorders involves supplementation with cobalamin. 
Both cyanocobalamin and hydroxocobalamin, given orally or IM, have been 
effective. There has been no consensus on appropriate dosage. Oral betaine 
is used to reduce homocysteine level; betaine is the substrate for the liver 
enzyme betaine:homocysteine methyltransferase, which catalyzes cobalamin-
independent homocysteine remethylation. Folate (folic acid or folinic acid) 
and methionine have also been given to some patients. With treatment, total 
homocysteine is reduced but remains above the reference range. Most patients 
continue to experience neurological deficits despite treatment. Longer delay 
between onset of clinical symptoms and starting treatment is associated with 
poorer outcome, emphasizing the importance of early treatment (Huemer et 
al. 2014). A patient diagnosed prenatally and treated with hydroxocobalamin 
during pregnancy and after birth has been less severely affected than his older 
brother (Rosenblatt et al. 1985). 

Approximately 35 patients with the cblE disorder have been reported, 
and 28 different MTRR mutations have been described. The most common 
of these is a deep intronic sequence change, c.903+469T>C, which results in 
incorporation of 140 bp of intronic sequence into mRNA (Homolova et al. 2010). 
A c.1361C>T (p.S454L) mutation may be associated with a mild variant lacking 
neurological involvement (Vilaseca et al. 2003). Forty-seven cblG patients have 
been described, with 39 different MTR mutations identified. The most common 
is a c.3518C>T (p.P1173L) mutations which that represents approximately 27% 
of reported mutant alleles (Watkins et al. 2002).

5. Combined Methylmalonic Aciduria and Homocystinuria

Patients with defects affecting synthesis of both cobalamin coenzyme 
derivatives have elevated levels of both MMA and homocysteine in blood and 
urine. The frequency of combined methylmalonic aciduria and homocystinuria, 
determined by newborn screening, ranges from 1:59,000 to 1:71,000. The cblC 
disorder is by far the most frequent cause of combined methylmalonic aciduria 
and homocystinuria.

5.1 Transcobalamin receptor deficiency (MIM 613646)

Sequence variants in the CD320 gene on chromosome 19p13.2, which encodes 
the transcobalamin receptor, have been identified and have been shown to 
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reduce endocytosis of the cobalamin-transcobalamin complex (Quadros et 
al. 2010). Affected individuals typically have some degree of methylmalonic 
aciduria and homocystinuria. However, levels are not as high as seen in 
patients with other inborn errors of cobalamin metabolism, and no consistent 
clinical picture has been described. One individual homozygous for a 
c.262_264delGAG mutation was reported to have bilateral retinal occlusions, 
possibly the result of elevated total serum homocysteine (Karth et al. 2012). 
On the other hand, the same mutation has been described as a polymorphism 
in the Irish population, and asymptomatic homozygous individuals have 
been detected (Pangilinan et al. 2010). Currently it is not clear that any clinical 
disorder is consistently associated with CD320 mutations.

5.2 cblF (MIM 277380) and cblJ (MIM 614857)

Transport of endocytosed cobalamin across the lysosomal membrane into the 
cytoplasm is impaired in patients with the cblF and cblJ disorders. Fibroblasts 
from patients with either disorder are characterized by accumulation of 
unmetabolized cobalamin in lysosomes with decreased synthesis of both 
adenosylcobalamin and methylcobalamin and decreased function of both 
cobalamin-dependent enzymes (Rosenblatt et al. 1985; Coelho et al. 2012). 
Patients typically have elevated levels of both MMA and homocysteine in 
blood and urine. Serum cobalamin levels are frequently low, possibly reflecting 
involvement of lysosomes in transit of absorbed cobalamin across enterocytes.

Patients with the cblF disorder have had variable clinical presentations. 
Findings recorded in more than one patient have included megaloblastic 
anemia, feeding difficulties, failure to thrive, developmental delay, persistent 
stomatitis, congenital heart defects and mild facial dysmorphology. Fifteen 
patients have been reported. Mutations in the LMBRD1 gene on chromosome 
6q13 (Rutsch et al. 2009) have been identified in all cases. A common c.1056delG 
(p.L352fsX18) LMBRD1 mutation has been identified in patients from several 
ethnic groups and represents approximately two-thirds of mutant alleles in 
patients with the disorder.

cblF patients have been treated with IM or oral hydroxocobalamin or 
cyanocobalamin. This has usually resulted in normalization of biochemical and 
hematological parameters. Betaine, carnitine, folic acid and protein restriction 
have been utilized in some cases. Most patients have had good neurologic 
development on treatment. One patient treated with monthly injections of 
cyanocobalamin for several years was found at 14 years of age to have elevated 
serum MMA and total homocysteine, but no apparent hematologic, neurologic 
or developmental problems (Oladipo et al. 2011).

The two initial patients reported with the cblJ disorder had presentation 
early in life. One, detected by newborn screening, had feeding difficulties, 
hypotonia, lethargy and bone marrow suppression, while the second had 
feeding difficulties, macrocytic anemia and congenital heart defects (Coelho 
et al. 2012). Two Taiwanese patients were subsequently reported with later 
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presentation (4 and 6 years of age). Both patients had skin hyperpigmentation 
and prematurely gray hair. One patient complained of occasional dizziness and 
headaches; the second presented with no symptoms beyond the skin and hair 
abnormalities. In both cases macrocytic anemia, hyperhomocysteinemia, and 
methylmalonic aciduria were present although in the second case these were 
looked for only after the causative gene had been identified by whole exome 
sequencing (Kim et al. 2012; Takeichi et al. 2015). Mutations in the aBCD4 
gene on chromosome 14q14.3 were identified in all reported cblJ patients by 
whole exome sequencing (Coelho et al. 2012; Kim et al. 2012; Takeichi et al. 
2015). The Taiwanese patients were both homozygous for the same c.423C>G 
(p.Asn141Lys) mutation.

5.3 cblC (MIM 277400)

The cblC disorder is the most common inborn error of cobalamin metabolism, 
with at least 550 patients identified. It is the result of mutations in the 
MMaCHC gene on chromosome 1p34.1 (Lerner-Ellis et al. 2006), which encodes 
a protein that binds cobalamin after its release from the lysosome and catalyzes 
removal of the upper axial ligand if one is present. Cells from cblC patients 
take up cobalamin but do not accumulate the vitamin within the cell, possibly 
because cobalamin that does not become associated with methylmalonyl-
CoA mutase or methionine synthase cannot be retained. Synthesis of both 
cobalamin coenzyme derivatives is impaired, with reduced function of both 
methylmalonyl-CoA mutase and methionine synthase. 

Patients with the cblC disorder have increased levels of both MMA and 
homocysteine in blood and urine, in the presence of serum vitamin B12 levels 
within the reference range. Serum MMA levels in the range of 100 µM (reference 
< 0.27 µM) are typical, with urine MMA 500–10,000 mg/g creatinine (reference 
< 3 mg/g creatinine). Plasma total homocysteine values in excess of 100 µM 
have been reported (reference < 14 µM) (Carrillo-Carrasco et al. 2012). Clinical 
presentation is quite variable. Most patients present within the first year of life 
with megaloblastic anemia (and in some cases neutropenia, thrombocytopenia 
or pancytopenia), failure to thrive, feeding difficulties, developmental delay, 
and neurological findings that can include EEG abnormalities and seizures, 
hypotonia, hydrocephalus, cerebral (or less frequently, cerebellar) atrophy, 
microcephaly and white matter disease (Rosenblatt et al. 1997; Carrillo-
Carrasco et al. 2012; Carrillo-Carrasco and Venditti 2012; Fischer et al. 2014). 
Ophthalmologic changes are frequently associated with the cblC disorder, 
particularly early-onset cases, including a progressive, infantile onset “bull’s 
eye” maculopathy (with a hypopigmented perimacular zone surrounded 
with a hyperpigmented ring) and a salt-and-pepper pigmentary retinopathy 
(Schimel and Mets 2006; Weisfeld-Adams et al. 2015). A review of published 
cases found evidence of maculopathy in 60% of early-onset cblC patients; 
70% had nystagmus (Weisfeld-Adams et al. 2015). Optic atrophy (26%) and 
strabismus (21%) were seen less frequently.
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There has been evidence of effects during the prenatal period in some 
patients, including intrauterine growth retardation (Robb et al. 1984), 
congenital heart defects (Profitlich et al. 2009) and mild facial dysmorphology 
(Cerone et al. 1999).

Later onset forms of the disorder have been difficult to diagnose due to 
non-specificity of findings at presentation (Huemer et al. 2014b). Presentation 
can occur during childhood, adolescence or adulthood (Shinnar and Singer 
1984; Mitchell et al. 1986; Powers et al. 2001; Thauvin-Robinet et al. 2008). 
Asymptomatic individuals have been identified following diagnosis of 
the disorder in a sibling (Gold et al. 1996) or after identification of low 
carnitine levels on newborn screening of an unaffected infant (Lin et al. 
2009). Neurological findings, including cognitive decline, seizures, ataxia, 
neuropathy, myelopathy, encephalopathy, or cerebral atrophy are often present 
in late-onset patients, but several have had no neurological findings (Huemer 
et al. 2014b). Several patients have presented with psychiatric problems. 
Atypical hemolytic uremic syndrome (renal thrombotic microangiopathy), 
often accompanied by pulmonary arterial hypertension, has been identified 
in a number of patients, most of which did not have neurological findings 
(Kömhoff et al. 2013). Macrocytosis with or without anemia has been identified 
in fewer than half of late-onset cases (Huemer et al. 2014b). 

Treatment of the cblC  disorder typically includes parenteral 
hydroxocobalamin and oral betaine; folinic acid and carnitine are also 
frequently given although their effectiveness is not established (Carrillo-
Carrasco et al. 2012). Hydroxocobalamin has been shown to be more effective 
than cyanocobalamin in some cblC patients (Andersson and Shapira 1998). 
Treatment usually results in correction of biochemical and hematological 
symptoms, although extremely high dosages of hydroxocobalamin may be 
necessary for complete normalization of biochemical parameters (Carrillo-
Carrasco et al. 2009); response of neurological symptoms is typically 
incomplete, and most early-onset patients are left with some degree of 
neurological dysfunction. Ocular manifestations of the disorder do not appear 
to respond to therapy (Weisfeld-Adams et al. 2015). Prognosis is better for 
patients with late-onset disease than those with onset during the first year of 
life, and many patients with early-onset disease have not survived despite 
treatment (Rosenblatt et al. 1997; Fischer et al. 2014). It is critical that treatment 
be started as early in life as possible; the effects of early identification of 
affected infants by newborn screening using tandem mass spectroscopy on 
disease severity and patient survival are not yet known. Two patients that were 
diagnosed and treated prenatally have had generally good outcomes compared 
to their affected siblings, although one developed nystagmus, hyperpigmented 
retinopathy and hypotonia (Huemer et al. 2005; Zhang et al. 2008). 

Identification of large numbers of cblC patients has allowed recognition 
of genotype-phenotype correlations. Homozygosity for the c.271dupA or 
c.331C>T MMaCHC mutation was associated with early-onset disease, while 
homozygosity for the c.394C>T mutation was associated with later-onset 
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disease (Morel et al. 2006). Heterozygosity for mutations affecting the guanidine 
residue at position 276 of the gene has been associated with combined atypical 
hemolytic uremic syndrome and pulmonary arterial hypertension in a Dutch 
population (Kömhoff et al. 2013). The c.271dupA mutation occurs frequently 
in populations of European origin, representing nearly half of identified causal 
MMaCHC alleles in such populations. In Chinese populations, this allele is 
rare and the c.609G>A represents approximately half of identified causal 
alleles (Liu et al. 2010).

The California newborn screening program has identified a higher 
incidence of the cblC disorder than had been apparent when affected individuals 
were identified when they became clinically symptomatic (Cusmano-Ozog et 
al. 2007). This suggests that a significant number of patients identified on 
newborn screening may have a late-onset form of the disease or will remain 
clinically asymptomatic. 

5.4 cblD (MIM 277410)

The cblD disorder was originally identified in 1970 in two brothers with 
combined methylmalonic aciduria and homocystinuria and relatively mild 
neurological problems. The phenotype of fibroblasts from the brothers was 
indistinguishable from that of cells of cblC patients, but complementation 
analysis established that a different locus was affected (Willard et al. 1978). No 
additional patients with the disorder were recognized until 2004, when it was 
demonstrated that cblD patients could have quite different presentations: some 
patients had combined methylmalonic aciduria and homocystinuria, but others 
had isolated methylmalonic aciduria or homocystinuria. Complementation 
analysis demonstrated that all these patients had mutations affecting the same 
locus (Suormala et al. 2004). The underlying gene, MMaDHC on chromosome 
2q23.2, was subsequently identified (Coelho et al. 2008). Analysis of mutations 
identified in cblD patients with different presentations identified a relationship 
between type and location of mutations in the MMaDHC gene and phenotype, 
leading to a hypothesis explaining genotype-phenotype correlation. Nonsense 
mutations in the 5’ region of the gene result in early termination of translation 
and reinitiation of at one of two in-phase alternate start sites (codons 62 or 116) 
and production of a message lacking a mitochondrial translocation sequence 
but retaining cytoplasmic function, allowing synthesis of methylcobalamin; 
patients with this type of mutation present with isolated methylmalonic 
aciduria. Patients with missense mutations downstream of the alternative 
start site at codon 116 produce a protein that contains the mitochondrial 
translocation sequence but lacks cytoplasmic function; these patients present 
with isolated homocystinuria. Patients with nonsense mutations downstream 
of codon 116 produce no functional MMADHC protein and present with 
combined methylmalonic aciduria and homocystinuria (Coelho et al. 2008).

Nineteen patients with the cblD disorder have been described, including 
5 with combined methylmalonic aciduria and homocystinuria, 7 with isolated 
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homocystinuria and 7 with isolated methylmalonic aciduria (Atkinson et al. 
2014). A patient with isolated methylmalonic aciduria originally described 
as a novel complementation class designated cblH (Watkins et al. 2000) was 
subsequently shown to have the cblD disorder (Coelho et al. 2008). Fifteen 
different MMADHC mutations have been identified, all present in only one 
or two families.

5.5 cblX (MIM 309541)

Among patients that received a diagnosis of the cblC disorder based on 
complementation analysis, a small number have not had any MMaCHC 
mutations on sequence analysis. Whole exome sequencing of genomic DNA 
from one male patient in this group identified a hemizygous mutation in the 
HCFC1 gene on chromosome Xq28 (Yu et al. 2013). Subsequently, sequence 
analysis identified causal HCFC1 mutations in 14 additional male patients, all 
affecting residues in the Kelch domain of the HCFC1 protein (Yu et al. 2013; 
Gérard et al. 2015). HCFC1 encodes a transcription co-regulator that forms 
part of a complex previously implicated in control of progress through the cell 
cycle; its role in regulation of cobalamin metabolism remains uncharacterized. 

Clinically, patients with the cblX disorder tend to have a less severe 
metabolic defect than that observed in cblC patients, but have a more severe 
neurological phenotype, with severe developmental delay, intractable seizures 
and EEG abnormalities, choreoathetosis and microcephaly. Onset of symptoms 
frequently occurs in utero, with intrauterine growth retardation, nuchal 
lucencies on ultrasound, and congenital microcephaly reported (Yu et al. 2013; 
Gérard et al. 2015). Since the cblX disorder is inherited in an X-liked recessive 
manner, genetic counseling is different from that for the other inborn errors 
of cobalamin metabolism, which are all inherited in an autosomal recessive 
manner.

Keywords: Inborn errors, Methylmalonic acid, Homocysteine, Methionine,
Somatic cell genetics, Megaloblastic anemia

Abbreviations 

ABCD4 : product of the aBCD4 gene 
AdoCbl : adenosylcobalamin 
ATR : cobalamin adenosyltransferase (product of the  

MMaB gene) 
Cbl : cobalamin 
cbl+ : cob(I)alamin 
cbl++ : cob(II)alamin 
HCFC1 : product of the HCFC1 gene, host factor 1 
LMBD1 : product of the LMBRD1 gene 
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MCM : methylmalonyl-CoA mutase (product of the 
MUT gene) 

MeCbl : methylcobalamin 
MMAA : product of the MMaa gene 
MMACHC : product of the MMaCHC gene 
MMADHC : product of the MMaDHC gene 
MTR : methionine synthase (product of the MTR gene) 
MTRR : methionine synthase reductase (product of the 

MTRR gene) 
TC : transcobalamin 
TCblR : transcobalamin receptor 
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5
Conditions and Diseases that 
Cause Vitamin B12 Deficiency

Form Metabolism to Diseases

Emmanuel Andrès

1. Introduction

Although vitamin B12 was isolated almost 60 years ago, its metabolism 
remains incompletely defined. In practice, cobalamin metabolism is complex 
and requires many processes and steps, any one of which, if not present, 
may lead to vitamin B12 deficiency (Nicolas and Gueant 1994; Markle 1996). 
Table 1 describes through a synthetic view the different stages of vitamin B12 
metabolism used in clinical practice and the corresponding causes of cobalamin 
deficiency (Andrès et al. 2004; Stabler 2013).

The present review summarizes the current knowledge on vitamin B12 
metabolism and metabolic pathways in a clinical perspective, with a focus on 
the etiologies of cobalamin deficiency, especially in adult.

2. Vitamin B12 Ingestion and related disorders

2.1 Vitamin B12 sources and dietary recommendations 

Vitamin B12 is produced exclusively by microbial synthesis in the digestive 
tract of animals. Therefore, animal products are the main sources of vitamin 
B12 in the human diet, in particular organ meats (liver, kidney) (Markle 1996; 
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Andrès et al. 2004; Stabler 2013). Other good sources are fish, eggs and dairy 
products. In foods, hydroxo-, methyl- and 5’-deoxyadenosyl-cobalamins are 
the main cobalamins present.

A typical Western diet contributes 3–30 µg of cobalamin per day. The 
Food and Nutrition Board of the US institute of Medicine recommends dietary 
allowance of 2.4 µg per day for adults and 2.6 to 2.8 µg per day during 
pregnancy (Medicine 1998). The RDA did not distinguish between adults and 
elderly people though it is questionable whether an intake of 2.4 µg per day 
can maintain cobalamin status in elderly people with malabsorption. 

2.2 Malnutrition and vegetarianism

Vitamin B12 deficiency caused by limited intake of vitamin dietary sources 
(which requires any animal product intake) is rare, even exceptional, in general 
population. Dietary causes of cobalamin deficiency are common in elderly 
people who are already malnourished, such as elderly patients in psychiatric 
hospitals (Matthews 1995) or those living in institutions who may consume 
inadequate amounts of vitamin B12-containing foods. This is also the case of 
certain groups of patients, especially patients who ingest a strict vegetarian diet 
(Pawlak et al. 2014). However, an inadequate intake is not the only explanation 
for the common cobalamin deficiency in elderly population. Food-cobalamin 
malabsorption is a significant participating factor in elderly people. 

Studies focusing on elderly people, particularly those who are in 
institutions or who are sick and malnourished have suggested a vitamin B12 

Table 1. Stages of vitamin B12 metabolism and corresponding causes of cobalamin deficiency 
(Dali-Youcef and Andrès 2009). 

Stages and actors in cobalamin metabolism Causes of cobalamin deficiency

Intake solely through food - Strict vegetarianism or poor diet, critically 
ill patients, elderly in institutions or in 
psychiatric hospitals

Digestion brings into play:

- Haptocorrin
- Gastric secretions (hydrochloric acid and 

pepsin)
- Intrinsic factor
- Pancreatic and biliary secretions
- Enterohepatic cycle 

- Gastrectomies
- Pernicious anemia
- Food-cobalamin malabsorption

Absorption brings into play:

- Intrinsic factor
- Cubilin, amionless 
- Calcium and energy

- Ileal resections and malabsorption
- Pernicious anemia
- Food-cobalamin malabsorption

Transport by transcobalaminII - Congenital deficiency in transcobalamin II

Intracellular metabolism based on various 
intracellular enzymes

- Congenital deficiency in various 
intracellular enzymes (see Chapter 4)
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deficiency prevalence of 30–40% (Matthews 1995; van Asselt et al. 2000). The 
Framingham study demonstrated a prevalence of 12% among elderly people 
living in the community (Lindenbaum et al. 1994). Using stringent definition, 
we found that vitamin B12 deficiency had a prevalence of 5% in a group of 
patients followed or hospitalized in a tertiary reference hospital (Andrès et 
al. 2004).

In developing countries, in sub-Sahara (with marasmus kwashiorkor) 
or in several Latino countries, malnutrition may be one of or be the leading 
cause of cobalamin deficiency. 

In practice, the diagnosis is based on patient interview and a comprehensive 
dietary survey (at least 1 week).

3. Food-cobalamin digestion

3.1 Physiology of cobalamin absorption

Dietary vitamin B12, which is bound to proteins in food, is released in the 
acidic environment of the stomach where it is rapidly complexed to the binding 
protein and transporter haptocorrin (HC), also referred to as the R-binder or 
transcobalamin I (Figure) (Nicolas and Gueant 1994; Dali-Youcef and Andrès 
2009). About 80% of circulating vitamin B12 are bound to HC and serum 
cobalamin levels show positive correlation to serum HC concentrations.

Although some unexplained low serum cobalamin concentrations were 
reported to be caused by mild to severe HC deficiencies, these abnormalities 
were not accompanied by clinical manifestations of cobalamin deficiency 
(Carmel 1983; Carmel 2003).

Cobalamin continues its route in the gastrointestinal track and dissociates 
from HC under the action of pancreatic proteases, followed by its association 
in the intestine with the intrinsic factor (also known as the S-binder) which is 
essential for ileal absorption of cobalamin (Figure) (Nicolas and Gueant 1994; 
Dali-Youcef and Andrès 2009). The intestinal absorption of cobalamin into 
the enterocytes takes place in the terminal ileum via intrinsic factor receptor 
cubilin. The amount of acid secretion in the gastrointestinal tract plays a critical 
role in binding of cobalamin to its transporting proteins. 

Indeed, homozygous nonsense and missense mutations in the gene 
encoding the gastric intrinsic factor GIF were reported to cause hereditary 
juvenile cobalamin deficiency (Tanner et al. 2005). This metabolism step is also 
implicated in the physiopathology of the so called pernicious anemia (see the 
next section) (Nicolas and Gueant 1994).

3.1.1 Food-cobalamin malabsorption

Food-cobalamin malabsorption (FCM) is a syndrome characterized by the 
inability of the body to release cobalamin from food or intestinal transport 
proteins (“maldigestion”), particularly in the presence of hypochlorhydria 



118 Vitamin B12: advances and insights

(Andrès et al. 2005; Carmel 1995). Ralph Carmel first characterized FCM in 
cases of subtle cobalamin deficiencies (Carmel 1995). In our experience, this 
syndrome accounted for 60 to 70% of cases of mild to severe vitamin B12 
deficiency in elderly patients (Andrès et al. 2000). The principal characteristics 
of this syndrome are listed in Table 2. 

Figure. (A): Structure of vitamin B12. (B): Various steps of vitamin B12 (cobalamin [cbl]) 
metabolism. Dietary vitamin B12 is absorbed in food bound to proteins and undergo acidic 
gastric digestion. The released cbl is attached to the R-binder haptocorrin and transported to the 
intestine following pancreatic proteases processing. The unbound cbl is then associated in the 
gut with the gastric-produced intrinsic factor (IF). This association is necessary for intestinal cbl 
absorption through a complex of endocytic receptors and proteins, including the endocytic receptor 
cubilin (CUBN) and the apical membrane protein amnionless (AMN), which is stabilized by two 
other proteins, namely the receptor megalin/LRP-2 and its binding protein receptor associated 
protein (RAP) which also binds to cubilin. After it absorption free cobalamin reaches the systemic 
circulation where it associates with transcobalamin II (TCII) and subsequently the cbl-TCII complex 
is uptaken in cells through it binding to megalin/LRP-2 and TCII receptor (TCII-R). Intracellularly, 
the complex is dissociated following lysosomal digestion. Part of cbl serves as a cofactor for the 
methionine synthase (MS) mediated transformation of homocysteine into methionine and for 
methyl-tetrahydrofolate reductase-mediated formation of tetrahydrofolate (THF) a precursor of 
purine and pyrimidine necessary for nucleic acid synthesis. The other fraction of cbl reaches the 
mitochondria where it forms adenosyl-cbl, a cofactor for the methyl-malonyl mutase-mediated 
catabolism of methyl-malonyl coA. (C): Mutations in genes encoding the intrinsic factor, cubilin, 
amnionless or transcobalamin II or its receptor provoke defects in cbl absorption and/or cellular 
uptake which translates into functional cbl deficiency and its clinical manifestations.
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FCM is caused primarily by atrophic gastritis (Andrès et al. 2005). Other 
factors that contribute to FCM are: chronic infection with Helicobacter pylori 
and intestinal microbial proliferation, situations in which cobalamin deficiency 
can be corrected by antibiotic treatment (Andrès et al. 2005; Kaptan et al. 2000); 
long-term ingestion of antiacids such as H2-receptor antagonists and proton-
pump inhibitors, particularly among patients with Zollinger-Ellison syndrome 
(Jung et al. 2015), and long term intake of biguanides (metformin) (Bauman 
et al. 2000; Andrès et al. 2002). In addition, other FCM inducers include: 
chronic alcoholism, especially in malnourished patients; surgery or gastric 
reconstruction (e.g., bypass surgery for obesity); partial exocrine pancreatic 
failure; and rarely Sjögren’s syndrome or systemic sclerosis (Andrès et al. 2005).

It is to note that in case of FCM, patients can absorb “unbound” cobalamin 
through intrinsic factor or passive diffusion mechanisms (Dali-Youcef and 
Andrès 2009; Andrès et al. 2005). Thus the recognition of the syndrome permits 
new developments of oral cobalamin therapy using free crystalized cobalamin 
that is readily absorbed (Andrès et al. 2008).

In practice, the diagnosis of FCM is to date based on the exclusion of the 
main others causes of vitamin B12 deficiency, in connection with the fact that 
the Schilling’s test is no longer currently available (Stabler 2013). Health care 
providers need to be aware of FCM, since it is easy to treat and treatment can 
prevent serious late consequences of vitamin B12 deficiency. 

3.2 Vitamin B12 absorption

3.2.1 Physiology

Absorption depends mainly on intrinsic factor (IF), which is secreted by the 
gastric mucosa. IF binds cobalamin forming a complex that is absorbed by the 

Table 2. Food-cobalamin malabsorption syndrome (Andrès et al. 2005). 

Criteria for food-cobalamin 
malabsorption

Associated conditions or agents

- Low serum cobalamin (vitamin B12) 
levels

- Normal results of Schilling test using 
free cyanocobalamin labeled with 
cobalt-58 or abnormal results of derived 
Schilling test ‡

- No anti-intrinsic factor antibodies
- No dietary cobalamin deficiency

- Gastric disease: atrophic gastritis, type A 
atrophic gastritis, gastric disease associated 
with Helicobacter pylori infection, partial 
gastrectomy, gastric by-pass, vagotomy

- Pancreatic insufficiency: alcohol abuse
- Gastric or intestinal bacterial overgrowth: 

achlorhydria, tropical sprue, Ogilvie’s 
syndrome, HIV

- Drugs: antacids (H2-receptor antagonists 
and proton pump inhibitors) or biguanides 
(metformin)

- Alcohol abuse
- Sjögren’s syndrome, systemic sclerosis
- Ageing or idiopathic

‡ Derived Schilling tests use food-bound cobalamin (e.g., egg yolk, chicken and fish proteins).
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terminal ileum (Figure) (Nicolas and Gueant 1994; Dali-Youcef and Andrès 
2009). This mechanism is responsible for at least 60% absorption on oral 
cobalamin (Nicolas and Gueant 1994). This complex is located at the apical 
side of brush-border membranes (BBMs) of polarized epithelia, such as the 
intestinal apical BBM.

It consists of the intrinsic factor-vitamin B12 receptor named cubilin, a  
460 kDa peripheral membrane glycoprotein, encoded by the CUBN gene 
which was mapped to chromosomal region 10p12.33-p13 (Kozyraki et al. 
1998), and the 48 kDa amnionless (AMN) protein encoded by the aMN gene, 
a gene essential for mouse gastrulation and localized on human chromosome 
14 (Fyfe et al. 2004).

The human megalin/gp330/LRP-2 receptor, encoded by the LRP-2 gene 
located on chromosome 2q24-q31 (Saito et al. 1994), is a giant endocytic 
receptor (600 kDa) of the low-density lipoprotein receptor (LDLR) family 
that was strongly suggested to play an important role in the stability of the 
cubilin/AMN complex (Dali-Youcef and Andrès 2009; Ahuja et al. 2008). 
It is noteworthy that ligands for megalin include apoE, lipoprotein lipase, 
lactoferrin, receptor-associated protein (RAP) among other proteins and 
that this interaction is Ca2+-dependent (Dali-Youcef and Andrès 2009; 
Moestrup et al. 1996). Cubilin and megalin are also expressed in the apical 
side of proximal tube and are considered responsible for cobalamin reuptake 
into the circulation. Importantly, the endoplasmic reticulum (ER) localized  
39 kDa protein RAP, which binds to all members of the LDLR family but also 
in a region contiguous to the cobalamin-intrinsic factor binding region on 
the cubilin protein (Dali-Youcef and Andrès 2009; Birn et al. 1997), allows the 
processing of megalin where it binds to the newly synthesized megalin receptor 
in the ER and prevents the early binding of ligands and the aggregation of 
megalin receptors (Birn et al. 1997; Kristiansen et al. 1999; Christensen and 
Birn 2002).

3.2.2 Biermer’s or Addison’s disease

In adults, vitamin B12 deficiency is classically caused by Biermer’s also 
named Addison’s disease, formerly known as pernicious anemia (Rojas 
Hernandez and Oo 2015; Toh et al. 1997). This disorder is an auto-immune 
disease characterized by: the destruction of the gastric mucosa, especially 
fundal, associated with a primarily cell-mediated auto-immune process; and 
the presence of various antibodies, especially anti-intrinsic factor antibodies 
and gastric parietal anti-cell antibodies that target the H+/K+ ATPase α and 
ß subunits (Rojas Hernandez and Oo 2015; Toh et al. 1997). Pernicious anemia 
has a genetic component (Rojas Hernandez and Oo 2015). Pernicious anemia 
is associated with other immunologic diseases such as Sjögren’s syndrome, 
Hashimoto’s disease, type 1 diabetes mellitus, and celiac disease (Rojas 
Hernandez and Oo 2015; Andrès et al. 2006).
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In our experience, Biermer’s disease accounted for 30 to 40% of cases 
of cobalamin deficiency in adults, and more than 60% in severe vitamin 
B12 deficiencies (Stabler 2013). In this later situation, hematological (e.g., 
macrocytic anemia) or psycho-neurological manifestations (e.g., medullar 
combined sclerosis) are commonly observed (Andrès et al. 2006).

In practice, the diagnosis of Biermer’s or Addison’s disease is based on 
the presence of intrinsic factor antibodies in serum (specificity > 98% and 
sensitivity around 50%) or biopsy-proven autoimmune atrophic gastritis (Table 
3) (Nicolas and Gueant 1994; Rojas Hernandez and Oo 2015). The presence 
of Helicobacter pylori infection in gastric biopsies is an exclusion factor. It is 
important to note that of Biermer’s disease require a long term gastric follow-
up (upper-endoscopy with biopsies, every year in case of gastric lesions or 
every 2 to 5 years in the absence of detectable lesion), because this disorder 
favors the emergence of various cancers of the stomach (Nicolas and Gueant 
1994; Stabler 2013).

Table 3. Biermer or Addison’s disease (Nicolas and Gueant 1994; Rojas Hernandez and Oo 2015; 
Andrès et al. 2006). 

Criteria for Biermer disease
(pernicious anemia)

Associated conditions 

- Low serum cobalamin (vitamin B12) levels
- Abnormal results of Schilling test using free 

cyanocobalamin labeled with cobalt58 ‡ 
- Presence of anti-intrinsic factor antibodies 

(sensibility of 50%, specificity > 98%)
- Presence of an auto-immune gastritis (especially 

fundal), with absence of Helicobacter pylori in the 
status phase of the disease

- Auto-immune disorders as: Sjögren’s 
syndrome, Hashimoto’s disease, type 
1 diabetes mellitus, and celiac disease

- Predisposition of gastric cancer

‡ Schilling test is not used anymore in clinical practice.

3.2.3 Cobalamin malabsorption

Since the 1980s, the prevalence of vitamin B12 malabsorption declined, owing 
mainly to the decreasing frequency of gastrectomy (due to the provision 
of antacid drugs) and terminal small intestine surgical resection (Stabler 
2013; Dali-Youcef and Andrès 2009). Several disorders commonly seen in 
gastroenterology practice might, however, be associated with cobalamin 
malabsorption. These disorders include exocrine pancreas’ function deficiency 
following chronic pancreatitis (usually alcoholic), lymphomas or tuberculosis 
(of the intestine), celiac disease, Crohn’s disease, Whipple’s disease, and 
uncommon celiac disease (Stabler 2013). 

In practice, the diagnosis is based on patient interview, a full clinical 
examination and digestive explorations in doubt. 
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3.2.4 Genetic disorders of cobalamin malabsorption 

The endocytic receptor cubilin comprises a short N-terminal region followed 
by 8 epidermal growth factor (EGF) repeats and a large cluster of 27 CUB 
domains. Deletion mutant and immunoprecipitation experiments identified 
the CUB1-8 region as the binding domain for the vitamin B12-IF complex and 
the overlapping CUB13 and 14 domains as the binding region for the RAP 
protein (Dali-Youcef and Andrès 2009; Moestrup et al. 1996; Birn et al. 1997; 
Kristiansen et al. 1999; Christensen and Birn 2002).

Mutations in CUBN were reported to cause hereditary megaloblastic 
anemia 1 (MGA1), a rare autosomal recessive disorder affecting human subjects 
with neurological symptoms and juvenile megaloblastic anemia (Grasbeck 
1960; Aminoff et al. 1999; Kristiansen et al. 2000). Two principal mutations 
were identified in Finnish patients (FM), a 3916C®T missense mutation 
named FM1 changing a highly conserved proline to leucine (P1297L) in CUB 
domain 8, suggesting that this proline is functionally crucial in cubilin, and 
one point mutation (FM2) in the intron interrupting CUB domain 6 responsible 
for in-frame insertions producing truncated cubilin. Interestingly normal 
size cubulin protein was identified in urine samples from homozygous FM1 
patients, whereas a complete absence of the protein was reported in a patient 
homozygous for the FM2 mutation (Dali-Youcef and Andrès 2009; Aminoff 
et al. 1999).

Other mutations were also uncovered but were subsequently identified 
as polymorphisms after their detection in normal individuals in the general 
population. The cubilin P1297L mutation associated with hereditary MGA1 
was reported to cause impaired recognition of the cobalamin-IF complex by 
cubilin (Kristiansen et al. 2000).

Moreover, mutation in aMN was reported in recessive hereditary 
MGA1 (Dali-Youcef and Andrès 2009; Kristiansen et al. 2000) and hence 
was demonstrated to be crucial for a functional cobalamin-IF receptor 
(Dali-Youcef and Andrès 2009). This study demonstrated that homozygous 
mutations affecting exons 1-4 of the human aMN gene translated into selective 
malabsorption of vitamin B12, a phenotype associated with hereditary MGA1. 
Another study reported aMN deletion mutants in dogs with selective intestinal 
malabsorption of cobalamin associated with urinary loss of low molecular 
weight protein reminiscent of the human Imerslund-Gräsbeck syndrome (IGS 
a.k.a. MGA1) (Grasbeck 1960; Aminoff et al. 1999). The authors showed that 
these mutations in the aMN gene abrogated AMN expression and blocked 
cubilin processing and targeting to the apical membrane (He et al. 2005). 
The essential AMN-cubilin interaction was recapitulated and validated in a 
heterologous cell-transfection model, hence explaining the molecular basis 
of intestinal cobalamin malabsorption syndrome (Dali-Youcef and Andrès 
2009; Quadros 2010).

Of particular interest for the practitioner in this section of “malabsorption” 
is the observation that about 1 to 5% of free vitamin B12 (or crystalline 
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cobalamin) is absorbed along the entire intestine by passive diffusion (Dali-
Youcef and Andrès 2009). This absorption explains the mechanism underlying 
oral cobalamin treatment of vitamin B12 deficiencies (Andrès et al. 2010). Our 
working group has developed an effective oral treatment for FCM (Andrès et 
al. 2001) and pernicious anemia (Andrès et al. 2005) using crystalline cobalamin 
(cyanocobalamin). Oral cobalamin has been proposed as a way of avoiding 
the discomfort, inconvenience and cost of monthly injections.

3.3 Cobalamin transport to blood and tissues

3.3.1 Physiology

After vitamin B12 is absorbed at the BBM-blood barrier, it dissociates from the 
intrinsic factor and reaches the systemic circulation where it associates with 
transcobalamin II (TCII) (Figure) (Nicolas and Gueant 1994; Dali-Youcef and 
Andrès 2009; Quadros 2010). The kidney represents an essential organ were 
body vitamin B12 stores are maintained and studies demonstrated that the 
kidney regulates plasma vitamin B12 levels by maintaining a pool of unbound 
cobalamin that can be released in case of vitamin B12 deficiency (Dali-Youcef 
and Andrès 2009; Birn 2006). The tissular cobalamin-TCII complex uptake is 
achieved through megalin (LRP2)- and transcobalamin II receptor (TCII-R)-
mediated endocytosis which plays a crucial role in cobalamin homeostasis 
(Andrès et al. 2006; Yammani 2003).

Following cobalamin-TCII cellular uptake, TCII undergoes lysosomal 
digestion, which allows cobalamin separation from TCII and its cytoplasmic 
transfer. It has been estimated that there is a delay ranging from 5 and 10 
years between the onset of cobalamin deficiency and the appearance of clinical 
manifestations, due to large hepatic stores (> 1.5 mg) and the enterohepatic 
cycle ensuring re-absorption of the vitamin in the gastrointestinal tract (Nicolas 
and Gueant 1994; Dali-Youcef and Andrès 2009). Also the reabsorption of 
TCII-bound cobalamin in the proximal tubules limits the loss of B12 in urine.  

The average vitamin B12 content is approximately 1.0 mg in healthy adults, 
with 20–30 µg found in the kidneys, heart, spleen and brain. Estimates of 
total vitamin B12 body content for adults range from 0.6 to 3.9 mg with mean 
values of 2–  3 mg. The normal range of vitamin B12 plasma concentrations 
is 150–750 pg/ml, with peak levels achieved 8–12 hours after ingestion of a 
single dose of the vitamin.

Part of the cobalamin serves as a cofactor for methionine synthase-mediated 
homocysteine catabolism into methionine and methyltetrahydrofolate 
reductase (MTHFR)-mediated formation of the vitamin B9 biologically active 
form, tetrahydrofolate, which is then involved in the synthesis of purines and 
pyrimidines (Figure) (Dali-Youcef and Andrès 2009; Fowler 1998). The other 
part of vitamin B12 is transferred to the mitochondria where it is transformed 
into adenosyl-B12, an important cofactor in methylmalonyl-coenzyme A 
mutase-mediated formation of succinyl-CoA from methylmalonyl-CoA, the 
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product of odd-chain fatty acid and some amino acid catabolism. Hence, 
cobalamin deficiency will cause homocysteine accumulation, increased 
methylmalonyl-CoA levels and decreased MTHFR activity. These changes 
are translated into several abnormalities including folate deficiency and 
subsequent inhibition of purines and pyrimidines formation essential for RNA 
and DNA synthesis (Dali-Youcef and Andrès 2009; Quadros 2010).

3.3.2 Genetic disorders of cobalamin transport 

It is worth mentioning that TCII is responsible for the cellular uptake of B12 
in most tissues and that TC deficiency is associated with severe megaloblastic 
anemia (Li et al. 1994; Teplitsky et al. 2003) and developmental disorders (see 
Chapter 4).

Impaired megalin function has not been associated with cobalamin 
deficiency so far; however inappropriate megalin signaling has been shown 
to cause deleterious effects as a consequence of cobalamin uptake inhibition 
in tissues. This was particularly the case where mutations in the human LRP2 
gene encoding megalin were recently described to cause Donnai-Barrow 
and facio-oculo-acoustico-renal syndromes. Patients affected with these rare 
autosomal recessive disorders display severe malformations with proteinuria 
(Kantarci et al. 2007). 

The clinical manifestations of the metabolic abnormalities are hereditary 
megaloblastic anemia, neurological defects, malformations, increased 
cardiovascular thrombotic risk and renal disease, and methylmalonic acidemia 
(Dali-Youcef and Andrès 2009; Quadros 2010; Fowler 1998). Functional 
cobalamin deficiency can also be caused by defects in the intracellular 
processing of cobalamin such as abnormal lysosomal digestion of the TCII-
cobalamin complex, and subsequent defective lysosomal release of cobalamin, 
and abnormalities in intracytoplasmic cobalamin metabolism with all 
the consequences on biochemical reactions in which cobalamin acts as an 
important cofactor (Dali-Youcef and Andrès 2009; Fowler 1998). 

3.4 Treatment of cobalamin deficiency

3.4.1 Parenteral administration

The classic treatment for cobalamin deficiency is by parenteral administration 
—in most countries as intramuscular injections—in the form of cyanocobalamin 
and, more rarely, hydroxy or methyl cobalamin (Andrès et al. 2010). 
Hydroxocobalamin may have several advantages due to better tissue retention 
and storage.

However, the management concerning both the dose and schedule of 
administration varies considerably between countries (Andrès et al. 2010). In 
the USA and UK, doses of ranging from 100 to 1,000 µg per month (or every 
2–3 months when hydroxocobalamin is given) are used for the duration of 
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the patient’s life. In France, treatment, involves the administration of 1,000 
µg of cyanocobalamin per day for 1 week, followed by 1,000 µg per week for 
1 month, followed by 1,000 µg per month, again, normally for the remainder 
of the patient’s lifetime (Andrès et al. 2010). 

3.4.2 New routes of administration

Since cobalamin is absorbed by intrinsic factor-independent passive diffusion, 
daily high-dose (pharmacological dose, of at least 1,000 µg per day) oral vitamin 
B12 (cyanocobalamin) can induce and maintain remission in patients with 
megaloblastic anemia (Lane and Rojas-Fernandez 2002). In cases of cobalamin 
deficiency other than those caused by nutritional deficiency, alternative routes 
of cobalamin administration have been proposed used with good effect such 
as via the oral and nasal passages (Quadros 2010; Slot et al. 1997).

These other routes of administration have been proposed as a way of 
avoiding the discomfort, inconvenience and cost of monthly injections (Andrès 
et al. 2010).

Three studies that fulfilled the criteria of evidence based-medicine 
supported the efficacy of oral cobalamin therapy (Kuzminski et al. 1998; 
Bolaman et al. 2003; Vidal-Alaball et al. 2005). Two prospective randomized 
controlled studies comparing oral vitamin B12 versus intramuscular vitamin 
B12 treatment documented the efficacy of oral vitamin B12 as a curative 
treatment (Kuzminski et al. 1998; Bolaman et al. 2003). Kuzminski et al., in a 
prospective randomized trial including 38 patients, reported improvement of 
hematological parameters and vitamin B12 levels (mean value: 907 pg/mL), 
after 4 months of oral cyanocobalamin therapy using a much higher dose 
(i.e., 2,000 µg per day) (Kuzminski et al. 1998). Bolaman et al., in a prospective 
randomized trial of 60 patients, also reported significant improvement of 
hematological parameters and vitamin B12 levels (mean improvement: +140.9 
pg/mL), after 3 months of daily 1,000 µg of oral cyanocobalamin therapy 
(Bolaman et al. 2003).

An evidence-based analysis by the Vitamin B12 Cochrane Group supports 
the efficacy of oral vitamin B12 as a curative treatment, with a daily dose 
between 1,000 and 2,000 µg vitamin B12 (Vidal-Alaball et al. 2005). In this 
analysis, serum vitamin B12 levels increased significantly in patients receiving 
oral vitamin B12 and both groups of patients (receiving oral and intramuscular 
treatment) showed an improvement in neurological symptoms. The Cochrane 
Group concludes that daily oral therapy “may be as effective as intramuscular 
administration in obtaining short term haematological and neurological responses in 
vitamin B12 deficient patients” (Vidal-Alaball et al. 2005).

Nevertheless to our knowledge, the effect of oral cobalamin treatment 
in patients presenting with severe neurological manifestations has not yet 
been adequately documented. Thus until this has been studied, parenteral 
cobalamin therapy is still to be recommended for such patients (Andrès et 
al. 2010). 
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Our working group CaRE B12 has developed an effective oral curative 
treatment in patients presenting with food-cobalamin malabsorption and 
pernicious anemia using crystalline cyanocobalamin (Andrès et al. 2010; 
Andrès et al. 2001). In the princeps study, we prospectively studied 10 patients 
with cobalamin deficiency and well-established food-cobalamin malabsorption 
who received 3,000 or 5,000 µg of oral crystalline cyanocobalamin once a 
week for at least 3 months (Andrès et al. 2001). After 3 months of treatment, 
all patients had increased hemoglobin levels (mean increase of 1.9 g/dL; 
95% confidence interval: 0.9 to 3.9 g/dL; p < 0.01 compared with baseline), 
and decreased mean erythrocyte cell volume (mean decrease of 7.8 fL; 95% 
confidence interval: 0.9 to 16.5 fL; p < 0.001). However, 2 patients had only 
minor, if any, responses. Serum cobalamin levels were increased in all 8 patients 
in whom it was measured. 

These results were also observed in a documented population of 
patients presenting with pernicious anemia (Andrès et al. 2005). We studied 
in an open study 10 patients with well-documented cobalamin deficiency 
related to Biermer’s disease who daily received 1,000 µg of oral crystalline 
cyanocobalamin for at least 3 months. After 3 months of treatment, serum 
cobalamin levels were increased in all 9 patients in whom it was measured 
(mean increase of 117.4 pg/mL; p <0.0000003 compared with baseline). Eight 
patients had increased hemoglobin levels (mean increase of 2.45 g/dL; p < 0.01). 
All 10 patients had decreased mean erythrocyte cell volume (mean decrease 
of 10.4 fL; p <0.003). Three patients experienced clinical improvements. 

Recently, several groups have also well-documented the long-term efficacy 
of oral cobalamin treatment, with a median follow up of 2.5 to 5 years (Andrès 
et al. 2010). 

Table 4 lists our recommendations for the curative treatment of vitamin 
B12 deficiency (Andrès et al. 2010). We currently recommend a dose of  
1,000 µg per day of oral cyanocobalamin, for life, in case of Biermer’s disease. 
We recommend 1,000 µg per day of oral cyanocobalamin for 1 month, than 125 
to 1,000 µg per day, in case of intake vitamin B12 deficiency or food-cobalamin 
malabsorption (Andrès et al. 2010). It is to keep in mind that the effect of 
oral cobalamin treatment in patients presenting with severe neurological 
manifestations or in case of genetic disorders in the metabolism of the 
cobalamin has not yet been adequately documented, both in our experience 
that in the literature.

The patients should be monitored long-term clinically and with 
biochemical markers, such as: serum vitamin B12 level with total homocysteine 
level (better, methyl malonic acid) or holotranscobalamin level (if available) 
(Andrès et al. 2010).
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4. Conclusions

In this chapter, we presented the main etiologies of vitamin B12 deficiency 
in relation to different steps of the cobalamin transport and metabolism. 
However to date, many causes of cobalamin deficiency remained unknown. 
These causes include mutations in genes encoding important proteins of 
the cobalamin transport or metabolic pathway. Moreover, many clinically 
diagnosed vitamin B12 deficiency remain unexplained and molecular tools 
aimed at targeting genes involved in vitamin B12 absorption and cellular 
uptake signaling pathways will pave the way for new therapeutic approaches 
to efficiently treat functional cobalamin deficiency.   
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Table 4. Recommendations for vitamin B12 treatment (Lane and Rojas-Fernandez 2002).

Pernicious anemia Intake deficiency and food-
cobalamin malabsorption

Parenteral 
administration
(intramuscular)

Cyanocobalamin:

- 1,000 µg per day for 1 week
- than 1,000 µg per week for 1 

month
- than 1,000 µg per each month, 

for life

(1,000 to 2,000 µg per day 
for at least 1 to 3 months in 
case of severe neurological 

manifestations)

Cyanocobalamin:

- 1,000 µg per day for 1 week
- than 1,000 µg per week for 1 

month
- than 1,000 µg per each 1 or 3 

months, until the cobalamin 
deficiency cause is corrected

(1,000 µg per day for at least 1 
to 3 months in case of severe 
neurological manifestations)

Oral administration Cyanocobalamin:

1,000 µg per day for life‡

Cyanocobalamin:

- 1,000 µg per day for 1 month
- than  125 to 1,000 µg per day, 

until the cobalamin deficiency 
cause is corrected‡

‡ The effect of oral cobalamin treatment in patients presenting with severe neurological 
manifestations and in case of genetic disorders of the cobalamin metabolism has not yet been 
adequately documented.



128 Vitamin B12: advances and insights

Keywords: Absorption, food cobalamin, cobalamin transport, treatment, 
intrinsic factor, megalin, pernicious anemia, genetic defects, transcobalamin

Abbreviations 

AM : amnionless
HC : haptocorrin
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1. Introduction

Once considered a ‘luxus’ vitamin in humans (meaning ample or excess) 
(McLaren 1981), deficiency of vitamin B12 is increasingly recognised in 
different populations, and the developing countries are not an exception. 
Recent research in developing countries has shed the light on the effects of this 
vitamin on foetal growth and programming of non-communicable diseases. 
In the developed world, symptomatic B12 deficiency is predominantly due to 
malabsorption of the vitamin (pernicious anaemia or food B12 malabsorption 
in the elderly). In contrast, in the developing populations it is largely due to 
low intake of vitamin B12-rich animal origin foods and possibly to infectious 
gastrointestinal diseases (Allen 2008).

We will review the specific aspects of epidemiology, disease associations 
and public health significance of vitamin B12 deficiency in the developing 
countries. We will also highlight the importance of vitamin B12 nutrition 
across the lifecycle starting with genetic factors, and from pregnancy to infancy, 
childhood, adolescence, adulthood and elderly.
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2. Epidemiology of vitamin B12 deficiency 

We referred to the World Bank classification of countries by income and 
development to define ‘developing countries’. However, we appreciate that 
the differences in the nutritional status between countries are due to a variety 
of factors including economy, demography, ethnicity, religion, culture, dietary 
intake as well as body’s requirements.

Data on vitamin B12 status is available only from a limited number of 
these countries and the quality of information is variable. Investigators have 
used different biomarkers, laboratory methods, and different cut-points for 
defining ‘deficiency’, thus limiting comparison across studies. Most studies 
have referred to small population or subpopulation samples and there is little 
nationally representative data (Figure 1). However, despite all limitations, 
the results on certain populations have been confirmed by several studies 
using different designs and methodologies, thus suggesting that vitamin B12 
deficiency is a public health problem in many regions. 

Figure 1. World map showing geographical regions as defined by the World Bank, and countries 
in those regions from where data about vitamin B12 status of the population is available (black 
triangles). 
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2.1 Asia and Pacific

Asian countries have a higher prevalence of vitamin B12 deficiency compared 
to other parts of the world. South Asians in the Indian sub-continent are 
particularly affected. High prevalence of abnormal vitamin B12 markers is seen 
in individuals resident in their home countries, as well as in those migrated to 
western countries. Both men and women are affected. Reports are available 
from north as well as south India and the adjoining country of Nepal (Ulak et 
al. 2014). The largest data is available in Indians (Refsum et al. 2001; Antony 
2003; Yajnik et al. 2006; Rush et al. 2009). Many studies are clinic-based, while 
community-based studies are less common (Yajnik et al. 2006). 

Deficiency in a substantial part of the populations has been reported in 
different studies across the lifecycle: in pregnant women (prevalence 30–70%) 
(Dwarkanath et al. 2013; Samuel et al. 2013; Krishnaveni et al. 2009; Yajnik et 
al. 2008; Pathak et al. 2007; Yusufji et al. 1973), preschoolers (~75%) (Taneja et 
al. 2007), adolescents (~50%) (Thomas et al. 2015; Gupta et al. 2015; Kapil and 
Sareen 2014) and in adults (~70%) (Yajnik et al. 2006). Countrywide studies are 
required to corroborate these findings. In Pune, vitamin B12 concentrations 
were lower in the urban middle class men compared to the slum dwellers, 
which could be related to differences in consumption of a non-vegetarian 
foods and to more common infections in the slum dwellers. Vegetarianism, 
sanctioned by religion and culture makes a significant contribution to B12 
deficiency in Indians. The concentrations of plasma homocysteine and 
methylmalonic acid (MMA) (biochemical markers that increase in plasma of 
B12 deficient subjects) are substantially elevated in Indians compared with 
age-matched Europeans. In Indians, vitamin B12 deficiency is the main factor 
that explains hyperhomocysteinemia while folate deficiency is not common 
(Refsum et al. 2001).

Low vitamin B12 status has a particular health significance in pregnant 
women. A low vitamin B12 status has been reported in approximately third 
to two-thirds of pregnant women from India and Nepal (Yajnik et al. 2008; 
Stewart et al. 2011; Bondevik et al. 2001). B12 deficiency very likely exists from 
before conception and negatively affects health outcome of the newborns. 
Deficiency of vitamin B12 during pregnancy has been related to poor fetal 
growth [i.e., causes Intrauterine Growth Retardation (IUGR)], and birth defects 
[i.e., neural tube defects (NTD)]. Maternal B12 deficiency is the strongest 
predictor of low vitamin B12 status in the neonate which may have effects on 
several developmental domains (i.e., physical growth and neurodevelopment). 
Prolonged breast feeding is common in countries with food insecurity and 
is associated with low vitamin B12 status in the offspring, which reflects low 
maternal stores (Taneja et al. 2007; Pasricha et al. 2011; Lubree et al. 2012). 

In East Asia, data is mostly available from China where vitamin B12 
deficiency is prevalent in all age groups, though little data is available 
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from pregnant women (Dang et al. 2014). Deficiency is more common in 
rural compared to the urban population probably due to lower income or 
dependence on local foods (Dang et al. 2014). 

2.2 Central Asia and the Middle East 

Vitamin B12 deficiency has been reported in pockets in these areas. In Sanliurfa 
province of Turkey, a high proportion (72%) of pregnant women and 41% of 
their babies (cord blood) were found to be vitamin B12 deficient; more than half 
of these were severely deficient (Koc et al. 2006). Clinical manifestations were 
common in infants (i.e., anemia, failure to thrive or neurological disorders). 
In a study from Tehran, a quarter of adult men and women (age 25–64 years) 
had low serum vitamin B12 levels (Fakhrzadeh et al. 2006). The prevalence 
of low serum B12 was two to three fold higher in the elderly compared with 
young subjects (Khodabandehloo 2015) and approximately one in five women 
in childbearing-age had low vitamin B12 levels (Abdollahi et al. 2008). High 
prevalence of vitamin B12 deficiency (12%), elevated MMA levels (49%), 
and hyperhomocysteinemia (61%) were reported in patients with coronary 
vascular diseases from Syria (Herrmann et al. 2003). Low intake of vitamin 
B12 from animal based-foods or a Mediterranean diet (primarily plant-based 
foods) could contribute to deficiency of this nutrient in these countries (Balci 
et al. 2014).

2.3 Sub-Saharan Africa

Many of the countries in this region belong to low or lower-middle income 
categories and have high prevalence of infection-related morbidities. Vitamin 
B12 deficiency has been reported only in some studies from this geographic 
region. In Uganda, young adults appear to have sufficient vitamin B12 status 
(Galukande et al. 2011), but approximately third of HIV infected pre-school 
children were B12 deficient (Ndeezi et al. 2011). High rates of vitamin B12 
deficiency have been reported in school children from Kenya (70%) (Siekmann 
et al. 2003) and pregnant women from Nigeria (36%) (VanderJagt et al. 2011). 
Breast milk concentrations of vitamin B12 were low in rural Kenyan women 
(VanderJagt et al. 2011; Neumann et al. 2013; McLean et al. 2007), suggesting 
insufficient intake in the infants and high risk to develop deficiency at a very 
young age.

2.4 Latin America and Caribbean

Across studies in Latin America, ~40% of children and adults had deficient 
or marginal B12 status (Allen 2004), including a nationally representative 
sample of women and children that were studied in the 1999 Mexican National 
Nutrition Survey. Adolescent girls were one risk group for vitamin B12 
deficiency (Brito et al. 2015). Recent national data from Mexico indicated that 
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the prevalence of low B12 (< 148 pmol/L) was 8.5% in women (20–49 years) 
(Shamah et al. 2015) and 1.9% in preschoolers and 2.3% in school age children 
(Villalpando et al. 2015). However, regional differences in the risk of having 
low B12 were reported with the highest risk found for Mexico City (OR= 7.03, 
95% CI 3.09–15.97) regions compared with the Northern region.

Despite the limitations of the data, there appears to be a consensus that low 
vitamin B12 status is an important public health problem in many countries 
in different parts of the world. This could have important implications for a 
variety of disorders across the life course. Investigative epidemiology may 
shed new light on the aetiology of these conditions, and interventions on a 
population level could play an important role in prevention of vitamin B12 
deficiency and the associated disorders. Vitamin B12 deficiency continues to 
exist in many countries after folic acid fortification (Brito et al. 2015). Vitamin 
B12 is required for folate metabolism and the expected benefit of folic acid 
fortification programs in prevention of birth defects and other diseases will 
be limited in populations with common B12 deficiency. 

3. vitamin B12 across the life-course

Investigation of vitamin B12 status across the life-course allows an 
understanding of how the deficiency develops and is transferred to the next 
generation. This process is affected by several factors as shown in Figure 2. 

An important realization is that, poor maternal vitamin status during 
pregnancy and lactation translates into a depleted storage in the child. After 
birth, continued low intake in the child because of low content in mother’s 
milk, parent’s household, cultural and economic factors play determinant 
roles in promoting a deficiency situation.

3.1 Pregnancy and lactation

Vitamin B12 deficiency is a major public health challenge in pregnant and 
lactating women from developing countries. The reasons are related to a low 
intake of animal-source foods, low frequency of supplements use during 
pregnancy and lactation, repeated pregnancies and short intervals between 
pregnancies. These factors are aggravated by socio-cultural factors such as 
early marriage and adolescent pregnancies. 

The dietary intake of vitamin B12 during pregnancy is inadequate in many 
developing countries (Dwarkanath et al. 2013; Samuel et al. 2013; Yajnik et 
al. 2008; Balci et al. 2014; Halicioglu et al. 2012). Pregnant women achieved 
less than 50% of the Estimated Average Requirement (EAR) for vitamin B12 
in some Asian and African countries (Torheim et al. 2010). Multiple nutrient 
deficiencies such as folate, riboflavin and choline are common. Deficiency 
of these nutrients is associated with hyperhomocysteinemia, pregnancy 
complications and adverse birth outcomes (Torheim et al. 2010). However, 
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fortification or supplementation programs in many countries have focused 
on folate, zinc and iron in pregnant women, while the importance of vitamin 
B12 is underestimated. 

The fetus draws all its vitamin B12 requirements from the mother 
through active placental transfer. Circulating total vitamin B12 levels decrease 
during pregnancy and return to pre-pregnancy levels postpartum. These 
changes are partly explained by a decline in serum haptocorrin, while serum 
holotranscobalamin remains rather stable. Due to these marked physiological 
changes, concentrations of total serum vitamin B12 will depend on gestational 
age and using this marker to evaluate vitamin B12 status in pregnancy is not 
recommended. Estimates of vitamin B12 deficiency vary according to the 
country and criteria used to define deficient women, being low in Canada but 
high in many developing countries (Table 1). 

Low vitamin B12 status was associated with higher body weight and 
higher plasma glucose concentrations (gestational diabetes) (Samuel et al. 
2013; Krishnaveni et al. 2009) which is probably explained by unbalanced diet. 
Moreover, low maternal vitamin status during pregnancy in Indian women 
with gestational diabetes predicted higher prevalence of diabetes in the mother 
5 years later (Krishnaveni et al. 2009).

Figure 2. Mother exerts a triple influence on the vitamin B12 status of the offspring (male and 
female): (1) genetic, (2) direct transfer (transplacental and through breast milk) and (3) post-natal 
family environment [Socioeconomic status (SES), hygiene, diet, religion and culture]. Father 
exerts a double influence: (1) genetic and (2) family environment. A female child propagates the 
transplacental influence to the next generations).
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Low amounts of vitamin B12 are transferred to the child via breast 
milk if the maternal intake of the vitamin is not sufficient. Low breast milk 
concentrations of vitamin B12 have been reported in women from rural 
Kenya (mean of 155 pmol/L at 6 months post-partum) (Neumann et al. 2013), 
Guatemala (≤ 50 pmol/L at 12 months postpartum) (Deegen et al. 2012), 
India (85 to 100 pmol/L) (Duggan et al. 2014; Jathar et al. 1970; Deodhar and 
Ramakrishna 1959), compared with 900 pmol/L in well-nourished American 
women (Thomas et al. 1980). However, these studies cannot be compared 
directly since vitamin B12 concentrations in breast milk show marked changes 
during lactation (Greibe et al. 2013). Moreover, measurement of vitamin B12 
content in human milk is technically difficult because of the high content of 
haptocorrin that disturbs the assays if not removed prior to B12 assay (Lildballe 
et al. 2009). 

In Pune Maternal Nutrition Study (Rao et al. 2001), a prospective study of 
maternal nutrition, fetal growth and risk of future non-communicable disease, 
maternal micronutrient nutrition showed a strong association with offspring 
birth size. Two thirds of the mothers had low vitamin B12 status; while folate 
deficiency was rare. Maternal homocysteine concentrations were negatively 
associated with B12 and folate levels. High homocysteine concentrations 
predicted intrauterine growth restriction. The association between maternal 
vitamin B12 deficiency and IUGR has been confirmed by other studies from 
South India (Muthayya et al. 2006).

Taken together, maternal vitamin B12 status starting from before 
conception and throughout pregnancy and lactation contributes to neonatal 
stores (Finkelstein et al. 2015; Murphy et al. 2007) and low status is associated 
with adverse health outcome in the mother and the child. Only few intervention 
studies on pregnant or lactating women are available, and long term follow 
up is essential to study the effect of vitamin B12 replacement on child health. 

Table 1. Prevalence of low serum vitamin B12 in pregnant women. 

Country (Reference) Definition of low serum vitamin B12* Prevalence 

Brazil (Barnabe et al. 2015) < 148 pmol/L 8%

Colombia (Ramírez-Vélez et al. 2016) < 148 pmol/L 19%

Nigeria (VanderJagt et al. 2011) Holo-Transcobalamin < 40 pmol/L 36%

Argentina (Brito et al. 2015) < 148 pmol/L 49%

Nepal (Bondevik et al. 2001) < 150 pmol/L 49%

India (Duggan et al. 2014)
India (Katre et al. 2010)
India (Krishnaveni et al. 2009)
India (Yajnik et al. 2008)
India (Pathak et al. 2007)
India (Yusufji et al. 1973)

< 150 pmol/L
< 150 pmol/L
< 150 pmol/L
< 150 pmol/L
< 148 pmol/L 
< 104 pmol/L

51%
73%
43%
71%
74%
52%

Parts of Turkey (Koc et al. 2006) < 118 pmol/L 72%

* All were converted to pmol/L (1 ng/ml = 0.74 pmol/L). 
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3.2 Childhood and adolescence

Studies on children from Pune and Delhi, in India have shown that maternal 
vitamin B12 status in pregnancy predicted offspring concentrations of vitamin 
B12 and homocysteine (Lubree et al. 2012). Prolonged breast feeding and the 
delay in introducing complementary animal based foods are also associated 
with low vitamin status in toddlers (Taneja et al. 2007; Ingrid Kristin et al. 
2015). Low intake of animal food after weaning is another factor contributing 
to vitamin B12 deficiency in pre-school and school age children. The effect 
of maternal vitamin B12 status may persist up to adolescence (Author’s 
unpublished data).

In rural Indian infants, the daily vitamin B12 intake from non-breast milk 
food source is substantially low and one in two consumes less than 75% of 
the recommended daily intake (0.2 µg/d) (Pasricha et al. 2011). It has been 
shown that the total daily intake of B12 and the frequency of consumption 
of meat, fish and micronutrient-enriched beverages are positively associated 
with plasma B12 levels in 10 years-old South Indian children (Christian et al. 
2015). Genetic risk score (that included MTHFRC677T, MTHFR A1298C and 
FUT2 AG polymorphisms), poverty, low intake of animal-derived foods, geo-
helminth infection, low vitamin A and folate status were important factors 
associated with low vitamin B12 status of Amazonian children aged < 10 y, 
with 4.5% children having B12 deficiency (Cobayashi et al. 2015). 

Vitamin B12 blood markers show age-dependent changes even in well-
nourished populations. A cross-sectional study of 700 children aged 4 d to 
19 year consuming typical Western diet showed that vitamin B12 was low 
(median = 350 pmol/L) during the first 6 months, it decreased markedly 
after birth (median = 314 pmol/L) to reach a nadir (median = 217 pmol/L) 
between 6 wk and 6 months (Monsen et al. 2003). Thereafter, it increased to a 
maximum concentration at ~3–7 years, and the median concentration gradually 
decreased thereafter toward the concentrations observed in adults (Monsen 
et al. 2003). Several case reports demonstrate the importance of maintaining 
adequate vitamin B12 status during periods of rapid growth and development 
(Allen 2008; Dror and Allen 2011; Goraya et al. 2015). Vitamin B12 deficiency 
in infancy can cause failure to thrive, developmental delay, regression, 
progressive neurologic disorders, or hematologic symptoms such as anemia 
and macrocytosis. The symptoms may be evident as early as 3–4 months of age, 
but are often nonspecific and difficult to detect. The neurological symptoms 
may persist after treatment of vitamin deficiency. In children who start their 
life with depleted stores, a drop in vitamin B12 status in the first 6 month 
after birth or low intake in the first 2 years of life are expected to have serious 
effects on growth and development. Moreover, the substantial prevalence of 
vitamin B12 deficiency in adolescents from developing countries (Asia, Latin 
America and Caribbeans, Africa, etc.) could have profound effects on physical 
growth and reproductive function. 
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3.3 Adults and elderly

Studies in Pune, India have reported a high prevalence of vitamin B12 
deficiency and hyperhomocysteinemia in adults and elderly people (Refsum et 
al. 2001; Yajnik et al. 2006). Vegetarians had 4.4 times higher risk for developing 
vitamin B12 deficiency and 3 times higher risk of hyperhomocysteinemia 
than non-vegetarians. The prevalence estimates of vitamin B12 deficiency 
in non-pregnant Guatemalan women (15–49 years) ranged between 12 to 
26% (Rosenthal et al. 2015). Argentina and Colombia reported 12% and 37% 
prevalence, respectively (Brito et al. 2015). In Northwest China 46% of the 
women had B12 deficiency that was more frequent in rural than in the urban 
parts (Dang et al. 2014) probably due to consumption of locally produced 
foods that are low in vitamin B12.

Vitamin B12 deficiency in elderly is attributed to food-cobalamin 
malabsorption (Fernández-Bañares et al. 2009). The prevalence varies from 
9% in Latin America and Caribbean region (Brito et al. 2015) to 70% in China 
(Zhang et al. 2014). On the other hand it was less frequent in South Indian 
elderly individuals who consumed B12 containing supplements (Shobha et 
al. 2011). High homocysteine concentrations in the elderly are associated with 
dementia or cognitive impairment without dementia, and the risk is lower in 
subjects with higher plasma vitamin B12 (Haan et al. 2007). 

Gastric atrophy affects 40% of subjects older than 80 years and is the 
main factor that can cause food-cobalamin malabsorption. Other factors that 
contribute to cobalamin malabsorption in elderly people include: intestinal 
microbial proliferation; long term ingestion of biguanides (metformin) and 
antacids, including H2-receptor antagonists and proton pump inhibitors, 
chronic alcoholism, gastric reconstruction, and partial pancreatic exocrine 
failure (Dali-Yocef and Andreas 2009). Regular vitamin supplementation may 
protect against low status (Shobha et al. 2011) and its effect on neurological 
and other outcomes needs to be studied.

4. Risk factors for vitamin B12 deficiency in developing 
populations

Table 2 summarizes risk factors associated with vitamin B12 deficiency in 
developing countries. The first and major cause of deficiency is an insufficient 
intake of the vitamin from the diet. Vitamin B12 dietary intake and status 
markers have shown a direct association in studies from developed world 
(Pawlak et al. 2013; Tucker et al. 2000). Consumption of animal products 
provides an intake between 3 and 22 µg B12 per day compared with 0 to 0.25 
µg per day that can be achieved by strict vegetarians (Allen 2008). 
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Table 2. Common risk factors for vitamin B12 deficiency in developing populations.

Risk factor Possible reasons of vitamin B12 deficiency
(A) Apparently healthy, free-living population

1. Low intake of animal-source foods Ethical, religious, cultural, or economic factors

2. Low intake and increased demand 
during pregnancy and lactation 

Nausea and vomiting at early pregnancy, active 
transfer to fetus

3. Low stores at birth and increased 
demands during infancy and childhood

Poor maternal nutrition, low human milk B12, 
prolonged breastfeeding and late introduction 
of complementary foods or insufficient intake of 
animal products after weaning, less dependence 
on formula milk 

4. Intestinal infections Helicobacter pylori, bacterial overgrowth, 
helminthes

5. Drug interactions Uncontrolled use of antibiotics, proton pump 
inhibitors, and other drugs that affect the 
gastrointestinal pH, and metformin

6. Lifestyle Smoking and excessive alcohol consumption
(B) Sick or critically ill population

1. Malabsorption Tropical sprue, celiac disease

2. Systemic infections HIV, tuberculosis 

3.  Elderly and critically ill people Low intake, food B12 malabsorption (gastric 
atrophy), medications, and co-morbidities like 
depression that cause eating disorders

Recent genome-wide association studies have shown that several 
common genetic polymorphisms are associated with low vitamin B12 
concentrations. Examples of these variants are alleles (rs492602 G, rs602662 
and rs601338) of fucosyltransferase 2 (FUT2) enzyme, TT genotype of the 
methylenetetrahydrofolate reductase (MTHFR C677T) variant and the CC 
genotype of the MTHFR A1298C variant (Hazra et al. 2008, 2009). 

Among individuals adhering to different types of vegetarian diet, the 
reported vitamin B12 deficiency is 45% in infants, up to 33% in children and 
adolescents, 17–39% in pregnant women, and up to 85% in adults and elderly, 
with higher deficiency in those adhering to vegan diet than in those consuming 
lacto-vegetarian, lacto-ovo-vegetarian or macrobiotic diets (Pawlak 2013). 
Dairy (predominantly milk) and meat are the most important contributors 
to vitamin B12 status followed by fish and shellfish (Brouwer-Brolsma et al. 
2015). In countries with common vitamin B12 deficiency, regional, traditional 
foods could be used for enrichment with vitamin B12 to improve vitamin B12 
status. For example, soybean-fermented foods and some seaweeds have been 
suggested as fortification vehicles in Korea (Kwak et al. 2010).

Tropical sprue, gastrointestinal infestations and infections (including 
Helicobacter pylori) are common in developing countries and are associated 
with low vitamin B12 concentrations. In adult patients who underwent upper 
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gastrointestinal endoscopy, those who tested positive for Helicobacter pylori 
infection were more likely to have low vitamin B12 levels, anti-parietal cell 
anti-bodies and anti-intrinsic factor antibodies (Ayesh et al. 2013), suggesting 
that low vitamin B12 was due to malabsorption disorders.

5. public health perspective of vitamin B12 deficiency and 
Evidence of Its prevention

The World Health Organization has identified infants, preschool children, 
and pregnant and lactating women as the most vulnerable groups to develop 
micronutrient deficiencies (McLean et al. 2008). Maternal vitamin B12 
deficiency is now considered an important contributor to folate-resistant neural 
tube defects (NTD). A multicentre case-control study from India highlighted 
a role of maternal B12 deficiency in the etiology of NTD (Godbole et al. 2011). 
A recent meta-analysis of 32 studies involving 1,890 mothers with NTD-
affected pregnancies and 3,995 controls revealed that NTD-affected mothers 
had significantly higher plasma homocysteine and lower levels of plasma 
folate, red cell folate and vitamin B12 compared with the control mothers 
(Tang et al. 2015).

A study from South India reported that intake of vitamin B12 was 
inadequate in pregnant women throughout the pregnancy and low maternal 
vitamin B12 and folate intakes in the first trimester were independently 
associated with a higher risk of small-for-gestational age (SGA) in the offspring 
(Dwarkanath et al. 2013). In women who took high supplemental folic acid 
(> 1000 µg/d) in the second trimester and also were in the lowest tertile of 
vitamin B12:folate ratio had higher risk of SGA compared to those in the highest 
tertile. High maternal circulating homocysteine concentrations, largely due to 
low vitamin B12 status predicted smaller birth weight and IUGR in another 
Indian study (Yajnik et al. 2014). Therefore, it appears that disturbances in 
maternal 1-carbon metabolism caused by vitamin B12 deficiency and vitamin 
B12-folate imbalance associated with dietary and supplemental folate intake 
adversely affect fetal growth and development. The policy of folic acid 
prophylaxis and ongoing supplementation with folic acid in late pregnancy in 
B12 deficiency populations could be harmful to the fetus. Majority of women 
in India approach the doctor after pregnancy is well established, and the peri-
conceptional window of prophylaxis is missed. Moreover, the most frequently 
used tablet in India contains 5 mg folic acid which is 12 times higher than the 
prescribed dose for NTD prophylaxis (400 mcg), many obstetricians prescribe 
more than one tablet a day in the belief that it is harmless because it is water 
soluble. These issues need to be addressed in national programmes as well 
as in clinical practice. 
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In a longitudinal study in India maternal folate was associated with 
offspring motor development and maternal vitamin B12 and folate both were 
associated with offspring mental and social development quotients at 2 years 
of age (Bhate et al. 2012). In another Indian birth cohort, higher maternal 
vitamin B12 status in pregnancy favourably associated with offspring short-
term memory and sustained attention at 9 years of age (Bhate et al. 2008). In 
North Indian children aged 12 to 18 months, each 2-fold increment in B12 
concentration was associated with a increment of 1.3 in mental development 
index score and each 2-fold increment in homocysteine or MMA concentration 
was associated with a decrement of 2.0 in the same score (Strand et al. 2013). 
Supplementation with vitamin B12 in pre-school children led to better motor 
and mental skills in pre-school children.

The new paradigm of DOHaD suggests that maternal health and nutrition 
are major determinants of lifelong health of the offspring. These may be 
mediated by influence of nutrients on structural or functional development 
of cells and tissues. Many of these effects may be mediated by epigenetic 
mechanisms, and DNA methylation is an important component of these. Both 
animal and human studies have highlighted a role for dietary methyl donors 
(vitamin B12, folate and others) in these mechanisms. 

In the Pune Maternal Nutrition Study, in a rural population, over 60% of 
women had a low concentration of vitamin B12 in pregnancy. Low maternal 
vitamin B12 concentrations in pregnancy predicted higher insulin resistance 
(HOMA-IR) in the offspring at 6 years of age, those born to mothers with lowest 
vitamin B12 concentrations and highest erythrocyte folate concentrations 
were the most insulin resistant (Yajnik et al. 2008). Higher maternal folate 
concentrations were associated with higher adiposity in the offspring. A study 
in Nepal confirmed the association between maternal vitamin B12 deficiency 
and higher insulin resistance in the offspring, but folate was not associated 
with insulin resistance (Stewart et al. 2011).

Elevated homocysteine concentrations are associated with increased CVD 
risk (Boushey et al. 1995), though causality is still controversial. Low vitamin 
B12 status and hyperhomocysteinemia are associated with adverse lipid 
parameters (Adaikalakoteswari et al. 2014), and with coronary artery disease 
(Kumar et al. 2009) in Indians.

B-complex supplementation trials in the western non-vegetarian 
populations have failed to reduce the CVD. It is to be noted that these 
populations have a relatively lower level of homocysteine concentrations, 
are usually B12 replete, and the trials are usually for secondary or tertiary 
prevention. There is an urgent need of large scale trials in developing countries 
where vitamin B12 deficiency is common and an effect of supplementation on 
disease outcomes can be easier to confirm or dispute. It is noteworthy that a 
folic acid supplementation trial in hypertensive patients in China significantly 
reduced the risk of a stroke, emphasizing the need for population specific 
interventions (Huo et al. 2015). 
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6. Improving vitamin B12 status by supplementation or 
fortification 

The overall long term strategy for controlling vitamin B12 deficiency is 
to promote consumption of foods rich in vitamin B12. Vegetarians have a 
substantial difficulty in achieving adequate daily intakes, and supplementation 
or food fortification need to be considered.

Vitamin B12-containing plant-derived food sources include green and 
purple lavers (Nori) and blue-green algae/cyanobacteria (Spirulina). Nori is 
considered suitable for humans whereas Spirulina contains pseudo-vitamin 
B12 which is biologically inactive in humans (Watanabe et al. 2007). Nori is 
not widely available. Therefore, milk remains the only acceptable animal 
source of B12 for vegetarians who consume it. A study from Pune reported 
improvement in B12 status in young, healthy, B12 deficient vegetarians by 
promoting regular intake of non-fortified milk (600 ml/day) that was estimated 
to deliver approximately 1.9 µg vitamin B12 daily (Naik et al. 2013). A trial 
studying effectiveness of food based micronutrient rich snack (dried fruits, 
leafy vegetables and milk powder) in non-pregnant young women reported 
no change in B12 concentrations (Kehoe et al. 2015), and similar intervention 
from before conception and throughout pregnancy in healthy women had 
no overall effect on B12 status (Potdar et al. 2015). Also micronutrient mix 
powder that can be directly added to grain products or milk has been used in 
several countries in Asia to deliver necessary nutrients for pregnant women 
or children. 

Many widely available and regularly consumed foods have been used as 
vehicles to deliver vitamin B12. For example, fortified wheat flour (Winkels et 
al. 2008), milk (Dhonukshe et al. 2005; Kuriyan et al. 2016) and mineral water 
(Tapola et al. 2004) are widely available. 

There are only a few vitamin B12 supplementation trials in developing 
countries. In a 12 months intervention with oral vitamin B12 (2 or 10 µg/d) 
in a deficient rural population, mean plasma homocysteine concentration 
decreased by 6 µmol/L after 2 µg/d, and by 7 µmol/l after 10 µg/d (Deshmukh 
et al. 2010). These results demonstrate that substantial benefits can be obtained 
in deficient populations by physiological dose supplementation. A trial from 
Uganda reported improvement in vitamin B12 and folate status after using 
multiple micronutrient supplementation (twice the recommended dietary 
allowance) in HIV-infected children (Ndeezi et al. 2011). A randomized 
controlled from India reported improvement of gross motor and problem-
solving skills in Indian children aged 6–30 months after supplementing low 
doses of vitamin B12 and folic acid for 6 months (Kvestad et al. 2015). The 
supplements contained 150 µg folic acid or 1.8 µg vitamin B12 for age group 
> 12 months and half of this amount for the younger age groups. Children 
who had lower vitamin B12 status at baseline, were more likely to show 
measurable improvement in growth and other clinical outcomes (Kvestad  



144 Vitamin B12: advances and Insights

et al. 2015). However, the supplements did not reduce infections in the children 
(Taneja et al. 2013). 

Certain strains of probiotics synthesize water-soluble vitamins (folate, 
riboflavin and vitamin B12) (LeBlanc et al. 2011). Probiotic preparations could 
be a cost-effective alternative for vitamin fortification programmes. There are 
only few studies on the efficacy of such products in improving B12 status. 
A study from Egypt demonstrated the effectiveness of 42 days ingestion of 
probiotic yoghurt in improving vitamin B12, folate and hemoglobin levels in 
children (Mohammad et al. 2006). Fortified ice-cream and yogurt are available 
but may be more expensive. More research is needed in this area to determine 
a cost-effective population-specific food vehicle that can be used to improve 
vitamin B12 in targeted groups (school children, pregnant women, and elderly) 
and study the long term effect of this strategy.

7. summary and conclusions

We have discussed the current evidence on vitamin B12 deficiency in many 
developing countries, its causes, and the public health significance of this 
phenomenon. We also reviewed strategies that can be used to improve vitamin 
B12 status in developing countries and available studies showing positive 
effects on health. This area is however confounded with many methodological 
difficulties and lack of evidence. We have tried to provide constructive 
recommendations for improvement of the level of evidence, the comparability 
of the studies and ways to show the significance of prevention programmes. 
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Vitamin B12 in Neurology  

and Aging
Andrew McCaddon1,* and Joshua W Miller 2

1. Introduction 

The classical pathophysiological manifestations of vitamin B12 (B12) deficiency 
are myriad and profound, primarily affecting the hematopoietic system (i.e., 
megaloblastic anemia, hypersegmented neutrophils and pancytopenia) and 
the nervous system (i.e., demyelination and neurodegeneration). Neurological 
and psychiatric manifestations of B12 deficiency are particularly prevalent 
in patients with autoimmune pernicious anaemia (PA)—a common cause of 
severe deficiency due to malabsorption of the vitamin. Memory loss, poor 
concentration, peripheral neuropathy, gait ataxia, depression and autonomic 
dysfunction often occur in such individuals, as well as some less well 
recognized features such as mild nominal aphasia and vertigo.

The advent of diagnostic tests using metabolic markers of B12 status, 
including plasma homocysteine and methylmalonic acid assays, has also 
revealed a surprisingly high prevalence of a rather more subtle form of 
B12 deficiency, particularly within the older population. Although this has 
been termed ‘sub-clinical’ deficiency, due to the absence of haematological 
features of the deficiency, it is often associated with cognitive impairment 
and Alzheimer’s disease (AD). It is also reported in association with other  
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age-related neurodegenerative disorders including vascular dementia, 
Parkinson’s disease and multiple sclerosis.

In this chapter, we compare and contrast the neurological features of 
‘classical’ and ‘sub-clinical’ B12 deficiency and explore possible reasons why 
they might differ. The discrepancy could be attributable, at least partly, to 
differing aetiology; classical features might be more closely related to outright 
clinical B12 deficiency arising from severe malabsorption (as occurs in PA) or 
very low dietary intake. In contrast in some individuals, particularly older 
adults, subclinical deficiency might reflect chronic B12 depletion owing to 
moderate malabsorption or suboptimal intake, but also increased demand for 
the vitamin in response to age and disease-related oxidative stress. The general 
concept of any deficiency arising from low intake or excess demand is well 
recognized for other nutrients. A simple example would be iron deficiency 
arising from poor dietary intake compared with iron deficiency arising as a 
result of the increased demands of pregnancy. This principle is, of course, 
applicable to all essential nutrients, but the concept of ‘excess demand’ in 
relation to vitamin B12 is generally little recognized in the current literature.

The chapter begins with a description of the ‘classical’ neurological 
features of acquired B12 deficiency, followed by an explanation of the historical 
evolution of ‘subclinical’ deficiency. The surprisingly high prevalence of 
subclinical deficiency in older patients is discussed, along with its association 
with neurodegenerative diseases. Last, we consider the neurological features 
of clinical and subclinical deficiency, and discuss how these two apparently 
disparate conditions might be reconciled. 

2. Classical Neurology of Clinical Vitamin B12 Deficiency 

There are many excellent earlier reviews of the classical neurological signs and 
symptoms of B12 deficiency (Evans et al. 1983; Green and Miller 2014; Healton 
et al. 1991; Hector and Burton 1988). Neurological features are usually chronic, 
progressive, and can exhibit both peripheral and central (i.e., spinal cord and 
cerebral) manifestations (Savage and Lindenbaum 1995). 

Typical peripheral symptoms are of altered sensation, including a usually 
symmetrical paraesthesiae of extremities, and gait ataxia. Some patients also 
develop reduced manual dexterity, poor vision, orthostatic dizziness, loss of 
taste or smell, and urinary or faecal incontinence and impotence, although 
the latter symptoms are rare.

Clinical signs include loss of cutaneous sensation in a ‘glove and stocking’ 
distribution, and impaired vibration sense and proprioception. Romberg’s 
sign, where the patient requires visual input in order to stand steadily, is 
frequently positive.

Various cerebral and psychiatric manifestations of B12 deficiency are also 
described in the early literature including memory impairment, personality 
change, and even frank psychosis. These are discussed more fully later, since 
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technological advances in the laboratory diagnosis of B12 deficiency have 
significantly broadened the clinical appreciation of its scope.

Several neuropathologists describe demyelinating lesions in the spinal 
cord and brain in PA. In 1900, Russell, Batten and Collier published the first 
full clinicopathological description of ‘subacute combined degeneration of 
the spinal cord’ (Russell et al. 1900). However, this also affects the brain and 
peripheral nervous system, leading Weir and Scott to suggest that it should 
perhaps be termed ‘cobalamin deficiency associated neuropathy’ (Weir and 
Scott 1999). Predominantly, the lesions affect the cervical and upper thoracic 
spinal cord and cerebrum, which appears mildly atrophic (Weir and Scott 1999). 
White matter in the spinal cord appears grey because of demyelination; there 
may also be cerebral atrophy. The white matter is ‘sponge-like’, especially in 
the dorsolateral columns of the spinal cord. Vacuoles surrounded by myelin-
laden macrophages occur. This appearance was purported to have been 
termed a lachen felden by German physicians who first described the condition 
in the mid-nineteenth century (Weir and Scott 1999), but the origin of this 
terminology, which literally translates to “laugh fields” in English, is obscure.

 Adams and Kubik confirmed that cerebral lesions also occur in PA, and 
commented that the cerebral and spinal lesions are almost identical (Adams 
and Kubik 1944). Ferraro et al. performed autopsies on five patients, which 
accidentally revealed PA in the course of psychosis and/or dementia praecox 
(Ferraro et al. 1945), commenting that:

“The nerve cells presented acute, severe, chronic, ischaemic, oedematous 
and fatty changes in varying degree. The small blood vessels appeared to 
be increased in number and presented a mild endarteritis in all cases. The 
distribution of the glia of the white matter was markedly irregular. Often the 
glia nuclei gathered around the blood vessels, so that the course of the latter 
was well outlined even when the vascular walls were at a different level, and 
could not be seen. Frequently between the conglomeration of the glia nuclei 
and the blood vessels a small area of white matter, which frequently underwent 
a process of demyelination, was interposed. These areas of demyelination at 
times had the tendency to coalesce.”

in vivo magnetic resonance imaging in PA also reveals the involvement of 
white matter in the disease; hyperintense signal is observed in the posterior 
column of the spinal cord and the periventricular region of the brain (Scherer 
2003).

3. The Relationship between Haematological and Neurological 
features of B12 Deficiency 

B12 deficiency is primarily associated with megaloblastic anaemia. This is 
essentially historic, arising as a result of the discovery of B12 as the ‘extrinsic 
factor’, which corrected an otherwise fatal anaemia. Throughout the 20th 
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century it was believed that haematological evidence of B12 deficiency 
preceded neuropsychiatric abnormalities. However, in the last few decades it 
was suggested that these might actually represent two major, and sometimes 
entirely separate, clinical syndromes (Beck 1988).

In a retrospective study of 369 B12 deficient patients Healton et al. found 
an inverse correlation between the degree of anaemia and the extent of 
neurological involvement (Healton et al. 1991), similar to an earlier report 
by Lindenbaum et al. (Lindenbaum et al. 1988). Not only was anaemia more 
severe in patients lacking nervous system involvement, but in those affected 
neurologically the haematocrit correlated directly with severity of neurologic 
dysfunction. The presence of neurological features in B12-deficient patients 
was not related to the overall severity of deficiency of the vitamin, leading 
to the conclusion that, in most patients, either neurologic or haematologic 
dysfunction predominates. It is still unclear why some patients with B12 
deficiency present with neurological disorders in the absence of haematological 
changes and why some patients develop a predominantly cerebral picture, 
and still others a spinal or peripheral nerve disorder. A possible explanation 
for this discrepancy is discussed later in this chapter.

Many of our preconceptions of B12 deficiency stem from the initial 
observations of the vitamin’s relationship with haematological abnormalities; 
indeed the term PA is often, incorrectly, considered to be synonymous with 
‘vitamin B12 deficiency.’ Because of this, the diagnosis of B12 deficiency 
traditionally proceeds in three steps: (1) the recognition of an anaemia, (2) the 
observation that it is macrocytic, and (3) the confirmation of an underlying B12 
deficiency. Although a final diagnosis of B12 deficiency generally hinges on 
the finding of low blood concentrations of the vitamin, the decision to carry 
out this measurement in the first place is usually based on clinical evidence, 
and often on the presence of macrocytic anaemia. However, it has become 
increasingly clear that macrocytic anaemia cannot be used as the sole criterion 
for pursuing such a diagnosis (Carmel 1988; Carmel 1990). If suspicion of 
these deficiencies were based on the presence of macrocytic anaemia alone, a 
substantial proportion of B12 deficient individuals would escape detection. 
This point is elegantly expressed by Carmel who notes that, “The proscription 
that vitamin B12 deficiency should not be diagnosed unless megaloblastic 
changes are found is akin to requiring jaundice to diagnose liver disease” 
(Carmel 2000).

‘Textbook’ cases of megaloblastic anaemia now occur infrequently, 
partly due to earlier presentation and diagnosis. An important development 
in relation to early diagnosis was the concept of B12 and folate deficiencies 
as being gradually progressive (Herbert 1987). Thus, before becoming 
clinically deficient patients traverse earlier stages beginning with subclinical 
asymptomatic deficiency (Carmel 2000). This set the scene for the development 
and clinical use of more sensitive and specific tests to try to detect such early 
and subtle forms of deficiency. As in any nutrient deficiency anaemia a 
sequence of changes occurs and laboratory test abnormalities arise during the 
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course of the deficiency. These changes begin to develop once a critical level 
of depletion of body stores of the vitamin is reached (Herbert 1987). Lowering 
of total serum levels of the vitamin may be preceded by biochemical effects, 
demonstrable by changes in the levels of metabolites in the blood and urine. 
Tissue effects, such as megaloblastic changes, macrocytosis, anaemia, and 
neurological damage occur later.

4. Development and Implications of Metabolite and Carrier 
Protein Assays 

Vitamin B12, but not folate, is required for the conversion of methylmalonyl 
CoA to succinyl CoA. Consequently, serum and urine levels of methylmalonate 
(a usually minor side-reaction product of methylmalonyl CoA metabolism) 
rise in B12 deficiency. On the other hand, both folate and B12 are required 
for the methionine synthase reaction, which converts homocysteine to 
methionine. Therefore, plasma levels of homocysteine increase in both folate 
and B12 deficiencies. Technological advancements in the 1980s led to fast 
and reliable assays for these metabolites. These made it possible to identify 
subtle and atypical forms of B12 deficiency. The increasing use of such tests 
soon confirmed that the clinical features of B12 deficiency, including its 
neurological manifestations, were far broader than previously recognized, 
and the concept of sub-clinical deficiency evolved. This is defined as a state 
in which metabolic evidence of deficiency exists without macrocytosis and 
neutrophil hypersegmentation (Carmel 1990).

Because complications arising from B12 deficiency can occur in individuals 
with apparently normal hematological values and blood levels of the vitamin, 
there has also become a need to redefine what exactly is meant by ‘normal’ 
values. With respect to the current definitions of the lower or upper limits of 
the normal range, several reports indicate that there is considerable overlap 
between extremes of the normal range distribution and a proportion of patients 
with other objective evidence of vitamin deficiency. Regland et al. commented 
that, “...in the realities of biology, the dichotomy of a laboratory, based on clear 
cut-off values, does not exist” (Regland et al. 1990).

Recent research efforts have been directed toward redefining the 
assessment of B12 status beyond simple measurement of total serum B12 to 
include metabolite assays, as well as the percentage of the total serum B12 
bound to the blood transport protein, transcobalamin (a complex referred 
to as ‘holotranscobalamin’) (Hvas and Nexo 2005; Miller et al. 2006). This 
might be especially useful in older adults and psychogeriatric populations. 
For example, Nilsson et al. found that B12 deficiency as defined by abnormal 
levels of methylmalonate was relatively common in such individuals, and 
that the use of B12 levels alone was insufficient to detect all patients with 
metabolic evidence of this deficiency (Nilsson et al. 1997). Recently suggested 
approaches to more accurately determine B12 status include the use of 
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inflection point data for the metabolite assays (Vogiatzoglou et al. 2009) and 
the use of a mathematically derived ‘combined B12 factor’ that utilizes all four 
B12-related assays—total serum B12, holotranscobalamin, methylmalonate and 
homocysteine—to estimate B12 status in individuals (Fedosov 2010; Fedosov 
et al. 2015; Lildballe et al. 2011).

5. Vitamin B12 Deficiency in Older Adults

A high prevalence of low-normal serum B12 levels has long been recognized 
in healthy elderly people lacking any clinical signs and symptoms of such 
deficiency (Baik and Russell 1999; Pennypacker et al. 1992; Thompson  
et al. 1989; Yao et al. 1992). Most studies were cross-sectional, although one 
longitudinal study of community-dwelling Swedish elderly showed that the 
prevalence of low serum levels of B12, defined as < 130 pmol/L, increased 
from 4.6% to 7.2% as the subjects aged from 70 to 81 years (Nilsson-Ehle et 
al. 1991). The mean annual decline was 3.4 pmol/L for men and 3.2 pmol/L 
for women. Metabolite assays confirmed that older adults often also had 
biochemical evidence of deficiency (Allen et al. 1995; Lindenbaum et al. 1994). 
For example, Lindenbaum et al determined whether the increased prevalence 
of low serum levels of B12 in older adults represented ‘true’ deficiency by 
assaying serum concentrations of methylmalonate and homocysteine in 548 
surviving members of the original Framingham Study cohort (Lindenbaum 
et al. 1994). Serum B12 concentrations < 258 pmol/L were significantly more 
common in older adults, occurring in 40.5% of such subjects compared with 
only 17.9% of younger control subjects. Similarly, in a Swedish study of 
224 randomly selected subjects aged 70 years or older, half had abnormal 
methylmalonate and homocysteine levels suggesting a latent tissue deficiency 
of B12 or folate (Bjorkegren and Svardsudd 2001).

It is now considered that vitamin B12 deficiency may affect 10%–15% 
of people over the age of 60 years, but these older adults frequently lack the 
classical signs and symptoms of such a deficiency. Most studies show that the 
prevalence of pathologically low values for serum B12 increases with increasing 
age. Clarke et al. found that the prevalence of B12 deficiency in the United 
Kingdom, whether defined as low serum B12 or ‘metabolically significant’ B12 
deficiency, increases with age from about 5% among people aged 65–74 years 
to 10% or more among people over 75 years old (Clarke et al. 2004). Using 
methylmalonate concentrations as an indicator of B12 deficiency a remarkably 
high prevalence of approximately 40% has even been reported in some elderly 
populations (Bates et al. 2003; McCracken et al. 2006; Tangney et al. 2009).

Over the years, varying and conflicting opinions have been expressed 
regarding likely causes of poor vitamin B12 status in older adults. Elsborg et 
al. suggested that the deficiency might arise simply as a result of an insufficient 
intake of B12 due to poor dietary habits of older adults (Elsborg et al. 1976). 
Howard et al. later showed that poor diet could generally not be implicated, 
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and suggested that non-dietary causes should always be sought to explain this 
common metabolic insufficiency state in older adults (Howard et al. 1998). In 
contrast, a more recent report confirmed that, even in older adults, plasma B12 
concentrations are associated with dietary intake of the vitamin, and that the 
food source itself is an important determinant (Tucker et al. 2000).

The most commonly suggested factor to account for low B12 status in 
older adults is the increasing prevalence with age of atrophic gastritis and 
its associated hypochlorhydria or achlorhydria (Nilsson-Ehle 1998). The 
prevalence of this can range from 20% to as much as 50% depending on how 
the diagnosis is made and on which definitions are used. In the Framingham 
Heart Study, the prevalence of atrophic gastritis among 60-69 year olds and 
those > 80 years was 24% and 37%, respectively; diagnosis of atrophic gastritis 
was made using serum pepsinogen I and II concentrations as measured by 
radioimmunoassay (Krasinski et al. 1986). In this study, the serum ratio 
of pepsinogen I to pepsinogen II decreased progressively with increasing 
severity of atrophic gastritis. Fasting blood was obtained from 359 free-living 
and institutionalized elderly people (age range 60–99 years). A pepsinogen I/
pepsinogen II ratio less than 2.9, indicating atrophic gastritis, was noted in 113 
(31.5%) subjects. The prevalence of atrophic gastritis increased significantly 
with age. A significant increase in the prevalence of low serum B12 levels  
(p < 0.005) was observed with stepwise increases in the severity of atrophic 
gastritis. The authors concluded that: (1) serum pepsinogen I and pepsinogen 
II levels can be used to determine the prevalence and severity of atrophic 
gastritis; (2) atrophic gastritis is common in older adults, and (3) that it is 
associated with B12 deficiency and anaemia.

Atrophic gastritis results in a low acid-pepsin secretion by the gastric 
mucosa, which in turn results in a reduced release of free vitamin B12 from 
food proteins. However, the ability to absorb crystalline (supplemental) 
vitamin B12 remains intact. The hypochlorhydria of atrophic gastritis might 
also result in bacterial overgrowth of the stomach and small intestine, and 
these bacteria may bind and metabolize B12 for their own use (Allen and 
Stabler 2008; Carkeet et al. 2006).

There are conflicting studies concerning the presence of protein-bound 
B12 malabsorption in older adults. One study suggested that B12 absorption 
does not decline with age in healthy elderly (McEvoy et al. 1982). Scarlett et al. 
used a modified protein-bound cobalamin absorption test to study dietary B12 
absorption in healthy adults of different age groups and patients with isolated 
low serum B12 concentrations (Scarlett et al. 1992). Dietary B12 absorption 
was significantly reduced in healthy adults aged 55–75 years compared with 
young adults, with a further reduction in those older than 75 years. However, 
the diagnostic value of this protein-bound B12 absorption test in older adults 
was limited by the frequent finding of reduced absorption in healthy elderly 
people with normal serum B12 concentrations. Conversely, Joosten et al. found 
that protein-bound B12 absorption was abnormal in only 9 (26%) of 34 elderly 
patients with low serum B12 (Joosten et al. 1993). They concluded that tests of 
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protein-bound B12 absorption offered little advantage over the Schilling test 
in diagnosing B12 malabsorption in older patients.

Van Asselt et al. found no significant difference in free or protein-bound 
B12 absorption between healthy middle-aged and older adults, and suggested 
that the high prevalence of low B12 levels in older people cannot be explained 
by the aging process nor the presence of mild to moderate atrophic gastritis 
(van Asselt et al. 1996). The authors also investigated the association between 
atrophic gastritis and mild B12 deficiency in older adults by measuring serum 
B12 and dietary B12 intake, the presence and severity of atrophic gastritis, 
the presence of helicobacter pylori infection, and serum methylmalonate 
concentrations in 105 individuals (van Asselt et al. 1998). 23% of apparently 
healthy older adults (74–80 year olds) were B12 deficient as diagnosed by 
raised methylmalonate and low to low-normal B12 concentrations. Only one 
person had insufficient dietary intake lower than the recommended daily 
intake. Although 31% had atrophic gastritis, only 25% of the cases of mild 
B12 deficiency could be ascribed to this. Thus, in the majority of cases of mild 
B12 deficiency no explanation was apparent and it was suggested that other 
mechanisms to explain the mild B12 deficiency found in older people should 
be sought.

It has also been suggested that certain drugs, commonly used by older 
adults, might contribute to B12 deficiency. These include proton pump 
inhibitors, H2 antagonists and metformin (Abraham 2012; Liu et al. 2014). 

 One other possible mechanism should be mentioned. There appears to 
be some alteration in the holotranscobalamin delivery system in older adults 
(Marcus et al. 1987; Metz et al. 1996), although these changes appear to be 
marginal and hence unlikely to be of clinical significance (Gimsing et al. 
1989). Nevertheless, it is possible that genetic variants of transcobalamin and 
its recently identified cell membrane receptor might play a contributory role 
in the aetiology of age-related B12 deficiency (McCaddon 2013; McCaddon 
et al. 2013).

6. Vitamin B12 Deficiency and Cognition/Dementia

Mental disturbance associated with B12 deficiency has long been recognized. 
In Thomas Addison’s first description of PA he noted that, “…the mind 
occasionally wanders” (Addison 1849). Dementia was also reported in a few 
studies in the 1950’s (Droller and Dossett 1959; Holmes 1956). In 1959, Droller 
and Dossett investigated a series of confusional states and non-organic senile 
dementias in geriatric patients and compared their serum B12 levels with that 
of older adults with normal cognitive function. Using a microbiological based 
assay they found lower values of B12 in senile dementia compared to controls. 
They also found no reduction of the vitamin with aging, and no difference 
in bodyweight between the cases and controls, suggesting that malnutrition 
was an unlikely cause of these low values.
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In all the instances in the 1950’s cognitive impairment failed to respond to 
B12 replacement, and it was unclear whether the deficiency simply co-existed 
with the dementia or was of any aetiological significance. Nevertheless, 
B12 deficiency was subsequently included in many medical textbooks as a 
reversible cause of dementia, despite the lack of definitive evidence at that time.

Byrne conducted a thorough review covering the literature through 1987 
(Byrne 1987). She concluded that B12 deficiency was an infrequent cause of 
reversible dementia, occurring in only 4/188 subjects (2.1%) in the twelve 
studies reported in sufficient detail to permit close data analysis. The most 
commonly reported impairment was ‘organic psychosis’ and she commented 
that there was little evidence that cortical dementia is due to B12 deficiency 
or PA. Indeed, she suggested that it is probable that cases diagnosed as senile 
dementia have B12 deficiency as a co-existing nutritional deficiency. However, 
as can be inferred from the previous section, this is perhaps a naïve view since 
malnutrition is an uncommon cause of B12 deficiency.

Inada et al. performed one of the few post-mortem tissue studies of B12 and 
dementia (Inada et al. 1982). They measured the B12 content of brains in twelve 
autopsy cases of older patients with dementia. They studied histopathological 
changes, especially in the temporal and frontal lobes, and found that a decrease 
in B12 and transcobalamin in these brains was associated with neuronal loss, 
myelin degeneration, atrophy, ventricular dilatation and vascular lesions. 
They also studied 12 autopsy cases of vascular dementia and found that B12 
temporal lobe content was markedly decreased. They suggested that their 
findings represented a “metabolic derangement or impaired transport of 
vitamin B12”.

In 1988, Lindenbaum et al. published a report of patients with low 
B12 levels and various neuropsychiatric disorders, but without anaemia 
(Lindenbaum et al. 1988). Out of 37 patients, 36 had homocysteine levels more 
than 3 standard deviations above normal. This was a landmark study that 
stimulated much further clinical research. For example, shortly afterwards 
Bell et al. conducted a retrospective chart review to examine the relationship 
between cognitive measures and serum folate and B12 status in 102 elderly 
psychiatric inpatients (Bell et al. 1990). Although their medical records 
indicated good overall nutritional status, correlation analyses showed that 
those with below median values for both folate and B12 had significantly 
worse scores on the Mini-Mental State Examination, a screening test of global 
cognitive function. They concluded that lower levels of folate and B12, even 
within the putative normal range, may interact to produce CNS metabolic 
abnormalities affecting cognition.

Few intervention studies were conducted prior to the new millennium. 
Chiu observed that this perhaps explains why there are few guidelines 
concerning the treatment of low serum B12 in patients with dementia (Chiu 
1996). This leads to the paradoxical situation where physicians routinely screen 
for deficiency, but subsequently ignore its discovery. The four key intervention 
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studies are those of Martin et al. (Martin et al. 1992), Carmel et al. (Carmel et al. 
1995), Teunisse et al. (Teunisse et al. 1996) and Eastley et al. (Eastley et al. 2000).

Martin et al. investigated the effects of B12 supplementation on cognitive 
performance in a group of 18 elderly participants with low serum B12 and 
evidence of cognitive impairment (Martin et al. 1992). Participants received 
1,000 micrograms of cyanocobalamin intramuscularly daily for one week, 
weekly for 1 month, and then monthly for 6 months. Post-supplementation 
scores from the Mattis Dementia Rating Scale for 11 of the 18 participants 
showed improvement. However, only those with mild impairment and with 
symptoms for less than a year improved. Importantly, those who had been 
symptomatic for less than 6 months responded best, suggesting that age-related 
cognitive losses in B12 deficiency might be reversible if supplementation is 
initiated sufficiently early.

Carmel and colleagues evaluated B12, neuropsychological and 
electrophysiological indices in 13 older adults with dementia and low serum B12 
levels before and after B12 supplementation (Carmel et al. 1995). Improvements 
were found for homocysteine and haemoglobin levels, neuropathological 
symptoms, EEG abnormalities, and visual evoked and somatosensory 
abnormalities. However, no improvements on neuropsychological tests of 
cognitive performance were observed.

Teunisse et al. studied 170 consecutive referrals to a memory clinic and 
found low B12 in 26 (15%), with 25 of the 26 patients with low B12 fulfilling 
diagnostic criteria for ‘possible’ AD (Teunisse et al. 1996). They treated these 
with intramuscular B12 according to a standard regime and reassessed 6 
months later. They found no improvement and supplementation did not 
slow the progression of dementia. They concluded that, contrary to widely 
accepted belief, subnormal serum B12 is not a quantitatively important cause of 
reversible dementia. They used the cognitive subscale of the Cambridge Mental 
Disorders of the Elderly Examination (CAMDEX) questionnaire (CAMCOG), 
an interview for deterioration in daily living activities in dementia (IDDD), and 
a behavioural scale. Improvement had to be greater than the 68% confidence 
intervals calculated for the tests, smaller changes being interpreted as random 
variation. They conceded that these instruments might not have been sensitive 
enough to detect subtle effects that might require larger double blind placebo 
controlled studies. Unlike Martin et al., they did not find a time limited window 
of opportunity for effective intervention, but these patients had been demented 
for considerably longer and may well have had irreversible damage.

Last, Eastley et al. identified 125 patients out of 1,432 attending a memory 
disorders clinic who had low serum B12 (Eastley et al. 2000). They assessed 66 
patients with dementia and 22 with cognitive impairment before and after B12 
supplementation. There was no change in the dementia group, but patients 
in the cognitively impaired group improved on measures of verbal fluency.

Larner and Rakshi summarised this literature by concluding that, “…a 
low vitamin B12 is not an uncommon finding in patients with dementia or 
cognitive decline, but cases of dementia reversible with vitamin B12 therapy 
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are extremely rare” (Larner and Rakshi 2001). They suggested that, “…in most 
cases a low blood vitamin B12 level in a demented patient is likely a coexistent 
rather than a causal abnormality.”

Before commenting further on this general conclusion, mention should be 
made of the association between B12 deficiency and the specific dementia of 
AD. In particular, it will be seen that the new metabolite and carrier protein 
(holotranscobalamin) assays have played an important role in exploring this 
particular relationship, and have led to a wider study of B12 status in relation 
to dementia, to cognition in general, and to other chronic neurodegenerative 
diseases.

7. Vitamin B12 Deficiency and Alzheimer’s Disease

In 1983 Van Tiggelen first suggested that B12 deficiency might sometimes 
occur specifically in association with AD (Van Tiggelen 1983). Van Tiggelen 
demonstrated that in 24 patients with senile dementia of Alzheimer-type 
(SDAT) there was a high incidence of pathologically low levels of B12 in CSF 
despite normal serum levels. He suggested this might indicate abnormal 
function of the choroid plexus, and possibly of the blood-brain barrier, in 
such patients.

Shortly afterwards, Cole and Prchal measured serum B12 levels in 20 
subjects aged 65 years and over with Alzheimer-type dementia, 20 age-
matched subjects with non-Alzheimer type dementia, and 20 age-matched 
non-demented subjects (Cole and Prchal 1984). They found that serum B12 
levels were significantly lower and B12 deficiency was significantly more 
frequent in subjects with Alzheimer-type dementia, and that B12 levels were 
independent of age, sex, and haematological abnormality in these patients.

Karnaze and Carmel analyzed serum B12 retrospectively in 17 patients 
with primary degenerative dementia and 11 with specific demonstrable causes 
of dementia (secondary dementia) (Karnaze and Carmel 1987). The prevalence 
of low B12 levels was significantly higher in primary dementia (29% vs. 0% 
in secondary dementia). Because typical haematological findings of this 
deficiency were often absent, they prospectively studied two other patients 
with primary dementia and low B12 levels. Neither had megaloblastic anaemia; 
one had normal intestinal B12 absorption (as indicated by a Schilling test), 
while B12 absorption in the other was borderline impaired. Despite this absence 
of expected findings, the deoxyuridine suppression test, a functional indicator 
of B12 status, gave unequivocal biochemical evidence of B12 deficiency in both 
cases. Their survey of 28 patients thus established that low serum B12 levels 
are a frequent finding in patients with primary dementia. Their findings in 
the two prospectively studied cases (as well as in some of the patients in the 
survey) indicated that these levels are associated, in at least some cases, with 
a subclinical deficiency state rather than with severe deficiency such as that 



162 Vitamin B12: Advances and insights

caused by PA. They noted that such subclinical deficiency states could not be 
identified by classic haematological criteria or by the Schilling test.

Regland et al. also found lower serum B12 levels in 56 patients with senile 
dementia of the Alzheimer type (SDAT) compared to 54 patients with vascular 
dementia (Regland et al. 1988). The frequency of low serum B12 in their patients 
with SDAT (23%) was much higher than an unselected population of 75-year 
old individuals (5%) in a separate study performed in the same geographical 
area and using the same reference values as their own study.

The following year Renvall et al. reported on the dietary intake and 
biochemical estimates of thiamine, riboflavin, folate, B12, protein, and iron 
in 22 free-living SDAT patients versus 41 cognitively normal controls aged  
60 years and over (Renvall et al. 1989). The two groups did not differ in intake 
of these vitamins, although the SDAT group had lower serum transketolase 
(thiamin), red cell folate, and serum B12.

Ikeda et al. found lower cerebrospinal fluid (CSF) levels of B12 in 12 
patients with AD compared with 10 patients with vascular dementia (Ikeda et 
al. 1990), and concluded that measuring CSF B12 levels in dementia patients 
might be a useful diagnostic tool. Regland et al. later showed that low CSF B12 
levels might be explained by inactive B12 analogues somehow interfering with 
the transport of the vitamin. A lower ratio of active B12 to inactive analogues 
was found in demented patients (Regland et al. 1992). Further indirect evidence 
of disturbed CSF B12 metabolism was demonstrated by Bottiglieri et al., 
who found surprisingly low levels of S-adenosylmethionine in AD patients 
compared with patients with other neurological disease (Bottiglieri et al. 1990).

Therefore, by the early 1990s, it appeared that there might be an association 
between B12 deficiency and the specific dementia of AD. However, the nature 
of this association was unclear. Notwithstanding the observed associations 
between AD and B12 deficiency, as indicated by serum and CSF B12 levels, it 
was argued that because both conditions occur commonly in the elderly it was 
unsurprising that many subjects had a combination of the two (Stabler et al. 
1997). One important criticism of these early papers was whether or not B12 
deficiency in these patients was associated with genuine AD neuropathology. 
AD is essentially a histopathological diagnosis, and it had been argued that 
patients with a clinical diagnosis of the disease and low serum B12 might 
actually represent a previously undetected subgroup of patients with dementia 
secondary to B12 deficiency. However, the finding of low B12 values in patients 
with genetically determined familial AD confirmed that the two conditions 
could genuinely coexist (Kennedy et al. 1993; McCaddon and Kelly 1994). 
Thus, an interesting parallel was emerging between these two distinct diseases 
(B12 deficiency and AD). Both were increasingly recognized as being slowly 
progressive in nature, with subtle and previously undetectable preclinical 
stages.

Although it was acknowledged that B12 deficiency occurs commonly 
in the elderly, there were conflicting views as to its aetiology, and it seemed 
that explanations other than malnutrition or malabsorption were required to 
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account for this. In the majority of cases no explanation was apparent. The 
haematological and neuropsychiatric features of B12 deficiency were often 
dissociated, but the underlying reasons for the predominant dysfunction of 
one or the other system in individual patients remained unclear. No convincing 
pathogenic mechanisms or hypotheses had been presented to account for 
such differences.

In summary, it was apparent that poor B12 status might at least partially 
contribute to cognitive decline in some elderly persons. The metabolic 
implications of B12 (and folate) deficiency for the nervous system suggested 
ways in which such deficiency might lead to the observed neurotransmitter and 
structural changes of AD (McCaddon and Kelly 1992; Regland and Gottfries 
1992; Rosenberg and Miller 1992).

Metabolic evidence for such deficiency should therefore be common in AD. 
This was confirmed by the discovery of elevated blood homocysteine levels 
not only in clinically diagnosed AD cases (Joosten et al. 1997; McCaddon et 
al. 1998), but also in histopathologically confirmed AD (Clarke et al. 1998). 
In fact, patients with subsequent histopathological confirmation of AD had 
significantly lower vitamin B12 levels than clinically diagnosed patients. 
Joosten et al. also observed high levels of methylmalonic acid in their group 
of 52 AD patients (Joosten et al. 1997).

These initial studies prompted a substantial interest in metabolic evidence 
of B12 (and folate) deficiency in relation to other forms of dementia and 
to cognition in general. For example, in the following year, elevated blood 
homocysteine levels were also reported in patients with vascular dementia, 
as well as in individuals with mild cognitive impairment (Lehmann et al. 
1999). In cross-sectional studies, blood homocysteine levels correlated with 
well-validated measures of cognition (Budge et al. 2000; Leblhuber et al. 2000; 
Lehmann et al. 1999; McCaddon et al. 1998; Miller et al. 2003a; Prins et al. 2002), 
and also with white matter hyperintensities (Hogervorst et al. 2002) and brain 
atrophy (Den Heijer et al. 2003; Sachdev 2005).

These relationships generally held true in later prospective studies. For 
example, homocysteine was shown to be an independent risk factor for 
cognitive decline not only in healthy elderly (McCaddon et al. 2001), but also 
in patients with established AD (Oulhaj et al. 2010). Homocysteine is also 
associated with an increased risk of incident dementia, including AD (Haan 
et al. 2007; Ravaglia et al. 2005; Seshadri et al. 2002; Zylberstein et al. 2011).

Perhaps most compelling are the recent findings of Smith and colleagues 
regarding the effects of B vitamin supplements on age-related brain loss 
and cognitive decline (de Jager et al. 2012; Douaud et al. 2013; Smith et al. 
2010). In older adults diagnosed with mild cognitive impairment, high dose 
B vitamin supplements (folic acid, B12, and B6) slowed global and regional 
brain atrophy and prevented cognitive decline over a 2-year treatment period 
compared with placebo. Importantly, the protective effects were primarily 
observed in those individuals with elevated plasma homocysteine levels, i.e., 
in those with metabolic evidence of B vitamin inadequacy. Moreover, post-
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hoc statistical analysis suggested that it was the B12 in the active supplement 
that was primarily responsible for the lowering of homocysteine in the study 
participants, suggesting that inadequate B12 status contributes to brain atrophy 
and cognitive decline observed in older individuals with mild cognitive 
impairment.

The realization that total B12 is an insensitive indicator of vitamin B12 
deficiency also led to studies of holotranscobalamin in relation to dementia. 
Patients with AD were found to have lower plasma holotranscobalamin levels 
compared with non-demented elderly, despite having similar plasma total B12 
values (Johnston and Thomas 1997; Refsum and Smith 2003). In addition, the 
risk of incident AD over a seven-year period in a population-based cohort 
of older individuals was inversely associated with holotranscobalamin 
(Hooshmand et al. 2010), and baseline holotranscobalamin was directly 
associated with global cognitive performance, executive function and 
psychomotor speed (Hooshmand et al. 2012). The ratio of holotranscobalamin 
to total serum B12 may also be important; in older Latinos with elevated 
depressive symptoms the fraction of total B12 bound to transcobalamin was 
directly correlated with cognitive function scores suggesting a global effect 
of B12 status on cognition and mood (Garrod et al. 2008).

A more complete discussion of the numerous studies of the relationship 
between metabolic B12 deficiency, cognitive decline and dementia is beyond the 
scope of this chapter; the interested reader is referred to other comprehensive 
review articles (McCaddon and Miller 2015; Selhub et al. 2010; Smith 2006; 
Stanger et al. 2009).

8. Exacerbation of Vitamin B12 Deficiency by Excess Folic Acid

An evolving area of investigation is focusing on the possibility that excess folic 
acid exacerbates vitamin B12 deficiency. It has been known for several decades 
that folic acid supplements can reverse megaloblastic anaemia caused by B12 
deficiency. However, B12 deficient patients treated in this manner would still be 
susceptible to the neurological manifestations of the deficiency, and thus folic 
acid supplements were said to ‘mask’ the B12 deficiency. Moreover, as reviewed 
by Reynolds (Reynolds 2002), the effect of the folic acid on B12-deficiency 
anaemia was often incomplete and temporary, and there was evidence that the 
folic acid actually precipitated or exacerbated the neurological manifestations. 
This possibility was brought to the fore in 2007 by Selhub and colleagues who 
found in cross-sectional analyses of data from the U.S. National Health and 
Nutrition Examination Survey (NHANES) that the risk of both anaemia and 
cognitive deficits was greater in older adults with low B12 status and high 
circulating folate levels than in those with low B12 status and non-elevated 
folate levels (Morris et al. 2007). In a follow-up study, it was shown that the 
combination of low B12 and high folate was also associated with the highest 
levels of methylmalonate and homocysteine (Selhub et al. 2007), a finding 
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that was also observed by Miller et al. in cohort of older Latinos (Miller et al. 
2009). More recently, it was shown in the Framingham Heart Study cohort that 
the decline in mini-mental state examination scores over an 8-year follow-up 
period was faster in those with low B12 and elevated folate than those with low 
B12 and non-elevated folate (Morris et al. 2012). Taken together, these findings 
suggest an exacerbating effect of high folate on B12 deficiency. However, the 
mechanism by which this occurs is unknown.

9. Vitamin B12 Deficiency and other Neurodegenerative Diseases

The link between metabolic B12 deficiency and dementia also prompted studies 
of its possible association with other chronic neurological diseases. To date, the 
majority of these have focused on blood homocysteine and/or methylmalonate 
levels. As yet, there are no clinical studies of holotranscobalamin in relation 
to these disorders.

Epilepsy. In animal studies, administering high doses of homocysteine 
induces seizures (Kubova et al. 1995). Very high homocysteine levels occur 
in patients with inborn errors of metabolism such as homocystinuria. These 
are also associated with seizures, but it is not clear whether more moderate 
levels of subclinical B12 deficiency are epileptogenic. A confounding factor is 
that many anticonvulsants adversely influence folate status thereby leading 
to hyperhomocysteinaemia (Schwaninger et al. 1999).

Parkinson’s disease (PD). High homocysteine levels are found in patients with 
Parkinson’s disease (Allain et al. 1995; Kuhn et al. 1998). There are also reports 
of higher methylmalonate levels in such patients (Levin et al. 2010; Toth et 
al. 2010). A potential confounder in Parkinson’s disease is that such patients 
are treated with L-dopa, metabolism of which can increase homocysteine 
levels (Blandini et al. 2001; Miller et al. 2003b; Muller et al. 1999; Muller et 
al. 2001). The magnitude of the increase caused by L-dopa is exacerbated by 
low levels of B12, folate, and vitamin B6 (Miller et al. 2003b). Regardless of 
its aetiology, hyperhomocysteinaemic Parkinsonian patients are more likely 
to be depressed, and they perform less well on neuropsychometric tasks 
compared with normohomocysteinaemic patients (O’Suilleabhain et al. 2004). 
Dietary supplementation with B12 (and folate) reduces homocysteine levels 
in the disease (Lamberti et al. 2005). This could have important treatment 
implications, given that such patients have an increased risk of developing 
cognitive impairment and dementia (Zoccolella et al. 2010).

Multiple sclerosis. A relationship between B12 deficiency and multiple 
sclerosis has been suspected since the early 1980’s (Reynolds 1992). In many 
of these cases haematological signs of B12 deficiency are either absent or 
minimal, serum B12 levels are borderline or low-normal, and in most cases 
the underlying cause of deficiency is unclear. Multiple Sclerosis is regarded 
as being an inflammatory disorder of unknown aetiology. Chronic immune 
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reactions or recurrent myelin repair processes might increase demand for B12 
in the disease (Reynolds et al. 1992). Homocysteine levels are increased in most 
(Ramsaransing et al. 2006; Russo et al. 2008; Teunissen et al. 2005), but not all 
studies (Goodkin et al. 1994; Teunissen et al. 2008). Higher levels in patients 
with multiple sclerosis are associated with impaired cognitive performance 
and depression (Triantafyllou et al. 2008).

Progressive supranuclear palsy/amyotrophic lateral sclerosis. Blood 
homocysteine levels are also elevated in patients with progressive supranuclear 
palsy and amyotrophic lateral sclerosis (ALS) (Levin et al. 2010), more 
markedly so in ALS patients with a shorter time to diagnosis. Higher levels 
may be linked to a more rapid disease progression (Zoccolella et al. 2008).

10. Reconciling the Neurology of ‘Classical’ and ‘Subclinical’ 
B12 Deficiency

How can the associations between subclinical B12 deficiency and such diverse 
neurodegenerative processes as AD, PD and multiple sclerosis be reconciled 
with the ‘classical’ neurological picture of B12 deficiency exemplified by 
PA? One possibility is that these associations, most strongly represented by 
increased homocysteine levels, perhaps reflect the effects of long-term exposure 
to oxidative stress, effectively resulting in chronic B vitamin depletion.

Neurodegenerative disorders are slowly progressive with a very long 
asymptomatic pre-clinical phase. For example, in the case of AD, biochemical 
changes are detectable more than twenty years before clinical signs of the 
disease (Bateman et al. 2012). These chronic disorders are also all associated 
with neuro-inflammation, characterised by microglial activation and release 
of a diverse array of inflammatory mediators such as cytokines, as well as 
generation of free radicals and other reactive oxidative species (Lucas et al. 
2006).

In the brain, homocysteine is largely metabolized by B12-dependent 
methionine synthase. This enzyme system is readily inactivated by 
oxidative stress (Banerjee and Matthews 1990). Its reactivation requires 
S-adenosylmethionine as a methyl donor, generating S-adenosylhomocysteine 
and ultimately homocysteine in the process (Elmore and Matthews 2007). The 
important ‘net’ result is that oxidative stress inevitably increases homocysteine 
levels (McCaddon and Hudson 2007a; McCaddon et al. 2002) (Figures 1A 
and 1B).

Impaired methionine synthase activity also leads to secondary folate 
depletion because de-methylation of folate by methionine synthase is required 
for its cellular retention (McGing et al. 1978). Folate may also be oxidatively 
degraded as a result of chronic immune activation (Fuchs et al. 2001).

The discrepancy between the ‘classical’ neurology of deficiency (arising 
from malabsorption or low dietary intake) and that related to the association 
of ‘subclinical’ deficiency with neurodegenerative disease might be explained 
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Figure 1A. In the methionine synthase (MS) reaction MS-bound methylcobalamin transfers 
its methyl group to homocysteine to generate methionine and a transient free cob(I)alamin 
intermediate. MS-bound methylcobalamin is regenerated when cob(I)alamin accepts a methyl 
group from methylfolate, generating free tetrahydrofolate (THF) in the process. Cob(I)alamin is 
vulnerable to oxidation by free radicals. 

Figure 1B. Inactivation of MS occurs when free radicals oxidise cob(I)alamin to a cob(II)alamin 
species. Re-activation requires donation of a methyl group by S-adenosylmethionine (SAM), the 
universal methyl donor. The net effect is that homocysteine levels increase as a consequence of 
oxidative stress.



168 Vitamin B12: Advances and insights

by this process. This could also account for the apparent dissociation of 
neurological and haematological features discussed earlier (McCaddon et al. 
2004). In effect, such a model would account for a selective deficiency of B12 
in nervous tissue, with relative sparing of haematopoiesis.

 There is an alternative hypothesis. In animal models, B12 deficiency is 
associated with inflammation (Scalabrino et al. 2008). Because neurodegenerative 
conditions are to a great extent inflammatory diseases, it is possible that a 
suboptimal B12 status would exacerbate neurodegeneration by accelerating 
its inflammatory component (Miller 2002). This simply requires B12 deficiency 
to co-exist with neurodegenerative disease—a reasonable expectation based on 
prevalence estimates for both B12 deficiency and neurodegenerative disease 
in the elderly population.

At least in AD, harmful self-propagating cascades might also exist, 
whereby impaired homocysteine recycling due to inflammatory oxidative 
stress generates neurotoxic derivatives such as homocysteic acid, which 
promote further free radical formation (McCaddon and Hudson 2007a). 
Increased homocysteine, associated with hypomethylation of other substrates, 
can also contribute to neurofibrillary tangle (McCaddon and Hudson 2007b; 
Obeid et al. 2007) and amyloid plaque formation characteristic of the disease 
(Fuso and Scarpa 2011; Sontag et al. 2007) (Figure 2). Thus, B12 deficiency may 
not be a direct cause of neurodegenerative disease per se, but rather serves 

Figure 2. Hypothesised self-propagating events in the interplay of neuroinflammatory oxidative 
stress and impaired homocysteine metabolism in Alzheimer’s disease. This model integrates 
changes in Hcy and SAM levels with amyloid plaque and neurofibrillary tangle formation.
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as a modifier or accelerant of the primary pathophysiological processes that 
underlie neurodegenerative disease.

11. The Patient’s View

The Pernicious Anaemia Society (http://www.pernicious-anaemia-society.
org/) is an active patient support group with over 4,000 members. In 2010 the 
Pernicious Anaemia Society produced a questionnaire concerning symptoms 
and treatment. Its members were invited to complete this, either online or 
via post (Hooper et al. 2014). Nearly 1,000 completed the questionnaire, 
revealing perceived difficulties and delays concerning the current diagnosis 
and treatment of B12 deficiency. The questionnaire also highlighted several 
interesting neuropsychiatric features of B12 deficiency, as seen from the 
patient’s perspective.

A focus group studying the data synthesized the symptomatology of 
patients into descriptive phrases. For example, the tiredness and fatigue 
associated with B12 deficiency was described as a ‘strange tiredness’, quite 
unlike normal tiredness in that it is far more intense and often completely 
unrelieved after many hours of deep sleep. In many patients this fatigue 
seemed to persist even after haematological correction of deficiency by 
replacement therapy.

Confusion and poor concentration were described by the focus group 
as ‘brain fog.’ This is of course strikingly similar to the clinical, and 
meteorologically related clinical term—‘clouding of consciousness.’ Nominal 
aphasia was also frequently reported. This is concordant with recent reports 
of associations between methylmalonate concentration and verbal fluency 
(Lewis et al. 2005; McCracken et al. 2006).

 PA patients frequently also experience memory impairment and absent-
mindedness. Rather descriptively, the focus group termed this as the ‘handbag 
in the fridge’ syndrome. The peripheral neurological features of poor balance 
and coordination are described by patients as ‘the shoulder bumps’; they often 
bump into walls, especially when descending stairs or showering. Some of 
the behavioural symptoms documented are also worth mentioning. These 
include mood swings, heightened emotions, irritability, frustration, impatience, 
a desire for solitude and an aversion to bright lights. These rarely feature in 
any textbook descriptions of the neuropsychiatric symptoms of B12 deficiency.

12. Summary 

The concept of sub-clinical B12 deficiency evolved from advances in 
laboratory diagnostic techniques. Sub-clinical deficiency is highly prevalent 
in older adults. Although not associated with the usual clinical features of 
B12 deficiency, it is associated with an increased risk of cognitive decline, 

http://www.pernicious-anaemia-society.org/
http://www.pernicious-anaemia-society.org/
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brain atrophy, and dementia. It is also observed in association with other 
neurodegenerative diseases.

Chronic neuroinflammatory oxidative stress might contribute to its 
pathogenesis, at least in some instances. Subclinical deficiency runs an 
unpredictable course, raising difficulties with its rational management. One 
suggestion is that if such patients have any subtle clinical signs or symptoms 
that are possibly related to the vitamin, they should be treated to achieve a 
desirable vitamin B12 blood level (Smith and Refsum 2012).

Last, many clinicians are aware of considerable individual variability in 
patient’s responses to B12 replacement. Patients often continue to experience 
mild neurological symptoms such as poor memory, impaired concentration and 
fatigue even after adequate B12 replacement. The reason for this is currently 
unknown, but future research into the interplay between polymorphisms in 
transcobalamin and its cell membrane receptor might offer some explanation 
for this curious phenomenon (McCaddon 2013).

Keywords: neuropathy, dementia, Alzheimer disease, memory, cognitive 
decline, white matter, multiple sclerosis, epilepsy, Parkinson disease, 
neuroinflammation, hypomethylation, amyloid plaque
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Mechanistic Insights 
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Acquired cobalamin (Cbl)-deficiency in human induces a neuropathy that 
is known as subacute combined degeneration or Cbl-deficient neuropathy. 
This neurological disease affects both the central-(CNS) and the peripheral 
nervous systems (PNS). The peripheral nerves and different columns of the 
spinal cord are particularly affected by the diseases. The histopathological 
hallmarks of Cbl-deficient neuropathy in the CNS are: (i) a diffuse but 
uneven vacuolation (the so-called “spongiform vacuolation”) of the white 
matter; (ii) intramyelinic and interstitial edema of the white matter of the 
CNS (Agamanolis et al. 1978; Duffield et al. 1990; Scalabrino et al. 1990; 
Tredici et al. 1998); and (iii) reactive astrogliosis in both the white and grey 
matter (Agamanolis et al. 1978; Scalabrino et al. 1990; Tredici et al. 1998). The 
histopathological lesions affect especially the posterior and lateral columns 
of the spinal cord, but similar lesions have also been observed in brain white 
matter (i.e., leukoencephalopathy) (Chatterjee et al. 1996; Scalabrino 2001; 
Scherer 2003). 

The histopathological and ultrastructural hallmarks of Cbl-deficient 
neuropathy in the PNS (peripheral neuropathy or polyneuropathy) are 
intramyelinic and interstitial edema, and gliosis (Kumar 2007; Scalabrino et 
al. 2008). Electrophysiological abnormalities have also been observed in the 
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PNS (Roos 1978; Fine et al. 1990; Saperstein and Barohn 2002). Table 1 shows a 
summary of the most relevant morphological lesions that are associated with 
Cbl-deficient neuropathy in the nervous system.

The neurologic features of Cbl-deficient neuropathy typically include a 
spastic paraparesis or tetraparesis, extensor plantar response, and impaired 
perception of position and vibration. The involvement of the posterior and 
lateral columns of the spinal cord is responsible for the impairment of position 
sense, paraparesis and tetraparesis (Briani et al. 2013). Almost all patients have 
loss of vibratory sensation, often associated with diminished proprioception 
and cutaneous sensation and Romberg sign (Briani et al. 2013). 

Besides neuropathy, Cbl deficiency has also been negatively related 
to cognitive function in healthy elderly subjects. Symptoms include slow 
mentation, memory impairment, and attention deficits (Briani et al. 2013). 
Several mechanism(s) have been discussed to explain the pathogenesis of 
Cbl-deficient neuropathy or cognitive dysfunction.

One of the key mechanisms is related to the two reactions mediated by 
Cbl as a cofactor. Cbl deficiency reduces the activity of the mitochondrial 
methylmalonyl Coenzyme A mutase and the cytosolic methionine synthase 
and thereby it causes accumulation of methylmalonic acid (MMA) and 
homocysteine, respectively. High concentrations of plasma homocysteine have 
been demonstrated in the brain of Cbl-deficient pig with symptoms of subacute 
combined degeneration (Cbl was inactivated by nitrous oxide) (Surtees 1993; 
Weir and Scott 1995). Moreover, hyperhomocysteinemia is associated with 
elevated S-adenosylhomocysteine (SAH) and low S-adenosylmethionine 
(SAM). SAM is an important methyl donor for numerous methyltransferases 
in the cell and SAH is a competitive inhibitor of these enzymes. Therefore, 

CNS References

Spongiform vacuolation of the white matters (especially 
the posterior and lateral columns of spinal cord)

Scalabrino et al. 1990, 1995

Intramyelinic and interstitial edema of the white matters 
(especially the posterior and lateral columns of spinal 
cord)

Agamanolis et al. 1978; Duffield et al. 
1990; Scalabrino et al. 1990; Tredici 
et al. 1998

Reactive astrogliosis of the white and grey matters 
(especially the posterior and lateral columns of spinal 
cord)

Agamanolis et al. 1978; Scalabrino et 
al. 1990; Tredici et al. 1998

PNS

Intramyelinic and interstitial edema Kumar 2007; Scalabrino et al. 2008

Gliosis Kumar 2007; Scalabrino et al. 2008

Electrophysiological abnormalities Roos 1978; Fine et al. 1990; Saperstein 
and Barohn 2002

Table 1. Morphological abnormalities in the nervous system that have been associated with 
Cbl-deficiency.
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hyperhomocysteinemia is expected to cause hypomethylation in the nervous 
system and to have functional consequences. 

The myelin sheath is a greatly extended and modified plasma membrane 
wrapped around the nerve axon in a spiral fashion. The myelin membranes 
originate from and are a part of the Schwann cells in the PNS and the 
oligodendroglial cells in the CNS. Myelin sheatis lipid-rich (approximately 
80% lipid and 20% protein). 30% of the protein fraction constitutes myelin 
basic protein (Kim et al. 1997) and acts as electrical insulator thus facilitating 
conduction in axons (Morell and Quarles 1999). Abnormal changes in myelin 
structure and functions have been reported in Cbl deficiency and they were 
also related to alterations in methylation sites or the content of fatty acids in 
myelin protein or phospholipids contents, respectively. 

Methylation of myelin basic protein plays a key role in maintaining 
myelin structure integrity and stability. Myelin basic protein is methylated at 
a single ariginine residue (arg-107) by a protein methylase (Protein arginine 
N-methyltransferase 1). The last step is SAM dependent (Bolander-Gouaille 
and Bottiglieri 2007). A decrease in SAM supply causes impairment in Arg 
methylation in myelin basic protein and thereby impairs myelin functions 
(Surtees 1993; Tefferi and Pruthi 1994; Weir and Scott 1995; Bottiglieri 1996).

In physiological conditions, the turn over of myelin lipids is rapid and 
myelin replacement is heavily dependent on fatty acid synthesis (Beck 
1991). Normally, the de novo synthesis of fatty acids consists in the repetitive 
sequential addition of two-carbon units deriving from malonylCoA (three 
carbon-molecules). MMA that accumulates in a Cbl-deficiency is a branched 
four carbon-molecule that may compete with malonylCoA and thus it 
generates abnormal branched fatty acids or fatty acids with an odd number of 
carbon atoms (Beck 1991). These abnormal fatty acids could subsequently be 
incorporated into myelin and cause too fragile structure (Beck 1991; Scalabrino 
2001; Naidich and Ho 2005). in vivo and in vitro studies have demonstrated the 
presence of abnormal branched fatty acids or fatty acids with an odd number of 
carbon atoms in Cbl-deficiency conditions. Nevertheless, it remains unproven 
whether the accumulation of such abnormal fatty acids in myelin directly 
accounts for myelopathy and polineuropathy of Cbl deficiency (Beck 1991; 
Scalabrino 2001; Naidich and Ho 2005), or whether this process is modifiable 
by administering Cbl that lowers MMA.

Elevated concentrations of homocysteine in Cbl-deficient patients can 
have several direct or indirect neurotoxic effects such as overstimulation of 
the N-methyl-D-aspartate receptors (Lipton et al. 1997; Diaz-Arrastia 2000). 
Activation of the N-methyl-D-aspartate receptors causes neuronal damage 
mediated by excessive Ca2+ influx and reactive oxygen species generation 
(Lipton et al. 1997). 

Several lines of evidence suggested that increased plasma concentrations 
of MMA and homocysteine are not sufficient alone to cause the CNS lesions 
that are typically found in Cbl-deficiency. For example, the severity of the 
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neuropathological damage in the white matter of spinal cord in a rat model of 
Cbl-deficiency did not correlate with the progressive accumulation of MMA 
and homocysteine. In humans with isolated hyperhomocysteinemia of any 
origin (e.g., due to defects in genes encoding for enzymes of homocysteine 
metabolism, without MMA elevation) or those with isolated methylmalonic 
acidemia not related to Cbl deficiency (due to an inherited methylmalonyl-CoA 
mutase deficiency) do not show the typical Cbl-deficient neuropathy (reviewed 
in Scalabrino 2005). This suggested that other mechanisms are involved. 

Involvement of some cytokines and some neurotrophic growth factors in 
Cbl-deficient neuropathy have been explored because they are indispensable 
for proper development and maintenance of the nervous system, and their 
abnormalities are involved in several neuropathies. 

Based on rat models, Scalabrino et al., argued that a derangement in 
the production of some cytokines and/or growth factors, due to Cbl fading, 
may be one of the central mechanisms in the pathogenesis of Cbl-deficient 
neuropathy (Scalabrino 2001, 2005). Cbl has been shown to down-regulate: 
(i) tumor necrosis factor (TNF)-α and nerve growth factor (NGF) levels and/
or synthesis (Buccellato et al. 1999; Peracchi et al. 2001; Scalabrino et al. 2004; 
Scalabrino et al. 2006); (ii) the levels of the soluble(s) CD40:sCD40 ligand dyad 
(belonging to the TNF-α:TNF-α-receptor superfamily) (Veber et al. 2006). On the 
contrary, Cbl up-regulates: (i) epidermal growth factor (EGF) levels (Peracchi 
et al. 2001; Scalabrino et al. 1999; Scalabrino et al. 2004; Mutti et al. 2013); and 
(ii) interleukin (IL)-6 levels (Scalabrino et al. 2002). 

Subsequently, it has been proved that the imbalance of cytokines and 
growth factor levels induced by Cbl deficiency in rat central nervous system is 
not marginal, but it is essential to the pathogenesis of the typical myelinolitic 
lesions in the white matter of spinal cord of acquired Cbl-deficient neuropathy.

In fact, in two rat models of Cbl-deficiency the typical myelinolitic lesions 
are cured by means of subcutaneous injections of the down-regulated proteins 
(EGF or IL-6) or by using monoclonal antibodies against the up-regulated 
proteins (TNF-α or NGF) (Buccellato et al. 1999; Scalabrino et al. 2000, 2006). 
In line with the proposed role for down regulation of EGF and up regulation 
of TNF-α or NGF in Cbl-deficient rat models, the typical myelinolitic lesions 
in the white matter of spinal cord of non-deficient rats have been reproduced 
by means of subcutaneous injections of TNF-α, NGF or anti-EGF antibodies 
(Buccellato et al. 1999; Scalabrino et al. 2000, 2006) showing that Cbl-deficiency 
causes neurological damages via cytokine and growth factors. Taken together, 
these rat models have shown that abnormally lower level of myelinotrophic 
cytokines or growth factors and higher level of neurotoxic cytokines or growth 
factors can be deleterious for myelin.

It has been hypothesized that the dysregulation in the synthesis and 
secretion of aforementioned cytokines and growth factors is induced by 
the ultrastructural abnormalities observed in glia cells (gliosis) from Cbl-
deficient humans and animals, but if and how this comes about is still unclear 
(Scalabrino 2009).
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Recently, another molecule attracted the attention of the researchers, the 
cellular prion protein (PrPC). PrPC is a sialoglycoprotein that appears to be 
involved in crucial functions in CNS and PNS, as it maintain the myelinated 
fibers, synaptic transduction, signal transduction, neuroprotection against 
some CNS injuries, and copper binding. PrPC could be also involved in the 
pathogenesis of Cbl-deficient neuropathy. This suggestion is based on the fact 
that both Cbl-deficient neuropathy and diseases with prion abnormalities 
present the same typical lesions: myelin vacuolation and reactive astrocytosis 
(Scalabrino et al. 2011, 2012). Moreover, it has been demonstrated that Cbl 
contributes to maintain normal PrPC levels in nervous system and abnormal 
levels of PrPC are associated with myelin lesions and abnormal nerve 
conduction velocity (Scalabrino et al. 2011, 2012).

It is interesting to note that the decreased availability of the methyl 
donor SAM (consequence of reduced activity of methionine synthase) and 
the dysregulation of cytokines and/or growth factors, both observed in a 
Cbl-deficient status, are interrelated. In fact, epigenetic regulations, through 
DNA methylation, play a central role in linking between Cbl deficiency and the 
dysregulation of cytokine and/or growth factor. In line with a hypomethylation 
condition under Cbl-deficiency, SAM added to a murine monocyte cell line 
caused down regulation on the mRNA and protein level of members of the 
TNF-α family that are overexpressed under Cbl-deficiency conditions (Watson 
et al. 1999; Song et al. 2005).

Another potential mechanism that has been discussed in relation to Cbl 
deficiency neuropathy is the increase in Cbl analogues or the non-active Cbl 
corrinoides. These compounds share a similar chemical structure with Cbl 
and they are able to bind to one major Cbl transporter, haptocorrin. However, 
Cbl analogues can not bind Cbl-dependent enzymes and they are therefore 
unable to serve as cofactors for methylmalonyl Coenzyme A mutase and 
methionine synthase (Kolhouse et al. 1978). In line with this hypothesis, high 
concentrations of Cbl analogus have been reported in a group of patients with 
low Cbl levels and primarily and/or only neurologic symptoms as compared 
to patients with only and/or primarily hematologic abnormalities (Carmel 
et al. 1988). Likewise, patients affected by other neurological disorders like 
Alzheimer’s disease had significantly higher ratio of Cbl analogue/corrinoid 
than control subjects (0.36 in patients with Alzheimer’s disease vs 0.26 in 
the controls) (McCaddon et al. 2001). Therefore, increased analogues levels 
could derange the Cbl transport and metabolism carrying inert Cbl that is 
not available for the cell metabolism. Obviously, more studies are required to 
prove a potential role of this mechanism in neurological damage associated 
with Cbl deficiency. 

Finally, Cbl shows an antioxidant and anti-inflammatory role (Manzanares 
and Hardy 2010) that could also be implicated in the pathogenesis of the  
Cbl-linked neuropathies. For example, thiolatoCbl derivatives have been found 
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to protect against oxidative stress (induced by homocysteine or H2O2) in a 
cellular model (Birch et al. 2009). From the molecular point of view it has been 
found that Cbl reacts with superoxide at rates approaching those of superoxide 
dismutase itself, suggesting a probable mechanism by which Cbl modulates 
redox homeostasis and protects against oxidative stress (Suarez-Moreira et 
al. 2009). One potential mechanism explaining Cbl ameliorative effect on 
inflammation is its regulatory effect on all three nitric oxide synthases (NOS) 
(inducible (iNOS), endothelial (eNOS) and neuronal nitric oxide synthases 
(nNOS)) that promotes the more benign species and effects of nitric oxide 
(Wheatly 2006, 2007a, 2007b).

An in vivo study recently confirms this data demonstrating that hydroxoCbl 
produces in mice a complex, time- and organ-dependent, selective regulation 
of NOS/∙nitric oxide during endotoxaemia (partially inhibits hepatic, but 
not lung, iNOS mRNA and promotes lung eNOS mRNA, but attenuates the 
hepatic rise in eNOS mRNA, whilst paradoxically promoting high iNOS/eNOS 
protein translation, but relatively moderate nitric oxide production), corollary 
regulation of downstream inflammatory mediators, and increased survival 

Main mechanism Mediators Probable effect

Reduction of the Cbl 
biochemical functions

↑ homocysteine Overstimulation N-methyl-D-aspar-
tate receptors → neuronal damage 

↑MMA Abnormal fatty acids → fragile my-
elin structure 

↓SAM Decreased myelin methylation → 
fragile myelin structure

Derangement in the production 
of some cytokines and/or 
growth factors

↑TNF-α
↑NGF 

↑sCD40:sCD40L

Myelinotoxicity

↓ EGF

↓ IL-6

Decreased myelinotrophism

Derangement in the PrPC level PrPC Unknown

Increased inactive corrinoides 
that have no cofactor functions 

↑corrinoid Unknown

Reduction of antioxidant role ↑ superoxide Oxidative stress

Reduction of anti-inflammatory 
role

NOS/NO Chronic inflammation 

Table 2. Principal potential mechanism(s) of the pathogenesis of Cbl-linked neuropathies.

Cbl: cobalamin; EGF: epidermal growth factor; IL-6: interleukin-6; L: ligand; MMA: methylmalonic 
acid; NGF: nerve growth factor; NO: nitric oxide; NOS: nitric oxide synthases; PrPC: cellular prion 
protein; s: soluble; SAM: S-Adenosyl methionine; TNF-α: tumor necrosis factor-α; ↑ Increased 
level; ↓Decreased level.
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(Sampaio et al. 2013). See Table 2 for a summary of the principal theories of 
the pathogenesis of Cbl-deficient neuropathy.

The role of oxidative stress in the pathogenesis of Alzheimer’s disease 
has been repeatedly reported. Several studies have confirmed the association 
between low concentrations of plasma Cbl, elevated homocysteine and 
Alzheimer’s disease (for a review Lopes da Silva et al. 2014). Cbl deficiency 
causes hyperhomocysteinemia that is itself associated with oxidative stress. 
Chronic cerebral oxidative stress may in turn cause depletion of B-vitamins 
thus explaining the association between Alzheimer’s disease and low Cbl 
(McCaddon 2013). Though studies showing association do not prove causality, 
intervention studies have shown that a high-dose of Cbl plus folic acid and 
vitamins B6 reduces not only homocysteine, but also cerebral atrophy by 
approximately 7 fold in those gray matter regions specifically vulnerable 
to the Alzheimer’s process, including the medial temporal lobe (Douaud 
et al. 2013). A further intriguing study using cellular and in-vivo models of 
neurodegeneration suggested a decrease in release of Cbl from cell lysosomes 
after its uptake via the Cbl-receptor. Cbl utilization in the cell depends on its 
efficient release from the lysosomal compartment and subsequent delivery 
to the cytosol and mitochondria. Lysosomal acidification is defective in 
Alzheimer’s disease and lysosomal proteolysis is disrupted in cellular model 
of Alzheimer diseases (presenilin 1 mutation). So Alzheimer’s disease related 
lysosomal dysfunction may impair lysosomal Cbl transport with subsequent 
entrapment of Cbl in lysosome (Zhao et al. 2015). 

Besides Cbl-deficient neuropathy and Alzheimer’s disease, multiple 
sclerosis could also present Cbl abnormalities, although the exact pathogenetic 
role of Cbl in the diseases is unclear (Scalabrino 2005; McCaddon 2013). 
Concentrations of Cbl in body fluids from patients with multiple sclerosis 
revealed no conclusive results. While concentrations of Cbl were decreased in 
serum of patients with multiple sclerosis (Zhu et al. 2011), they were increased 
in cerebrospinal fluid in some subgroups of patients (patients with relapsing-
remitting clinical courses) (Scalabrino et al. 2010), or even showed no alterations 
in serum Cbl level inother studies (Najafi et al. 2012). The current view is that 
multiple sclerosis that has several clinical phenotypes can show different 
associations with Cbl deficiency. Finally, increased homocysteine levels in 
patients with Parkinson’s disease could be partly related to low cobalamin 
status or higher requirements, in particular those treated with L-dopa or 
Catechol O-methyltransferase inhibitors who have higher requirements for 
methyl groups from SAM (Qureshi et al. 2008; McCaddon 2013).

Summary and Conclusions

It is now certain the involvement of Cbl abnormalities in various neurological 
diseases and therefore the key role of Cbl in the proper functioning of the 
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nervous system. This chapter summarizes the main mechanisms to explain 
the pathogenesis of Cbl-linked neuropathies and highlights a complicated 
Cbl pathway and multiple Cbl roles, often interrelated each other (i.e., co-
enzyme, regulatory of cytokines and growth factor levels, antioxidant and 
anti-inflammatory). In recent years, much has been discovered but to dispel 
last doubts, we argue that is necessary a new approach using new experimental 
models (i.e., mice treated with antivitamins or knockout mice), characterized 
by a selectively block of single Cbl metabolic actions and so able to define the 
exact role of each Cbl products.
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Laboratory markers and 
diagnosis of cobalamin 

deficiency 
Rima Obeid 

1. Introduction 

Cobalamin (Cbl, vitamin B12) deficiency causes megaloblastic anaemia and/or 
neurological disorders. Mild to moderate deficiency conditions are associated 
with several age-related diseases (i.e., neuropathy, dementia, brain atrophy, 
etc.). Though this association cannot be definitely regarded as causal, it can 
worsen the clinical picture. The clinical symptoms of cobalamin deficiency 
are considered late manifestations that can be irreversible. The availability of 
modern biomarkers and the cost-effective prevention via supplementation have 
dramatically reduced clinically manifested cobalamin deficiency. The necessity 
for prevention instead of treatment has shifted the focus to “subclinical vitamin 
B12 deficiency” that is expressed as biochemical disturbances in B12-dependent 
pathways in the absence of severe clinical symptoms. 

Acquired cobalamin deficiency can be caused by a low intake, loss or 
an inability to absorb the vitamin (Figure 1). Low cobalamin status (i.e., 
biochemical abnormalities) is common in populations where the consumption 
of animal products is low. In Western countries, cobalamin deficiency is mostly 
caused by diseases in the gastrointestinal tract, such as disorders that affect 
the production or function of intrinsic factor or classical pernicious anaemia. 
Moreover, intestinal diseases that affect the terminal ileum and thereby the 
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absorption of cobalamin cause severe deficiency (see Chapter 5). There could 
be also age-related changes in cobalamin metabolism and handling. For 
example, elderly people may be unable to release cobalamin from food sources, 
even when they can absorb the vitamin from supplements or fortified foods. 
Therefore, the deficiency can affect individuals achieving dietary intakes above 
the Recommended Dietary Allowance (RDA) for vitamin B12 (2.4 µg/d for 
adults). 

Modern cobalamin biomarkers are used to guide the routine diagnosis. 
They also have helped understanding how physiological factors or diseases 
affect cobalamin status (i.e., age, pregnancy, renal function, gastric resection). 

This chapter will present current concepts concerning:

 I. targeted and non-targeted approaches to test for cobalamin deficiency; 
 II. available markers, their biochemical origins, assays, and utility in order 

to make informed decision about cobalamin status; 
 III. stepwise diagnosis strategies;
 IV. direct combination of several markers;
 V. unclassical or unexplained results;
 VI. other biosamples used for measuring cobalamin markers; 
 VII. and the unresolved questions related to cobalamin markers and their 

utility. 

Figure 1. Vitamin B12 physiology and causes of deficiency. HC, haptocorrin; TC, transcobalamin.
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2. History of cobalamin diagnosis and modern challenges 

Cobalamin was identified many years after discovering its role in curing 
a deadly form of megaloblastic anaemia that was associated with severe 
neurological symptoms. Crude liver extract was discovered to contain an 
‘unknown liver factor’ that cured anaemia (see Chapter 1). Thereafter, liver 
extracts had been used for many years to cure pernicious anaemia. However, 
the liver extract was sometimes less active depending on the way of processing 
and there was no measure to estimate the content of the liver factor in the 
extracts. In the early 1940s, the role of this ‘unknown liver factor’ in promoting 
the growth of certain microorganisms in-vitro was discovered and used to 
measure cobalamin concentrations in liver extracts and later in blood samples 
of deficient patients. Later, the microbiological assays have been developed to 
measure cobalamin concentrations in biological fluids from patients suspected 
to have deficiency. 

Early tests that were used to diagnose cobalamin deficiency included: 
cobalamin levels in blood, examination of blood smears for the typical 
appearance of macrocytosis and polynucleated granulocytes, and examination 
of bone marrow for megaloblastic cells. The haematologic manifestations are 
not uniquely expressed in all patients, thus limiting their role as screening or 
diagnostic tools. The examination of bone marrow was more sensitive than the 
blood smear, but was too invasive to meet the requirements of modern diagnosis. 

Recent discoveries related to cobalamin metabolism, physiology and 
transport have introduced candidate biomarkers to be used in patient’s 
stratification in clinical settings. The modern laboratory biomarkers have 
been intensively studied in clinically manifested patients or in subclinical 
deficiency conditions. The diagnosis has been improved by introducing the 
metabolic markers and holotranscobalamin (holoTC). However, because all 
available markers have some limitations, their introduction also added new 
challenges to setting a diagnosis. There is a general agreement that none of the 
available markers is optimal for diagnosing cobalamin deficiency. Stepwise 
diagnostic algorithms or a direct combination of several markers have been 
suggested in recent years. 
Cobalamin laboratory diagnostic tests have four main goals:
 I. to identify individuals with cobalamin deficiency or subclinical deficiency; 
 II. clarify the cause of the deficiency; 
 III. ensure effectiveness and optimize treatment options (dose, route, 

frequency);
 IV. and to monitor the status in people with long-term need for treatment. 

3. Targeted and non-targeted Testing of cobalamin status 
3.1 In manifested clinical conditions (targeted-testing)

Several clinical conditions are likely to be caused by cobalamin deficiency 
or their progress can worsen if cobalamin deficiency co-exists (i.e., anaemia, 
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cognitive dysfunction, polyneuropathy, cancer) (Table 1). Testing cobalamin 
markers in patients with anaemia is necessary even when megaloblastic 
cells are not detected or mean corpuscular volume (MCV) is normal. Iron 
and cobalamin deficiency may coincide. Therefore, normal or small size, but 
hypochromic red blood cells may dominate in this case. If cobalamin deficiency 
is not confirmed in the above mentioned conditions, there is no need for 
repeated testing, since the deficiency takes few years to develop. 

Table 1. Candidate risk groups where testing for cobalamin status markers is highly recommended. 
Cobalamin deficiency can cause these conditions or worsen the prognosis.

Megaloblastic anaemia at any age 
Unexplained anaemias even without megaloblastic changes 
Unexplained neurological symptoms 
Peripheral neuropathy with or without diabetes 
Peripheral neuropathy after chemotherapy 
Patients with cancer before starting the chemotherapy 
Patients with mild cognitive dysfunction, Alzheimer disease, or dementia 
Patients with depression 
Anorexia nervosa and malnutrition 
Recurrent pregnancy loss
Previous pregnancy with a neural tube defect outcome
Pregnancy complications in vegans and vegetarian women 
Patients using metformin
Neurological manifestations (i.e., irritations, feeding difficulties, gross motor development, 
etc.) in infants of vegetarian, malnourished or deficient mothers 

3.2 Health conditions that can cause cobalamin deficiency  
(targeted-testing)

Several chronic diseases that affect cobalamin absorption or cellular 
metabolism can cause severe deficiencies. Testing serum cobalamin biomarkers 
is recommended in patients affected with one of these conditions (Table 2). 
Early detection of abnormal cobalamin markers in selected target groups 
enables prevention of later clinical manifestations. If cobalamin deficiency 
is confirmed, monitoring the effect of oral supplementation is strongly 
recommended when patients have chronic diseases that affect cobalamin 
absorption. If B12 deficiency is not confirmed, repeated blood testing is 
recommended. Cobalamin deficiency can develop within few months in 
patients who cannot absorb the vitamin.

3.3 Non-targeted testing in the general population and asymptomatic 
subjects 

The prevalence of abnormal cobalamin markers has been investigated in 
asymptomatic individuals of different ages, dietary habits, and countries 
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of origin (Bailey et al. 2013; Gonzalez-Gross et al. 2012; Yetley et al. 2011). 
Screening studies have identified subgroups of the population who are at risk 
for deficiency (i.e., low meat-eaters, vegetarians) and informed about potential 
health consequences. These studies have also guided policies or nutritional 
recommendations in sub-populations and specific age groups (Table 3). 

Screening for cobalamin deficiency is not cost-effective or useful for health 
care professionals. For research, results of non-targeted screening should be 
interpreted with caution, since many studies used a single marker, did not 
account for confounders (i.e., renal dysfunction), and did not link the markers 
to any clinical outcome. 

The explanation and impact of abnormal cobalamin markers differ 
across age groups, populations, and background diseases. For example, 
low cobalamin status was not related to the presence of intestinal infections 
in Guatemalan school children (Rogers et al. 2003b) and it did not explain 
differences in height, weight, hemoglobin, or hematocrit between the children 
(Rogers et al. 2003a). However, recent studies have shown that cobalamin 
supplementation improved weight gain, growth, and other developmental 
domains in Indian children who had low cobalamin at baseline (Kvestad et 
al. 2015; Strand et al. 2015). Abnormal cobalamin markers are not easily linked 
to measurable health outcomes. Long term follow-up or supplementation 
studies are scares, but are obviously needed, in particular from populations 
or subgroups with common abnormal markers. 

Table 2. Health conditions that cause cobalamin deficiency. Testing and repeated-testing of 
cobalamin status markers are recommended in the following conditions.

In patients with diseases likely to cause malabsorption of cobalamin

• Pernicious anaemia (intrinsic factor deficiency or antibodies against intrinsic factor).

• Anti-parietal cells antibodies (Lahner et al. 2009). 

• Crohn’s disease (Yakut et al. 2010).

• Gastric or ileum resection (Doscherholmen and Swaim 1973): causes intrinsic factor deficiency 
or inability to absorb Cbl in the intestine where intrinsic factor receptor is present.

• Unexplained cobalamin malabsorption: inability to release cobalamin from food proteins.

• Gastric atrophy.

• Hyperchlorhydia and achlorhydria: reduce Cbl absorption via intrinsic factor.

• Gastrointestinal manifestations such as irritable bowel syndrome, anorexia, and diarrhea.

In patients using certain drugs

• Proton pump inhibitors (i.e., omeprazole): reduce Cbl absorption that is pH-dependent  
(Hirschowitz et al. 2008; Lam et al. 2013).

• H2-blockers (i.e., cimetidine): reduce Cbl absorption by increasing the pH.
• Alcoholism: because of insufficient intake from foods and low Cbl absorption (Baker et al. 

1998). 
• Metformin: causes low serum levels of cobalamin for unknown reasons (Niafar et al. 2015).

Cbl, cobalamin
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Studies using non-targeted screening for abnormal cobalamin markers 
provided information about; 

 • the relationship between dietary intake and biomarkers (Bor et al. 2006; 
Siekmann et al. 2003) in order to guide nutritional recommendations, 

 • the effect of different lifestyles on cobalamin status markers (Herrmann 
et al. 2003), 

 • the effect of supplementation or fortification on cobalamin status (Duggan 
et al. 2014), 

 • the association between cobalamin status and specific health outcomes 
(i.e., growth in children, cognitive function in elderly, birth outcome in 
pregnant women), 

 • the effect of common diseases (i.e., cancer, H. pylori) on cobalamin status, 
 • differences in cobalamin status between populations or age groups 

(Eussen et al. 2012; Gonzalez-Gross et al. 2012). 

Table 3. Main risk groups for cobalamin deficiency identified through non-targeted screening for 
abnormal cobalamin status markers. The aim of this approach is to guide health care providers, 
policy makers, and nutritional recommendations.

Risk group Information gained from non-targeted 
screening 

References 

Strict vegetarians 
who are not using 
Cbl-supplements 

Subjects with chronic low consumption of 
animal foods are at risk for Cbl deficiency 
and need to secure sufficient intake of Cbl 
through supplementation or fortification. 

(Gilsing et al. 2010; 
Waldmann et al. 2004)

Newborns and 
infants from 
vegetarians or 
deficient mothers 

Women with insufficient intake during 
pregnancy and lactation give birth to 
depleted children. Increasing Cbl intake 
should start during pregnancy and 
continue throughout lactation. Sufficient 
intake can be secured by consuming 
animal source diet, supplements or 
fortified food. Cbl is transferred to the 
child through the placenta or human milk 
and it prevents deficiency in the child. 

see Chapters 10, 11

Individuals from 
low income 
countries 

Cbl deficiency is common, it is caused 
insufficient intake from animal foods, it 
is related to chronic diseases (stunting, 
infections, etc.); the prevention can be 
achieved by dietary modifications or 
fortification. 

see Chapter 6

Infants and children 
in general

Current dietary recommendations for 
infants are not evidence-based. Exclusively 
breastfed infants have a gap in cobalamin 
status between 4–6 months. Infant’s 
cobalamin is likely to be low if lactation 
continued > 6 months. 

see Chapter 11

Table 3. contd....
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Risk group Information gained from non-targeted 
screening 

References 

Lactating and 
pregnant women in 
general 

Dietary recommendations for pregnant 
and lactating women are not evidence-
based.

see Chapter 10

Elderly in general Dietary recommendations are currently 
not age-specific. Many elderly people 
have conditions or drugs that reduce 
Cbl absorption and increase the risk of 
deficiency.

see Chapter 5

Elderly with chronic 
morbidities 

Elderly with dementia, depression, or 
malabsorption because of intestinal 
diseases or drugs may need long-term 
supplementation. 

see Chapter 4

4. Laboratory biomarkers of cobalamin deficiency 

4.1 The biological origin of cobalamin status markers

Cobalamin in serum is bound to the glycoprotein carrier, haptocorrin (HC), 
and to a non-glycoprotein transporter called transcobalamin (TC). Haptocorrin 
binds approximately 70% of total serum cobalamins but the role of this 
protein in cobalamin transport and metabolism is not clear. Haptocorrin-
bound-cobalamin is called holohaptocorrin (holoHC). Transcobalamin 
binds approximately 30% of serum cobalamin and this part is called 
holotranscobalamin (holoTC). In contrast to HC, the major part of TC in serum 
is unsaturated. 

Total serum cobalamins represent the sum of HC- and TC-bound fractions. 
HoloTC (also called active-B12) represents the cobalamin fraction that is 
available for cellular uptake. HoloTC is taken up by the cell via transcobalamin 
receptor, also called CD320. A soluble form of CD320 (sCD320) has been 
recently detected in serum, urine and cerebrospinal fluid. 

After cobalamin is delivered into the cell, it is used as a cofactor for 2 
enzymes: methylcobalamin is a cofactor for the cytosolic enzyme, methionine 
synthase that converts homocysteine to methionine; adenosylcobalamin is a 
cofactor for the mitochondrial enzyme methylmalonyl-CoA mutase (Figure 
2). Methylmalonic acid (MMA) is the end product of methylmalonyl-CoA 
that is otherwise converted into succinyl-CoA by the cobalamin-dependent 
mutase. Concentrations of homocysteine (tHcy) (i.e., the cytosolic reaction) 
and MMA (i.e., the product of the mitochondrial reaction) are elevated in blood 
of patients with cobalamin deficiency and are used as metabolic or functional 
markers of cobalamin status. 

Table 3. contd.
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The cobalamin-binding proteins (total TC, total HC) have been suggested 
as potential markers of cobalamin deficiency or disease conditions (Gimsing 
and Nexo 1989). Immunological methods for direct measurement of HC 
(Morkbak et al. 2005) and TC (Nexo et al. 2000) have been developed in recent 
years, but their availability is limited, their clinical relevance is not clear, 
and therefore their utility is not well established. Currently, measuring the 
concentrations of HC and TC and their saturation levels in serum/plasma 
is not part of routine testing for cobalamin status, but they are sometimes 
measured in unexplained cases of too low or too high cobalamins. 

4.2 Laboratory markers of cobalamin status 

Exploring cobalamin status should start with collecting clinical and 
anamnestic information about the individual to identify potential causes of 
deficiency. Identifying causes related to low intake such as a strict vegan diet 
or malnutrition, gastrointestinal diseases, medications, or family history will 
help setting a diagnosis and optimizing prevention and treatment options. 

When cobalamin deficiency is suspected, blood samples should be 
collected before starting the treatment. Otherwise, cobalamin markers will be 
changed and cannot provide reliable information about pre-treatment status. 

Figure 2. The biochemical bases of cobalamin markers. HoloTC delivers cobalamin into 
the cell. Homocysteine accumulates in the cell and plasma when methylcobalamin is low. 
Methylmalonic acid levels are elevated in blood when adenosylcobalamin is deficient. Ado-B12, 
adenosylcobalamin; CH3-B12, methylcobalamin; Hcy, homocysteine; HoloTC, holotranscobalamin; 
MMA, methylmalonic acid; MM-CoA, methylmalonyl-CoA; Succ-CoA, succinyl-CoA. 
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Blood count is still used for preliminary screening for cobalamin deficiency 
since the deficiency is known to cause megaloblastic anaemia. This approach 
can be helpful when limited health resources are available and when measuring 
the biochemical markers is not possible. However, we need to recall that blood 
count is not sensitive or specific because many patients do not develop anaemia 
and anaemia can be caused by factors other than cobalamin deficiency. 

Four primary cobalamin biomarkers will be discussed in the following 
session. These are: total cobalamins, holoTC (or active B12), MMA, and tHcy. 
These biomarkers are becoming more popular, but they have some limitations 
that hinder their utilization in certain clinical conditions. Moreover, there is 
no general agreement on reference ranges, combinations of the markers, and 
their utility in diagnosing vitamin deficiency in some critical cases, such as 
cancer, renal or liver diseases (Herrmann and Obeid 2013). 

4.2.1 Total cobalamins 

Analytical methods Microbiological assays or methods using non-
isotopic competitive protein binding assays 
are commercially available. Immunological 
methods have different detection techniques; 
electrochemiluminescence (i.e., Roche 
Cobas), or chemiluminescence detection (i.e., 
Architect i2000sr and ADVIA Centaur). The 
immunological methods measure generally 
higher concentrations than the microbiological 
assays (Arnaud et al. 1994; Ispir et al. 2015). 
The lower limit of detection for most assays is 
between 30–70 pmol/L. The automated methods 
show systematic differences, but they are still 
able to deliver informed decision (Ispir et al. 
2015). The difference between methods is up to 
approximately 140 pmol/L (Ispir et al. 2015), 
thus limiting the possibility of combining data 
generated by using different analytical methods. 

Biosamples Serum or EDTA-plasma can be used; the two 
materials may show slight differences and they 
should not be used interchangeably. Other 
matrixes can be used after a prior extraction of 
cobalamin (i.e., human milk). 

Preanalytical factors Samples should be protected from light and kept 
at +4°C until analysis (< 1 week). Samples are 
stable for 1–2 months if stored at –20°C.
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Cost effectiveness Cbl tests are widely available, they have low 
running costs, and are available on several auto-
analyzers. The cost-effectiveness is questionable 
given that measurement of total cobalamin 
cannot detect all deficient cases. 

Reference intervals Reference intervals vary between methods 
(Ispir et al. 2015) and there is no agreement on a 
population reference range. The following ranges 
have been suggested and are widely used: serum 
B12 levels < 148 pmol/L are considered low; 
148–221 pmol/L are considered intermediate; 
and > 221 pmol/L are considered normal (Yetley 
et al. 2011). Elevated MMA was not an exclusion 
criterion in defining these cut-offs. Elevated 
MMA and lowered holoTC can occur in subjects 
with total cobalamins > 221 pmol/L. 

Potential confounders Sex differences in serum cobalamin have been 
reported (Fernandes-Costa et al. 1985), but sex-
specific reference intervals were regarded as 
unnecessary. Levels of serum total cobalamin 
and its binding proteins change with age. 
However, age-specific reference intervals are not 
recommended (Gimsing and Nexo 1989).

Imprecision Most automated methods show low imprecision 
of < 7% for between-day measurements (Ispir et 
al. 2015).

Method comparison Total cobalamin differs between laboratories 
and analytical methods (Arnaud et al. 1994). The 
differences between methods range between 60 
and 140 pmol/L. 

Limitations Serum cobalamin has a poor performance 
especially in the diagnosis critical range (low 
range). A low serum cobalamin can be found in 
non-deficient subjects (false positive) and normal 
cobalamin test results are commonly found in 
deficient subjects (false negative). The limitations 
of this marker can be reduced by combining it 
with a metabolic marker, such as MMA when 
cobalamin levels are in the low to intermediate 
range (< 250–300 pmol/L).
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Interfering factors and 
changes not explained 
by cobalamin status

• Total cobalamin is elevated in blood of patients 
with myeloproliferative disorders, cancer, 
seriously ill patients, patients with advanced 
liver or renal diseases. Therefore, normal 
results of this marker cannot be considered 
as indicating sufficient cobalamin status in 
patients affected with these conditions. 

• Total cobalamin is very low in patients with 
haptocorrin deficiency without any functional 
meaning (Carmel 2003). 

• False low concentrations of serum cobalamin 
can be found in several conditions such as 
HIV infection and oral contraceptive use. 

• Immune-complexes that bind cobalamin 
in serum can give false results because of 
analytical interactions. 

• Total cobalamin is not a good marker for 
cobalamin status in pregnancy.

4.2.2 Holotranscobalamin (holoTC, or active B-12)

Analytical methods Several assays for measuring holoTC in serum 
or plasma have been used. Earlier methods 
depended on ionic precipitation of TC followed 
by measurement of the cobalamin fraction that is 
trapped in the precipitate (Lindgren et al. 1999). 
Few methods used antibodies against TC instead 
of ionic separation (Lindemans et al. 1983), or 
measured the trapped vitamin B12 by an isotope 
dilution assay (RIA) (Loikas et al. 2003; Ulleland et 
al. 2002), or by a microbiological assay (Refsum et 
al. 2006). Other methods depended on removing 
apo-transcobalamin (unsaturated TC) with vitamin 
B12–coated beads followed by an enzyme-linked 
immunoassay measurement of holoTC in the 
supernatant (Nexo et al. 2002a). 
The holoTC-RIA and the holoTC–enzyme-linked 
immunosorbent assays give comparable results 
(Nexo et al. 2002a). The long term imprecisions 
for both assays are < 10%. The RIA assay results 
are also similar to those obtained with the use of a 
microbiological assay after precipitation
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Analytical methods (Refsum et al. 2006). The holoTC-RIA assay has 
been replaced by an assay that uses holoTC-specific 
monoclonal antibodies on the AxSYM platform 
(Abbott Labs, North Chicago, IL) (Orning et al. 
2006). The results obtained by this method show 
a good agreement with those from the holoTC-
RIA (Bamonti et al. 2010; Brady et al. 2008). More 
recently, the holoTC or active B-12 assay has 
become available on ADVIA Centaur® (Siemens).

Biosamples Serum or EDTA-plasma can be used. Serum 
samples may show slightly lower holoTC than 
EDTA plasma (Nexo et al. 2000). Although this 
effect was not confirmed by all studies (Refsum 
et al. 2006), it is recommended that materials 
should not be used interchangeably in one study. 
For research purposes, holoTC can be measured 
in other biosamples (i.e., CSF, urine) by using the 
same common assays. 

Preanalytical factors HoloTC is stable in samples collected and stored 
for at least 16 months at –70°C (Loikas et al. 2003). 

Cost effectiveness HoloTC test is rather expensive. The test is 
available on ADVIA Centaur (Siemens), and 
AxSYM (Abbott) platforms. The running costs 
are expected to decline after that it recently 
became available on several platforms.   

Reference intervals There is no consensus on a reference interval. 
A commonly used lower cut-off value is: 35 
pmol/L. Recent studies have defined a grey 
range for holoTC between 23–75 pmol/L. 
The grey range was based on combining best 
sensitivity and specificity of holoTC test to detect 
elevated MMA (as an outcome marker). When 
holoTC is used as a first line marker, and the 
result is below or within this intermediate range 
(23–75 pmol/L), a second marker such as MMA 
is strongly recommended in a following step 
(Herrmann and Obeid 2013). 

Potential confounders • Principally, lowered holoTC suggests a recent 
or an established depletion of cobalamin. 
Lowered holoTC alone does not necessary 
mean that the individual is deficient or requires 
treatment.
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Potential confounders • HoloTC concentrations are artificially elevated 
in renal insufficiency. Normal holoTC values 
in this case cannot be interpreted as suggesting 
normal cobalamin status. 

Imprecision The test has low day-to-day coefficient of 
variation (i.e., < 7% on AxSYM platform). 

Limitations Limitations related to test availability and costs 
are expected to be solved after that the active B12 
assay has become available on different analytical 
platforms (i.e., ADIVA Centaur, AxSYM). 
Limitations related to confounding by some 
clinical conditions are related to cobalamin 
physiology, but can be partly solved by 
combining holoTC with MMA as explained later 
in this chapter.  

Interfering factors 
and changes not 
explained by 
cobalamin status

• Serum holoTC shows a stepwise increase in 
individuals with renal insufficiency (low eGFR 
or high creatinine).

• It shows elevation in aging, liver diseases, and 
cancer. 

• Using holoTC in pregnancy is recommended, 
because it shows no decline during pregnancy, 
as it is the case for total cobalamin. 

4.2.3 Methylmalonic acid

Analytical methods Different analytical methods are available with 
different sample preparation procedures (Stabler et 
al. 1986; Windelberg et al. 2005). Direct analysis by gas 
chromatography mass spectrometry (GCMS) after 
pre-separation on a solid phase and derivatization 
(silylation, cyclohexanol, chloroformate, and butanol) 
can improve the detection (Mineva et al. 2015). Liquid 
chromatography tandem mass spectrometry (LC-
MS/MS) methods require smaller sample volume, 
shorter run times, and have higher sensitivity 
compared with the GCMS procedures (Pedersen et 
al. 2011). Recently, commercially available reagents 
for measuring MMA on LC-MS/MS systems became 
available and methods show excellent comparability 
with the GCMS method (Obeid et al. 2015). 
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Biosamples Serum, EDTA-plasma, and urine can be used. 
Different specimen types and anticoagulant have 
been tested (serum, serum separator, K2+EDTA 
plasma, Na-citrate plasma, and Na-heparin plasma. 
All anticoagulant systems show very similar results 
(Mineva et al. 2015). 

Preanalytical factors Blood samples should be centrifuged and separated 
from the cells and kept at +4°C until measurement. 
Samples can be stored at +4°C for few days or 
freezed for a longer time. MMA remains stable 
when samples are stored for up to 7 days at 
ambient temperature, or exposed to repeated 
freeze-thaw cycles (Mineva et al. 2015). MMA is 
stable for up to 14 years when stored at ≤ –70°C. 

Cost effectiveness The assay is rather expensive and still not widely 
available. The test has been adapted to LC-MS/
MS systems which reduced the time and costs for 
sample preparation and analysis. 

Reference intervals There is no consensus on a cut-off limit for MMA. 
However, most studies have used an upper limit 
of approximately 300 nmol/L for serum/plasma 
MMA. A clinically relevant upper limit of 450 
nmol/L has been suggested because elevated MMA 
concentrations can occur in the absence of clinical 
symptoms (Loikas et al. 2003). For MMA in urine a 
cut-off < 8 mmol/mol has been suggested (Gultepe 
et al. 2003). These values for serum or urine are not 
based on clinically manifested deficiency.

Imprecision Quality control samples are commercially available. 
The assays on GCMS or LC-MS/MS systems show 
low imprecisions < 7% from day to day (Mineva et 
al. 2015). 

Method comparison Comparability of validated methods between labs 
is very good. Still, methods need standardisation. 

Limitations MMA test is not a suitable screening- or first 
line-marker. Measurement of MMA in biosamples 
is recommended as a second line marker in a 
stepwise algorithm that starts with holoTC or total 
cobalamin. Because MMA is influenced by renal 
dysfunction and bacterial production of propionic 
acid, it is not useful as a cobalamin marker in 
these conditions. However, this problem can be 
partly solved (see sessions on marker utility and 
unclassical results below). 
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Interfering factors 
and changes not 
explained by 
cobalamin status

• Renal dysfunction is the main cause of elevated 
MMA levels that are not necessarily explained by 
cobalamin deficiency. The size of MMA elevation 
is related to the degree of renal dysfunction, but 
not necessarily predicted by eGFR, creatinine or 
cystatin C. This is because cobalamin deficiency 
is also common in renal patients and can 
independently cause MMA elevation. 

• Intestinal bacterial overgrowth is known to cause 
elevation of MMA that is lowered after treatment 
with antibiotics, but not after vitamin B12. 

4.2.4 Homocysteine 

Analytical methods There are several chromatographic and 
immunological methods, all of which are 
commercially available and applicable on 
popular analytical platforms (Ducros et al. 2002; 
Ubbink et al. 1991; Yu et al. 2000). However, the 
methods show variabilities and some of them 
were reported to have no discrimination power 
between patients and controls (Yu et al. 2000), 
or bad agreement in the upper range of tHcy 
(diagnosis critical range). The LC-MS/MS and 
GCMS methods show a good agreement and are 
considered the reference methods. 

Biosamples EDTA-plasma is recommended. Blood samples 
should be centrifuged and separated within 30 
min of collection. Citrate plasma can be used for 
tHcy assay, but it may not be suitable if other 
markers are to be measured from the same 
tube (Hubner et al. 2007a; Tamura and Baggott 
2008). Tubes with stabilizing agents have been 
introduced and became available in recent years. 

Preanalytical factors Blood sampling should take place under fasting 
conditions. Meals rich in methionine increase 
post-prandial tHcy within few hours. The 
blood should be placed on ice after collection, 
centrifuged and separated within 30 min of 
collection. Recently, tubes with stabilizing agents 
have been used for samples that need to be 
transported to the labs or in centres that do not 
have the possibility for immediate centrifugation 
(Hubner et al. 2007b). Red blood cells continue
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Preanalytical factors to release tHcy, causing an artificial increase if 
samples are placed at ambient temperature for > 1 
hour. tHcy is stable upon thawing and refreezing. 
When the plasma is separated from the cells, tHcy 
remains stable for many years if stored at ≤ –20°C.

Cost effectiveness The costs have been declined in recent years. The 
test is cost-effective for unselective screening for 
folate and cobalamin deficiency. However, when 
high levels are detected more specific tests are 
needed to explain the results (i.e., serum folate, 
holoTC). 

Reference intervals Generally recommended cut-off values are:  
< 12 µmol/L for adults; < 9 µmol/L for pregnant 
women, and < 8 µmol/L for children. 

Imprecision Most assays have low imprecision < 6% between 
days.

Method comparison The immunological assays show differences, the 
chromatographic methods (GMCS, LC-MS/MS) 
are better comparable. 

Limitations • tHcy is not a specific marker for cobalamin 
status. It is affected by folate deficiency to a 
greater extent than by cobalamin deficiency. 

• tHcy is elevated in patients with renal 
dysfunction or those with elevated creatinine.

• The concentrations of tHcy are affected by a 
recent methionine intake. Therefore, fasting 
levels are strongly recommended. 

• The necessity to centrifuge the samples within a 
short time limits the use of this marker in small, 
non-equipped health centres or large scale 
studies, when immediate sample processing is 
not possible. 

Interfering factors 
and changes not 
explained by 
cobalamin status

• Renal dysfunction causes an artificial increase of 
tHcy levels in plasma.

• Mutations in the folate cycle (i.e., MTHFR 
polymorphism) or the transsulfuration pathway 
(i.e., cystathionine beta synthase) can cause 
elevation of tHcy concentrations.
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Interfering factors 
and changes not 
explained by 
cobalamin status

• Plasma tHcy is elevated also in folate and 
vitamin B6 deficiencies. 

• Plasma tHcy increases after acute coronary 
events and remains elevated for few weeks. 

• tHcy is elevated in patients with alcohol abuse.

Other cobalamin-related markers 

Cells can internalize holoTC via a specific transcobalamin receptor (CD320). 
This protein has been recently discovered and a CD320 knockout mice model 
has been developed (Quadros 2010). A soluble form of transcobalamin receptor 
(sCD320) has been detected in serum and an immunological assay (ELISA) 
has been developed to measure its concentration. The molar concentrations 
of sCD320 in serum are approximately 2–3 fold higher than that of its ligand, 
holoTC (Abuyaman et al. 2013). Concentrations of sCD320 and that of holoTC 
show a weak positive correlation. sCD320 can probably bind its ligand, holoTC, 
with a low affinity. The biological importance of this potential low-affinity-
binding needs further investigations. The concentrations of sCD320 in serum 
increase during pregnancy up to the 35 gestational weeks, before they start to 
decline. Studying changes of sCD320 concentrations in cobalamin deficiency 
or when cobalamin homeostasis is disturbed (i.e., renal insufficiency, cancer) 
is an interesting field for future research.

 Other markers such as plasma concentrations of total transcobalamin and 
haptocorrin or their saturation levels can be measured in some unexplained 
cases, but these markers have limited importance for daily routine diagnosis. 

Complementary tests

Few tests can be used to identify the cause of cobalamin deficiency if a 
low intake of animal foods is excluded (Table 4). However, some causes of 
deficiency may remain unexplained and could be related to ‘food cobalamin 
malabsorption’ or the acquired inability to release cobalamin from its protein-
binding in foods. 

4.3 Utility of the independent cobalamin markers and their 
combinations

No single test can differentiate between deficient and non-deficient cases 
with sufficient sensitivity and specificity (Bailey et al. 2011; Valente et al. 2011; 
Yetley et al. 2011). Diagnosing cobalamin deficiency in individuals with clinical 
manifestations (i.e., anemia or unexplained neurological symptoms) is straight 
forward. Available biomarkers can provide informed decision on cobalamin 
status in more advanced clinically manifested cases. 
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Early detection and prevention of cobalamin deficiency is recommended. 
However, diagnosis of a subtle deficiency is a debatable issue. The definition of 
“deficiency” in numerous recent publications is solely based on the presence 
of abnormal blood/or urine biomarkers. This approach is thought to enhance 
the prevention, but it may cause overtreatment, because there is no evidence 
that this metabolic condition will progress into clinically manifested disease 
if remained untreated. 

The prevalence estimates for low cobalamin status vary between studies 
and depend on the primary marker used to define the deficiency, the cut-offs 
employed for each marker (Sobczynska-Malefora et al. 2014; Yetley et al. 2011), 
different types of samples such as urine or serum for MMA (Hill et al. 2013), 
and the degree of assays agreement for the same marker (Ispir et al. 2015). 
Therefore, available studies show large heterogeneity about the criteria used 
to define the deficiency (Herrmann and Obeid 2013; Sobczynska-Malefora et 
al. 2014). There are ongoing efforts to improve the diagnosis and reduce the 
heterogeneity by using algorithms (Herrmann and Obeid 2013) or directly 
combining the markers to develop a personalised cobalamin status-indicator 
or scores (Fedosov et al. 2015). 

Combining blood cobalamin markers with health history, medications, and 
dietary habits is currently the best strategy for making a personalised decision. 
After setting the diagnosis, cobalamin deficiency should be treated. Current 
recommendations focus also on preventing the progress of the deficiency 
by administering low doses of the vitamin. Blood cobalamin biomarkers are 
useful for monitoring the success of the treatment. 

Total cobalamin 

Total cobalamin provides a rough estimation of cobalamin status. For 
appropriate interpretation of total serum cobalamin we need to recall that 
this marker represents a sum of 2 fractions of cobalamins; the one bound to 
haptocorrin and that is bound to transcobalamin. Total cobalamin levels < 300 
pmol/L show poor performance in detecting subjects with elevated serum 
MMA (Joosten et al. 1993; Naurath et al. 1995) or those with low holoTC. 
Low holoTC levels can occur in subjects with normal to high normal serum 
cobalamin (Figure 3). In a study on vegetarians and omnivorous subjects, 
‘deficient subjects’ were defined as those having an elevated MMA value  
> 271 nmol/L combined with a lowered holoTC < 35 pmol/L. A low serum 
total cobalamin showed a large overlap between deficient and non-deficient 
subjects (Figure 4). Furthermore, a low serum cobalamin level is a bad predictor 
of clinical symptoms in overt cobalamin deficiency. In the majority of cases, 
total cobalamin should be followed by a second test (i.e., MMA) to confirm 
or exclude a deficiency state. 

High serum concentrations of cobalamin (> 600 pmol/L) are more common 
than low levels. Approximately 15% of all samples from non-supplemented 
individuals show concentrations of serum cobalamin above this suggestive 
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upper limit (Carmel et al. 2001c). The unspecific elevation of serum cobalamin 
is more common among patients with cancer, liver diseases, or renal diseases 
(see Chapter 13). In patients with diabetes, serum cobalamin and holoTC do not 
necessarily reflect changes in the metabolic markers, MMA and tHcy (Obeid et 
al. 2013). Similar findings were recently reported in patients with cancer (Vashi 
et al. 2016), or those with renal insufficiency (Obeid et al. 2005a). Therefore,  
elevated concentrations of serum cobalamin in some clinical conditions can 
hinder the diagnosis of a deficiency.

Holotranscobalamin 

Compared with total serum cobalamin, concentrations of holoTC have higher 
sensitivity and specificity in detecting cases with elevated serum levels of 
MMA (Figure 5). The superiority of holoTC over total cobalamin has been 
confirmed by different studies (Nexo and Hoffmann-Lucke, 2011). However, 

Figure 3. The correlation between concentrations of total cobalamin (divided into tertiles) and 
holoTC in serum. Though the correlation is significant, holoTC can be low when total B12 is in 
the upper normal range. 

35 pmol/L
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Figure 4. Total serum cobalamin concentration is a poor predictor of a combination of elevated 
MMA and low holoTC (Normal cobalamin status defined as MMA £ 271 nmol/L/holoTC > 35 
pmol/L). The figure includes data from omnivores and vegetarian subjects with normal renal 
function.

also holoTC has a limited value as a single marker since it shows marked 
changes following cobalamin depletion and repletion. 

HoloTC has been used as a marker of recent changes in cobalamin intake 
and status. This function is mainly due to its increase in serum following minor 
changes in cobalamin intake (Bor et al. 2010; Lloyd-Wright et al. 2003). In 
vegetarians, serum concentrations of holoTC can reflect cobalamin depletion. 
The distribution of holoTC concentrations is shifted towards lower levels in 
the more strict dietary groups (Figure 6). Also, high concentrations of holoTC 
predict vitamin usage. All together, concentrations of holoTC can be used as 
a first line marker to screen for nutritional cobalamin deficiency or cobalamin 
depletion (Herrmann et al. 2003). 
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Figure 5. The Receiver Operating Characteristic (ROC) curves of total cobalamin and holoTC 
performance in detecting samples with elevated MMA > 300 nmol/L. 

Figure 6. Cumulative distribution of serum holoTC concentrations according to dietary habits 
(A) and to renal function (B). A shift in holoTC distribution towards lower levels can be seen in 
vegans followed by lacto-ovo-vegetarians compared with the curve for omnivorous. In contrast, 
renal failure is associated with higher holoTC levels.
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The cut-off values for holoTC of 35–40 pmol/L have been employed 
by several studies (Herrmann and Obeid 2009; Herrmann and Obeid 2013; 
Refsum et al. 2006). However, more recent studies have defined a grey range 
for holoTC between 25–50 pmol/L (Sobczynska-Malefora et al. 2014) or 23–75 
pmol/L (Herrmann and Obeid 2013). If holoTC test is used for screening and 
if the concentrations are found to be below or within the grey range (< 50 or < 
75 pmol/L), testing of serum MMA in a second step is highly recommended 
to explore cobalamin status. 

Therefore, holoTC is a sensitive and specific marker for cobalamin status 
in dietary causes of deficiency. However, this marker can be lowered in a 
significant number of samples, without any metabolic sign that indicate 
deficiency (i.e., holoTC indicates cobalamin negative balance in this case). 
HoloTC is elevated in patients with renal insufficiency, but in this case it is 
not considered a good marker for cobalamin status. A direct or a stepwise 
combination of holoTC and MMA is currently the best available option. 

Methylmalonic acid

Concentrations of MMA are elevated in serum and urine of patients with 
cobalamin deficiency (Rajan et al. 2002; Stabler et al. 1986). Serum MMA is a 
sensitive marker for clinically manifested cobalamin deficiency (Savage et al. 
1994; Stabler et al. 1986). It is also the best available marker for monitoring the 
improvement of cobalamin-dependent metabolism after the start of treatment 
(Mansoor et al. 2013). 

Reduced eGFRs or elevated serum creatinine levels are associated with 
higher serum concentrations of MMA, independent on cobalamin status 
(Hyndman et al. 2003; Obeid et al. 2005a). Therefore, a main limitation of using 
MMA as a maker for cobalamin status is its artificial increase in patients with 
renal dysfunction. However, we recommend that cobalamin treatment should 
be initiated when serum MMA levels are markedly elevated in patients with 
renal failure (MMA > 500 nmol/L). A decline of MMA level upon treatment 
will be evident within 1–2 weeks. A significant reduction of serum MMA 
suggests a pre-treatment deficiency (delta MMA ≥ 200 nmol/L). 

MMA is excreted in urine and its urinary concentrations are elevated 
in patients with cobalamin deficiency (Gultepe et al. 2003; Hill et al. 2013). 
Earlier studies reported a smaller influence of renal function on urinary MMA 
(uMMA) after adjusting for urinary creatinine (Norman and Morrison 1993). In 
contrast to serum MMA, the use of uMMA as a functional marker for cobalamin 
is not well established. Moreover, determinants of uMMA levels and their 
relation to blood cobalamin markers (total cobalamin, holoTC, serum MMA), 
and their changes after treatment with cobalamin are not well investigated. The 
use of spot urine samples for MMA measurement has limitations, since this 
marker shows variations during the day and increases after food consumption 
(Rasmussen 1989), whereas serum MMA levels remain stable. Concentrations 
of uMMA in random urine show no correlation with serum MMA (Marcell et 
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al. 1985). Therefore, it was suggested that 18- to 24-h urinary collection would 
be necessary to validly estimate the urinary excretion of MMA. Kwok et al. 
have shown that overnight fasting uMMA correlate with serum MMA and 
suggested using this marker to screen for cobalamin deficiency (Kwok et al. 
2004). Concentrations of uMMA correlate with those of serum holoTC and 
cobalamin in elderly people. However, uMMA is affected by renal function, 
protein intake, and sex (Flatley et al. 2012). 

Measurement of plasma tHcy is often used to support the diagnosis 
of cobalamin deficiency or to differentiate between cobalamin and folate 
deficiencies. An elevated plasma tHcy is commonly encountered during 
screening for cardio-vascular risk factors. When tHcy levels are elevated, 
physicians should investigate the causes by measuring folate and cobalamin 
status markers or looking for confounders (i.e., renal dysfunction). tHcy 
concentrations are frequently elevated (≥ 12.0 µmol/L) in subjects who 
carry certain polymorphisms in the folate cycle and in subjects with renal 
insufficiency. tHcy test is not a primary diagnosis test for cobalamin deficiency, 
although some recent reports have used this marker to evaluate cobalamin 
status (Brito et al. 2016; Fedosov et al. 2015).

Several physiological and pathological conditions may affect cobalamin 
biomarkers, though changes of these markers are not primarily related to 
cobalamin status Table 5. 

Table 5. Conditions that affect cobalamin markers and can influence the interpretation.

Factors Expected effects Reference

Age   ↑MMA and tHcy in elderly subjects.
Both MMA and tHcy show less response to treat-
ment in the elderly compared with young subjects.

(Obeid et al. 2004)

Sex ↓ holoTC in young women (< 45 years) compared 
with men.

(Refsum et al. 
2006)

Smoking   ↑ MMA in smokers and low response of MMA to 
B12 treatment in smokers and ex-smokers.

(Hill et al. 2013)

Genetic variants TCblR G220R (rs2336573) associated with serum 
cobalamin, and TCN2 S348F (rs9621049) with 
homocysteine

(Kurnat-Thoma et 
al. 2015)

Ethnic origin    ↑cobalamin in Africans (Carmel et al. 
2001b)

Pregnancy ↓ holoHC but holoTC remains stable (Morkbak et al. 
2007)

Renal dysfunction   ↑  MMA, tHcy, and holoTC (Herrmann and 
Obeid 2013)

Type 2 diabetes   ↑  MMA and tHcy (Obeid et al. 2013)

Cancer   ↑  serum total Cbl

Liver diseases   ↑  serum total Cbl

Medications  
(i.e., metformin) 

↓ holoTC and total vitamin B12, but no tHcy or 
MMA elevation

(Obeid et al. 2013)

Cbl, cobalamin
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stepwise diagnosis—algorithms 

Recently, algorithms have been developed to improve the detection of a 
subtle cobalamin deficiency. The algorithms imply using serum cobalamin or 
holoTC as a first-line marker that is then followed by an MMA measurement, 
if the initial screening did not settle the diagnosis (Figure 7). This approach 
is considered cost-effective, since the second measurement is performed in 
a subgroup of the suspected samples and only when the first test does not 
answer the question. 

Figure 7. Diagnostic algorithm that depends on screening using one marker (either holoTC or 
total B12) and a second marker (MMA) in subjects with low levels or those in the gray ranges. The 
numbers of cases identified through the second marker are indicated. Data are from (Herrmann 
and Obeid 2013). 

Total deficient samples identified using holoTC as a first line and MMA as a second line markers = 254

B12 > 629 pmol/L

Total deficient samples identified using B12 as a first line marker and MMA as a second line marker = 184
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Compared with using total cobalamin as a single marker, testing MMA 
in a second step will identify more cases that are classified as deficient. In 
contrast, when holoTC and MMA measurements are combined, fewer samples 
are expected to have abnormal results of both, compared with when using 
only holoTC test. Sobczynska-Malefora et al. have shown that out of 4175 test 
results for holoTC, 24% of the samples (n = 1019) were in the intermediate 
range of holoTC (25–50 pmol/L) (Sobczynska-Malefora et al. 2014) and those 
were further tested for MMA. An elevated MMA level (> 280 nmol/L, or  
> 360 nmol/L for elderly > 65 years) was identified in 244 samples (6% of the 
total population 4175) (Sobczynska-Malefora et al. 2014). 

A direct combination of cobalamin biomarkers 

A combination of at least 2 laboratory markers can improve the diagnosis of 
cobalamin deficiency. In contrast to a stepwise measurement of cobalamin 
markers, a direct combination of the markers has been suggested in recent 
years. Models based on a combination of total cobalamin, holoTC, MMA and 
tHcy have been developed aiming at stratification of subjects according to the 
so called combined cobalamin indicator or (cB12) (Fedosov et al. 2015). A new 
variable is created out of the 4 markers and this can further be adjusted for age 
and folate (i.e., known to influence tHcy concentrations). This cB12 index was 
considered as a ‘metabolic fingerprint’ for each individual. Generally, a cB12 
index of ≥ 0 encode an adequate cobalamin status, and values < 0 encode one 
of three possibilities (low cobalamin, possibly deficient, or probably cobalamin 
deficient). Because of the high costs of the 4cB12 indicator, two and three-
component indicators (2cB12 and 3cB12) were also tested when one or two of 
the 4 markers are missing. Four possibilities to describe cobalamin status were 
defined based on this approach: elevated cobalamin, adequate, low, possibly 
deficient, and probably deficient (Fedosov et al. 2015). 

Cobalamin indicators have been recently used to verify the clinical 
response to cobalamin treatment in a study on elderly people (Brito et al. 2016). 
However, due to the combination of the markers, the costs for this approach 
are considerably higher than the stepwise or the consequent testing. MMA 
and holoTC tests are expensive and not widely available in routine labs, and 
homocysteine is less specific for cobalamin deficiency than MMA thus limiting 
the relevance of this approach for daily diagnosis. The advantages of cB12 
compared with the single markers or the stepwise strategy and its potential 
clinical use are not clear yet.
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5. Unexpected Results of Cobalamin Markers and their 
Interpretation 

5.1 Elevated cobalamin markers in renal insuffi ciency 

When testing for cobalamin defi ciency, we theoretically expect that total 
cobalamin and holoTC concentrations will be low and concentrations of MMA 
and tHcy will be elevated. This fi gure may be different in patients with renal 
dysfunction where total cobalamin and holoTC can be high or in the upper 
normal ranges (> 300 pmol/L, > 50 pmol/L, respectively), while tHcy and MMA 
are also considerably elevated (> 15.0 µmol/L, > 300 nmol/L, respectively). 
Figure 8 shows that subjects with elevated creatinine show simultaneous 
elevation of serum holoTC, total cobalamin, and MMA compared with subjects 
who have lower creatinine levels. Serum concentrations of holoTC show 
positive correlation with serum creatinine, particularly in the high range of 
serum creatinine. Elevated serum concentrations of cobalamin or holoTC have 
been reported in kidney disorders (Areekul et al. 1995; Carmel et al. 2001c), but 
the reason for this increase is not well studied. Carmel et al. proposed impaired

Figure 8. The relationship between serum concentrations of holoTC, total cobalamin and MMA 
according to 2 ranges of serum creatinine. The concentrations of all three cobalamin markers 
increase in plasma of patients with elevated creatinine. 
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cellular uptake of cobalamin by CD320 that is abundant in the kidney (Carmel 
et al. 2001c). 

When total cobalamin or holoTC are measured to investigate cobalamin 
deficiency in patients with renal insufficiency, normal or high levels of the 
markers can give the wrong impression that cobalamin status is normal. 
However, serum MMA concentrations are markedly elevated and they can 
be lowered after treatment with pharmacological doses of cobalamin (Obeid 
et al. 2005a). Concentrations of tHcy in plasma also decline as a response 
to cobalamin and folate supplementation (Elian and Hoffer 2002; Moelby 
et al. 2000). In patients on hemodialysis, median MMA declined from 
1077 nmol/L at baseline to 769 nmol/L after 4 weeks of treatment with i.v.  
0.7 mg cyanocobalamin/3 per wk, but MMA was not normalised (Obeid et 
al. 2005a). The post-supplementation high MMA levels have been described 
in earlier studies on renal patients and concentrations up to 800 nmol/L were 
explained by kidney dysfunction (Moelby et al. 2000). Interestingly, the lowest 
concentrations of MMA achieved under B12-treatment were maintained in the 
5 months following withdrawal of cyanocobalamin injections (Obeid et al. 
2005a). Therefore, despite normal holoTC and total cobalamin at baseline, the 
biochemical marker, MMA, dramatically declined as a result of vitamin B12 
treatment. Cobalamin deficiency does not account for the persistent increase 
of MMA post-supplementation (Figure 9).

Figure 9. Individual changes of serum MMA in 38 patients on haemodialysis who all had tHcy > 
18.0 µmol/L at baseline. Administration of cobalamin for 4 weeks (0.7 mg/3 per week) lowered 
serum MMA from a median of 1077 nmol/L at baseline to 769 nmol/L after 4 weeks. This new 
median level was maintained after stopping the vitamin treatment for the follow up time of 5 
months.
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5.2 Cobalamin markers in elderly people 

Diagnosis of cobalamin deficiency in elderly people have a significant impact 
on health, since several age-associated conditions and drugs can cause 
deficiency that is associated with hyperhomocysteinemia and higher risk of 
age-related diseases. 

Age and the age-associated decline in renal function affect cobalamin 
markers. Concentrations of MMA and tHcy show a marked elevation in elderly 
people often without lowered levels of serum holoTC or total cobalamin 
(Figure 10) (Obeid et al. 2004). MMA and tHcy elevation in serum is only partly 
related to higher creatinine, since the differences with age remained significant 
after adjustment for serum creatinine. Concentrations of serum MMA show 
the expected negative association with serum holoTC and total cobalamin 
in elderly subjects (Herrmann et al. 2005). Serum MMA levels decline as a 
response to oral cobalamin supplementation in elderly people. However, it 
has been shown that high doses of oral cobalamin (i.e., 1 mg/d) are required 
in elderly subjects to normalise serum MMA or tHcy (Rajan et al. 2002). 

We recommend combining a screening test (total cobalamin or optimally 
holoTC) with MMA test to verify functional cobalamin deficiency. In case of 

Figure 10. Mean (95% confidence intervals, CI) of serum cobalamin markers according to age 
groups. Cobalamin and holoTC are not significantly different between age groups, but MMA and 
tHcy are higher at older age. Higher concentrations of MMA and tHcy in older subjects remained 
significant after adjustment for serum creatinine (p < 0.001, univariate analysis of variance test). 
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contradicted findings (i.e., normal holoTC and elevated MMA), a marked 
lowering of MMA after treatment, suggests that a pre-treatment deficiency 
is very likely. Causes of cobalamin deficiency in elderly subjects need careful 
assessment of dietary and medical information. Food cobalamin malabsorption 
due to difficulties in releasing cobalamin from dietary proteins is common 
in the elderly, while free cobalamin can be absorbed from supplements or 
fortified foods. 

5.3 Elevated total cobalamin in patients with cancer

Cobalamin deficiency can worsen the clinical condition in patients with cancer 
who receive chemotherapy. The anti-cancer drugs, antifolates, have many 
side effects such as anaemia, peripheral neuropathy, and severe liver and 
gastrointestinal toxicity. Though folinic acid is used for prevention of toxicity, 
cobalamin supplementation is not used routinely. Cobalamin deficiency can 
be causally involved in the side effects of chemotherapy such as peripheral-
neuropathy (Schloss et al. 2015), depression, and anaemia. Diagnosis of 
cobalamin deficiency in patients with cancer is important for preventing 
further complications. 

Serum cobalamin concentrations are high rather than low in patients with 
cancer (Carmel and Eisenberg 1977; Carmel and Hollander 1978; Mendelsohn 
et al. 1958). Patients with serum cobalamin levels > 300 pmol/L had poor 
overall survival and time to progression of colorectal cancer than patients with 
levels below this value (Bystrom et al. 2009). These results may theoretically 
suggest that cobalamin deficiency is not common and supplementation should 
not be recommended for patients with cancer. Elevated serum concentrations 
of cobalamin in patients with cancer is often wrongly interpreted as indicating 
normal status, without further assessment of MMA or tHcy. High serum 
cobalamin could be a result of elevated haptocorrin and transcobalamin or a 
release of cobalamin from the damaged cells in more advanced stages of cancer. 

A recent study has tested the concentrations of total cobalamin, MMA, and 
tHcy in a group of 316 cancer patients without any prior selection according 
to the tumor type or other clinical conditions (Vashi et al. 2016). A lowered 
concentration of total cobalamin (defined as levels < 220 pmol/L) was found 
in approximately 2% of the patients. The mean total serum cobalamin in the 
whole patient group was 431 pmol/L, suggesting that the majority of the 
patients had a normal to high status. However, 11–17% of the patients had 
elevated concentrations of MMA or tHcy. Elevated levels of MMA and tHcy 
were explained by higher age, men sex, higher creatinine, and the presence 
of malnutrition (Vashi et al. 2016). Elevated MMA levels were also related 
to previous cancer treatments compared with newly diagnosed cancers. 
The highest MMA levels were found in patients with colorectal, prostate, or 
pancreas cancer (Vashi et al. 2016). 

Serum cobalamin markers were measured in a group of patients with cancer 
that were treated with antifolates (Niyikiza et al. 2002). Higher concentrations 
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of tHcy were related to more severe hematological toxicity, diarrhea, and 
neutropenia after antifolates. Patients who had high levels of tHcy, MMA, 
or a combination of both before starting the antifolate treatment, had higher 
prevalence of selected severe toxicities (i.e., infections, thrombocytopenia, 
neutropenia, diarrhea) (Niyikiza et al. 2002). Recent studies failed however, to 
reduce the toxicity after chemotherapeutics by pre-treatment supplementation 
of folate and cobalamin (Okuma et al. 2015). The current available studies lack 
the power to show this outcome. The efficacy of a pre-treatment with cobalamin 
and folate maybe affected by other factors such as the tumor type, age of the 
patient, a long-term deficiency, depression, ability to absorb, or existing drugs. 
Obviously, more studies are needed in this field. 

Therefore, serum cobalamin is not an appropriate marker for evaluation 
of cobalamin status in patients with cancer. High values can be seen as a result 
of cancer and can be related to more advanced cases. In general, cobalamin 
metabolic markers show unexpected diversion from that of total cobalamin 
in patients with cancer. Cobalamin treatment in patients with cancer in order 
to prevent co-morbidities is an unresolved debate that obviously needs more 
randomized controlled studies. 

5.4 Cobalamin markers in newborn and infants

Cobalamin deficiency is common in newborns of mothers that have had 
cobalamin deficiency or low intake during pregnancy and lactation. Clinical 
symptoms become manifested especially in breastfed infants at the age of 
4–6 months (see Chapter 11). Infants present usually with anaemia and/
or neurological symptoms. Diagnosis of cobalamin deficiency in infants is 
important for prevention of irreversible or long-term damages. 

Concentrations of total cobalamin and MMA in newborn infants show 
dependence on infant’s age, feeding patterns, and maternal vitamin status. 
Concentrations of cobalamin and MMA are high in cord blood, but they 
decline with age up to adulthood. The highest concentrations of MMA are 
found around the age of 4–6 months. This period is also associated with a 
simultaneous decline in holoTC and cobalamin and an elevation in plasma 
tHcy, suggesting a gap in cobalamin status at this age. Low cobalamin 
status does not completely explain elevated MMA concentrations in infants. 
Propionate that are produced by intestinal bacteria and absorbed into the 
blood can cause elevation of serum MMA that is not related to cobalamin 
(Thompson et al. 1990). 

Evaluation of cobalamin status in infants should consider a combination 
of several markers (total cobalamin, holoTC, MMA and tHcy). The commonly 
used reference ranges for cobalamin markers in adults cannot be extrapolated 
to infants. Testing tHcy and differential diagnosis of folate deficiency 
are important in some cases. The presence of relevant neurological or 
hematological symptoms, or severely elevated tHcy/ and or MMA that occur 
shortly after birth suggests that the deficiency could be related to congenital 
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defects of cobalamin metabolism or transport. Causes of inherited conditions 
need further genetic and laboratory tests of blood, urine, and biopsies  
(Table 6) (see Chapter 4). 

Table 6. Laboratory markers used for differential diagnosis of cobalamin genetic disorders.

Disorder Gene Biochemical findings Other markers 

Transcobalamin 
deficiency1 

TcN2 ↓ or undetectable 
holoTC

total B12 can be low or low 
normal (80% haptocorrin)

Transcobalamin 
receptor defects

cd320   ↑  MMA,   ↑  tHcy normal holoTC, normal B12

cbla mmaa   ↑ MMA normal holoTC, normal B12, 
normal tHcy

cblB mmaB   ↑  MMA normal holoTC, normal B12, 
normal tHcy

cblc mmacHc    ↑ MMA,   ↑  tHcy normal holoTC, normal B12
cbld

mmadHc
   ↑ MMA
or   ↑  tHcy
or both   ↑  MMA,   ↑  tHcy

normal holoTC, normal B12

cblE mTRR   ↑  tHcy normal holoTC, normal B12, 
normal MMA

cblF LmBRd1   ↑  MMA,   ↑  tHcy normal holoTC, normal B12

cblG mTR    ↑ MMA,   ↑  tHcy normal holoTC, normal B12

cblJ aBcd4    ↑ MMA,   ↑  tHcy normal holoTC, normal B12
cblX HcFc1   ↑  MMA,   ↑  tHcy normal holoTC, normal B12

Methylmalonyl-CoA 
Mutase Deficiency

mUT    ↑ MMA normal holoTC, normal B12, 
normal tHcy

1 In some cases holoTC can be present but not functional. 

5.5 Cobalamin markers in pregnant women 

Cobalamin deficiency during early pregnancy has been related to birth defects, 
early pregnancy loss, and pregnancy complications. Depleted women and 
those with low intake cannot transfer sufficient amount of the vitamin to 
their children. Screening for cobalamin deficiency is recommended in women 
with a history of birth defects, pregnancy complications, and those on a strict 
vegetarian diet, but not receiving supplements.

Concentrations of serum cobalamin decline during pregnancy mainly 
because of the decline in haptocorrin (Morkbak et al. 2007). Pregnant women 
upon delivery may have 50% lower total serum cobalamin compared to few 
weeks postpartum. In contrast to holohaptocorrin, holoTC remains stable 
during pregnancy. For this reason, holoTC is regarded as a better marker 
than total cobalamin for screening or monitoring cobalamin status during 
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pregnancy (Morkbak et al. 2007; Murphy et al. 2007). A low holoTC test result 
should be followed by testing MMA in serum or urine. If MMA is elevated, 
supplementation of cobalamin to pregnant women can be recommended. In 
women who have an intact absorption system, physiological doses of cobalamin 
are sufficient to maintain maternal and child status. Pharmacological doses (> 
500 µg/d) maybe required when serum MMA is above 500 nmol/L or when 
pernicious anemia is diagnosed during pregnancy. The decline in haptocorrin 
during pregnancy has no known clinical significance. 

6. monitoring the effect of cobalamin Treatment 

6.1 Cobalamin markers: response to cobalamin intake or 
supplementation 

Minor changes in cobalamin intake induce different responses in serum 
concentrations of cobalamin markers (Figure 11). When cobalamin supply 
becomes insufficient (depletion) or cobalamin is provided as supplements 
(repletion), the changes of the markers follow a time-dependent course. 

A dietary intake of approximately 7 µg/d is necessary to maintain 
cobalamin status markers in young adults (Bor et al. 2010). Very small doses 
of cobalamin from supplements (approximately 3 µg/d) were associated with 
better cobalamin markers in vegans and lacto-ovo-vegetarians compared with 
non-supplemented individuals (Herrmann et al. 2003). Similarly, physiological 

Figure 11. Theoretical time-progress of changes in cobalamin biomarkers under depletion and 
repletion conditions. Depending on the cause, the deficiency may take several years to develop 
after the start of depletion. In malabsorption disorders, the depletion develops to clinical symptoms 
within a relatively shorter time. The repletion causes a correction of serum holoTC as a first 
response. The increase of serum total cobalamin and the lowering of MMA and tHcy depend on 
the dose, frequency and route of administration. 

MA
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oral doses of cobalamin (3–10 µg/d) are associated with corrections of all 
cobalamin biomarkers (Winkels et al. 2008). Therefore, very low doses can be 
used to prevent cobalamin deficiency in subjects who can absorb the vitamin.

Pharmacological doses of cobalamin provided as injections lower plasma 
concentrations of MMA and tHcy in deficient subjects within few days (Mansoor 
et al. 2013). Cyanocobalamin (i.m. 1 mg/week) was provided for 3 weeks to a 
group of 14 patients with severely elevated serum MMA levels. Concentrations 
of MMA and tHcy were strongly lowered (not normalised) few days after 
the first injection. After 21 days (total of 3 injections), concentrations of MMA 
were almost normalised (Mansoor et al. 2013). Also urinary MMA (uMMA) 
concentrations show a response after oral cyanocobalamin supplementation 
(Hill et al. 2013). Elderly people (n = 100 with serum cobalamin < 250 pmol/L 
and elevated uMMA > 1.5 µmol/mmol creatinine) were supplemented with 
oral cyanocobalamin (10 µg, 100 µg, or 500 µg) for 56 days. Plasma MMA and 
to a less extent, uMMA showed a significant response to supplementation 
(Hill et al. 2013). 

Oral pharmacological doses of cobalamin (> 0.5 mg) are commonly used 
to treat or prevent deficiency. The absorption takes place partly via simple 
diffusion and can correct abnormal cobalamin status markers (Garcia et al. 
2002; Sharabi et al. 2003; van Walraven et al. 2001). Oral supplementation of 
1–2 mg cobalamin show effectiveness in correcting cobalamin markers in many, 
but not all patients. Therefore, there are no strict recommendations regarding 
the dose and route of administration of cobalamin supplements for patients 
with cobalamin deficiency. Physicians depend on trial-and-errors to find out 
the best treatment mode. Measurement of serum MMA levels is recommended 
for monitoring the outcome of the treatment. 

There is a dose response relationship between cobalamin intake or 
supplemental dose and the increase of serum total cobalamin or the reduction 
of MMA and tHcy (Rajan et al. 2002). However, a metaanalysis has recently 
shown that the association between cobalamin doses and the changes in serum 
cobalamin markers is not linear over the range of intake or supplemental doses 
(Dullemeijer et al. 2013). For example, doubling cobalamin dietary intake was 
associated with approximately 11–13% higher serum cobalamin concentrations 
(Dullemeijer et al. 2013). Age was an important determinant for the response 
of serum cobalamin to supplements (Dullemeijer et al. 2013). 

The effect of oral treatment with cobalamin on plasma cobalamin-
binding proteins has been studied in non-deficient subjects over 84 days. 
Supplementation of vitamin B12 (400 µg/d) caused a fast and strong response 
in plasma holoTC, TC-saturation, and total TC. The highest levels of holoTC 
and TC-saturation were reached only 3 days after the start of oral supplements 
(means increase, +54% for holoTC and +82% for TC-saturation, respectively), 
whereas total-TC decreased by 16% to reach its lowest level after 3 days (Nexo 
et al. 2002b). HoloHC and total cobalamin increased by +20% and +28%, 
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respectively, after 3 days but their levels continued to increase until the end 
of the study (84 days) (Nexo et al. 2002b). Changes of cobalamin binders and 
their saturation levels are currently used only for research questions but not 
routinely monitored in patients with deficiency. 

The strong increase of serum holoTC and TC-saturation within 3 days 
suggested that these markers can be used to show recent cobalamin repletion, 
while holoHC and total cobalamin were discussed to reflect accumulation of 
the vitamin (Nexo et al. 2002b). 

6.2 Using serum holotranscobalamin increase to test cobalamin 
absorption 

As an alternative to the traditional Schlilling test, the change of serum holoTC 
following oral cobalamin has been used as a surrogate absorption test called 
the ‘CobaSorb’ test (Bor et al. 2005; Hardlei et al. 2010). Adults with normal 
cobalamin status were given three oral doses at 6-hours intervals (each dose 
9 µg cobalamin) and changes of cobalamin markers were followed in serum 
samples collected over 3 days (von Castel-Roberts et al. 2007). The low dose 
of (3 x 9 µg) was chosen because it is believed to be actively transported via 
intrinsic factor. The increase of holoTC reached a maximum (+ 49% relative to 
baseline) at 24 hours while the changes in total cobalamin were less prominent 
(+ 15% from baseline) within 24 hours (von Castel-Roberts et al. 2007). The 
same test was applied to study cobalamin absorption in Indian subjects with 
a low cobalamin status (mean holoTC concentration at baseline ~ 11 pmol/L). 
Oral cyanocobalamin [3 x 10 µg or 3 x 2 µg doses] was administered within 
6-hours intervals (Bhat et al. 2009). Serum holoTC levels increased in the 10 
µg group from (mean ± SD) 9 ± 7 pmol/L to 54 ± 26 pmol/L and in the 2 µg 
group from 11 ± 9 pmol/L to 36 ± 19 pmol/L suggesting that this test can be 
used to verify cobalamin absorption in people with very low cobalamin status 
(Bhat et al. 2009). In contrast, the test appears to have limitations in subjects 
with holoTC > 60 pmol/L, because high holoTC shows limited response to 
cobalamin intake. Therefore, a negative test result should not be interpreted 
as ‘cobalamin malabsorption’ in subjects with high baseline holoTC. 

Our group used the same principle of measuring the change of serum 
holoTC after cobalamin supplementation, with exception of using a single oral 
dose of 200 µg cyanocobalamin and measuring holoTC before and 6–8 hours 
after cyanocobalamin (Figure 12). HoloTC concentrations reached highest 
levels between 6–8 hours after the 200 µg dose. The increase of holoTC after 
this cobalamin loading dose can be interpreted as being able to benefit from 
oral supplements. This simple test is particularly helpful in patients who need 
to start oral treatment or those who shift from injections to oral treatment to 
ensure that they can absorb. This test does not make any assumption about 
the mechanisms of cobalamin absorption after 200 µg cyanocobalamin. 
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7. differential diagnosis 

Nutritional deficiencies

Folate and cobalamin deficiencies can cause macrocytic anaemia (Aslinia et al. 
2006). Patients with anaemia should be screened for nutritional deficiencies, 
among other possible causes. However, macrocytosis (i.e., elevated mean 
corpuscular volume) can be absent in many cases of folate and cobalamin 
deficiencies. This limits the sensitivity and specificity of blood count in 
detecting or differentiating between causes of anemia. Measurement of serum 
MMA is used for differential diagnosis of folate and cobalamin deficiencies, 
since the concentrations of this marker are hardly affected by folate deficiency. 
In contrast, tHcy concentrations are elevated in cobalamin and folate 
deficiencies but this marker is less affected by cobalamin deficiency than by 
folate deficiency, thus limiting its use as a marker for differential diagnosis of 
these two conditions. 

Iron status markers (i.e., ferritin, transferrin, and transferrin saturation) 
are used for differential diagnosis of anaemia caused by iron deficiency. Serum 

Figure 12. Baseline serum holoTC concentrations and 8 hours post-oral cobalamin single dose 
of 200 µg. HoloTC increased in all, except in 2 subjects. All participants were apparently healthy 
and did not report malabsorption disorders. 

HoloTC at baseline and post B12 
(200 µg single oral dose)  

8
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and red blood cell folate are useful indexes of short and long term folate status, 
respectively. Serum folate concentrations can be elevated in subjects with 
cobalamin deficiency and show a decline after cobalamin treatment (Dierkes 
et al. 1999). This phenomenon is likely to be caused by a disturbance in the 
flow of the folate cycle (i.e., folate trap) when methylcobalamin as a cofactor 
for methionine synthase is deficient. 

In population studies, differential diagnosis of nutritional deficiencies 
is more challenging since combined deficiencies of amino acids and 
micronutrients can be involved and metabolic adaptation to nutrient shortage 
is well known in populations with sessional variations of nutrients intake 
(Dominguez-Salas et al. 2013). 

Genetic defects in cobalamin and folate pathways

Classical forms of cobalamin and folate genetic disorders are detected after 
birth or during early childhood. There are also late-onset forms that are 
expressed in adults. The manifestations in these genetic disorders are severe 
and involve both anemia and neurological signs. Moreover, the elevation 
of tHcy and/or MMA is severe compared with that seen in nutritional 
deficiencies. Early diagnosis is important since many defects are treatable by 
regular administration of the vitamin. 

Several laboratory markers are used for differential diagnosis of genetic 
defects in cobalamin pathway. The combined or isolated elevation of tHcy 
and MMA gives important clues to the defect (Table 6). They can differentiate 
between cobalamin defects that affect methylation of tHcy to methionine (i.e., 
tHcy is elevated in this case) and those affecting the mitochondrial pathway 
(MMA is elevated). Elevated tHcy and MMA are seen in all defects that 
affect delivering cobalamin to the cell, such as defects in intrinsic factor or its 
receptor and defects in transcobalamin or its receptor. Isolated elevation of 
MMA is usually seen in disorders that affect intracellular delivery of cobalamin 
into the mitochondria or the cobalamin–dependent mitochondrial enzyme, 
methylmalonyl-CoA mutase. Several steps in cobalamin pathway have been 
discovered recently, but many transport or regulatory steps are still unknown. 

Genetic defects in folate metabolism can cause similar clinical picture. 
The differential diagnosis of defects that affect cobalamin and folate pathways 
includes measurement of tHcy and MMA (MMA is not elevated in folate 
defects) in addition to other markers in the methionine and folate cycles. The 
biomarkers are generally used for orientation. In a following step, genetic 
testing for specific mutations is performed to identify the defect. Moreover, 
in-vitro experiments using patient’s fibroblasts are still used in many labs in 
order to identify the nature of the defect by studying cobalamin uptake or its 
conversion to cofactors (Gulati et al. 1996; Stucki et al. 2012). 

Biomarkers of cobalamin (mainly MMA and tHcy) are used to monitor 
the treatment effect in patients with genetic defects. 
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8. Cobalamin markers in other biological samples 

Cerebrospinal fluid

Cobalamin is actively transported into the brain, but the exact process is poorly 
understood. Cobalamin is stored in the brain, but the total brain content of cobalamin 
is lower than that in the liver and the kidney (Birn et al. 2003). In contrast to serum 
cobalamin, most of cobalamin in cerebrospinal fluid (CSF) is bound to transcobalamin 
(Lazar and Carmel 1981). Concentrations of holoTC in CSF are approximately 20%–30% 
of that in serum. The median holoTC in CSF was 16 pmol/L vs. 70 pmol/L in serum of 
the same subjects (Obeid et al. 2007b). In CSF, the ratio of holoTC to albumin is higher 
than that in blood (Obeid et al. 2007b), suggesting that the amount of holoTC in CSF is 
over-represented compared to the blood. 

Serum cobalamin concentration is the main determinant of CSF holoTC 
(Obeid et al. 2007b). CSF-holoTC shows a strong correlation with serum total 
cobalamin (correlation coefficient = 0.69, p < 0.001). The correlation between 
blood and CSF cobalamin contents was not found in some old studies 
(KIDD et al. 1963). However, old methods were probably not able to detect 
very low levels of cobalamin in CSF. Concentrations of holoTC in CSF can 
be influenced by polymorphisms in transcobalamin gene (Zetterberg et al. 
2003). Also diseases are known to affect CSF cobalamin content. For example, 
CSF concentrations of cobalamin were significantly lower in patients with 
Alzheimer disease compared with age-matched controls (Ikeda et al. 1990). In 
contrast, serum cobalamin did not differ between the groups (Ikeda et al. 1990). 

We observed no difference in CSF-holoTC between patients with and without 
dementia and no relationship between holoTC and P-tau 181 or amyloid beta 42 (i.e., 
both are markers of dementia) (Obeid et al. 2007a). CSF-holoTC concentrations did not 
decline with age or show significant differences between control patients and those with 
peripheral neuropathy, multiple sclerosis, or stroke. CSF-folate but not holoTC was the 
main determinant of CSF-tHcy (Obeid et al. 2007b). Therefore, CSF holoTC is unlikely 
to be a reliable marker for brain cobalamin-dependent reactions or a risk marker for 
diseases supported by low cobalamin status.

Similarly, concentrations of soluble transcobalamin receptor (sCD320) 
are detectable in CSF, and the levels are lower than in plasma (median  
14 pmol/L vs 73 pmol/L) (Abuyaman and Nexo 2015). Although sCD320 
levels in CSF showed correlation with markers of dementia, the study design 
(rest samples from the lab, pre-analytical conditions) has major limitations 
and no conclusions on causal associations can be made. 

Differences between studies of CSF holoTC and its association with 
physiological or diseases conditions could be related to bias in selection 
of the control group or inclusion and exclusion criteria of the studies. Also 
differences in pre-analytical conditions (i.e., CSF contaminated with blood) 
could affect the results.

CSF-cobalamin markers and binders have currently no roles in diagnosis 
of deficiency conditions. Studies investigating their concentrations in CSF 
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aim at understanding cobalamin brain physiology and identifying potential 
involvement in neurological disorders. 

Human milk

Studies testing cobalamin content in human milk have provided valuable 
information on determinants of milk cobalamin as a sole source of this nutrient 
in breastfed infants. Studies on milk samples from deficient and non-deficient 
women have participated in shaping the nutritional recommendations for 
this nutrient in infants and children. Cobalamin intake and supplementation 
recommendations during pregnancy and lactation should be guided by studies 
on milk samples in relation to maternal serum cobalamin markers. 

Human milk is not a typical sample matrix in a clinical laboratory, but 
rather a typical matrix for food analytics. Milk contains a high amount of 
apo-haptocorrin that has been reported to disturb most available cobalamin 
assay methods and can produce unreliably high or low values (Lildballe et al. 
2009). Haptocorrin content increases during the course of lactation. There are 
also differences in milk composition and nutritional value according to the 
time of sample collection during one lactation session (foremilk, hindmilk). 
Results from different studies are difficult to compare due to methodological 
differences and also differences in nutritional statuses of the women from 
different countries. 

Early methods have used different extraction procedures to remove 
proteins from the milk before measuring cobalamin content using regular 
methods. Jathar et al. released cobalamin from milk samples by proteolytic 
degradation prior to measurement by a microbiological assay (Jathar et al. 
1970). The extraction was performed using papain and sodium cyanide and 
incubation under toluene at 37°C overnight (Jathar et al. 1970). The study 
reported very low concentrations of cobalamin in serum of Indian women 
and no correlation with milk cobalamin. Milk cobalamin was lower in this 
study (Jathar et al. 1970) than levels reported in earlier studies (Collins et al. 
1951). Several modifications of the extraction method were used such as a hot 
extraction of the sample with ethanol or digestions using papain prior to the 
assay (Adjalla et al. 1994; Specker et al. 1990). Analysis of human milk using 
a competitive protein binding assay was able to distinguish milk samples 
from B12-deficient and well-nourished lactating women (McPhee et al. 1988). 
However, comparison between different studies is still not possible. 

Recently, milk cobalamin assay was improved by using cobinamide-
sepharose to remove apo-haptocorrin from the fat-reduced whey fraction 
before applying commercially available cobalamin assays such as methods on 
Centaur, Architect and Cobas analysers (Lildballe et al. 2009). HC concentrations 
below 10 nmol/L do not interfere with cobalamin assay. Milk samples analysed 
without prior extraction of apo-haptocorrin by using different commercially 
available immunoassay systems coupled with chemiluminescence detection 
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resulted in too high (Centaur analyzer, Siemens) or too low (Architect i2000 
analyzer, Abbott; Cobas 6000 E immunoassay system, Roche Diagnostics) 
concentrations of B12 (Lildballe et al. 2009). 

When apo-haptocorrin cannot be removed in a preliminary step, the 
methods of choice for direct measurement of human milk cobalamin is the 
competitive protein binding assay coupled with chemiluminescence detection 
(Deegan et al. 2012; Hampel et al. 2014; Israel-Ballard et al. 2008).

In summary, human milk analytic has improved over the last years. 
Milk cobalamin assessment is helpful to understand cobalamin status 
and requirements in infants and mothers and derive cobalamin intake 
recommendations. However, there are still many sources of heterogeneity. 
There is an urgent need for standardisations of the time of sample collection 
after birth and during one lactation session (foremilk, hindmilk); the pre-
extraction methods; and the final assay method of cobalamin. The analytical 
methods for human milk are not used for routine testing and the importance 
of routine testing of milk has not been established yet. 

Cord blood 

Concentrations of cobalamin and its binding proteins were studied in samples 
collected from umbilical venous blood after birth and were compared with 
maternal concentrations. The results provided evidence about the strong 
positive association between maternal and child vitamin status and changes 
in cobalamin homeostasis throughout the pregnancy or after birth. Studies 
performed on cord blood did not aim at diagnosing a deficiency condition. 

Concentrations of total cobalamin in cord blood are higher than in the 
mother (Molloy et al. 2002; Obeid et al. 2005b). This is explained by high 
concentrations of total HC, holoHC, and holoTC while total TC is lower in cord 
blood than in the mother (Obeid et al. 2006). The main predictors of holoTC 
in cord blood were gestational age and maternal cobalamin concentrations. 

High concentrations of cobalamin and holoTC in cord blood do not agree 
with the high levels of tHcy or MMA in cord blood (Obeid et al. 2006). We 
found that cord blood concentrations of MMA were higher than those of 
the mothers, but were unrelated to the concentrations of both holoTC and 
holoHC in the child (Obeid et al. 2005b; Obeid et al. 2006). Therefore, MMA 
concentrations in cord blood cannot be considered as a marker for cobalamin 
status since they can be influenced by other unknown factors. 

Urine 

Concentrations of MMA are measured in urine samples using several GCMS 
or LC-MS/MS methods. This test is used as part of cobalamin diagnosis in 
many labs as discussed above. Total cobalamin and holoTC have been also 
measured in human urine, but their use in routine diagnosis is not established. 
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The kidney plays a central role as a storage organ for cobalamin. Cobalamin 
is filtered through the kidney and reabsorbed to enter the blood again  
(Birn 2006; Moestrup et al. 1996). Kidney diseases have a strong effect on 
cobalamin biomarkers in blood and urine. 

Studying cobalamin concentrations in urine may shed the light on 
factors affecting cobalamin kidney homeostasis and causes of elevated serum 
cobalamin and holoTC concentrations in patients with renal dysfunction. Only 
few studies have tested urine cobalamin concentrations. 

We have measured urine concentrations of holoTC (uholoTC) in patients 
with diabetes and apparently healthy controls. In general, uholoTC levels 
are very low and show high levels of between-subjects variations (Table 7). 
The mean (SD) concentrations were not different between the groups [6.1 
(14.1) pmol/l in diabetics vs. 6.7 (10.4) pmol/l in the controls] (Obeid et al. 
unpublished data). Concentrations of uholoTC showed a positive correlation 
with urinary albumin in patients with diabetes (r = 0.535, p < 0.001), and 
RBC-B12 (r = 0.512, p < 0.001), and a negative correlation with serum MMA  
(r = –0.331, p = 0.003), but no correlation with serum holoTC or total cobalamin. 
These correlations were not significant in the control subjects. Therefore, 
markers that show higher intracellular cobalamin or cobalamin stores (higher 
with RBC-B12 and lower MMA) were associated with higher uholoTC, 
suggesting that uholoTC is a way to excrete excess cobalamin in subjects with 
sufficient stores. Several questions concerning uholoTC remain open; such as 
potential circadian changes, day-to-day variations, influence of dietary intake 
or supplementation, and influence of renal diseases and drugs (diuretics). The 
concentrations of uholoTC are in the lowest range of most available analytical 
assays which may be associated with higher analytical imprecision. 

The soluble form of transcobalamin receptor (sCD320) has been measured 
in serum (pmol/L) and urine (pmol/mmol creatinine) of young women 

Table 7. Serum and urinary cobalamin markers in control subjects and patients with diabetes.

Controls Diabetes p 

Age, years 65 ± 8 66 ± 9 0.263

uHoloTC, pmol/L 6.7 ± 10.4 6.1 ± 14.1 0.518

urine albumin, mg/l 7.0 ± 9.2 29.6 ± 86.1 0.353

uHoloTC/ualbumin ratio 1.11 ± 1.65 0.50 ± 0.87 0.651

Serum holoTC, pmol/L 63 ± 37 76 ± 55 0.080

Serum MMA, nmol/L 239 ± 157 307 ± 274 0.018

Serum total B12, pmol/L 296 ± 117 291 ± 102 0.835

RBC-B12, pmol/L 260 ± 50 233 ± 42 0.001

Serum creatinine, mg/dl 0.85 ± 0.18 0.93 ± 0.29 0.169

Results are shown as mean ± SD. P values are according to Mann-Whitney test. Controls (n = 50); 
patients (n = 80). uholoTC and serum holoTC were measured by using AxSYM active B12 assay. 
The method for red blood cell (RBC)-B12 extraction and assay in addition to the original study 
were published before (Obeid et al. 2013).
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throughout pregnancy (Abuyaman et al. 2013). Concentrations of sCD320 
increased in serum and in urine up to the 35 gestational week, thereafter 
they declined. Urinary sCD320 (pmol/mmol creatinine) correlated with 
serum sCD320 (Spearman’s correlation = 0.647, P < 0.001). The absolute 
molar concentrations of urinary sCD320 were higher than that in serum and 
correlated with urinary creatinine (Abuyaman et al. 2013). sCD320 shows some 
affinity to bind holoTC, but the clinical significance of measuring serum or 
urinary sCD320 is currently not established. 

9. Unresolved Issues surrounding cobalamin biomarkers 

From the current knowledge and the challenges that cobalamin diagnosis 
optimally needs to meet, the following questions represent an extraction of 
unresolved issues for research to focus on in the following years: 

 • What are the biological variations and indexes of individuality for 
cobalamin markers in health and disease conditions? 

 • Most subjects with elevated MMA or lowered holoTC or B12 will be 
asymptomatic; but how stable are these markers over the time, if subjects 
are not treated with cobalamin? 

 • Which marker or a combination of markers can better predict specific 
clinical outcomes or recovery of clinical signs in deficient patients? 

 • Which marker should be tested in patients with cancer?
 • Recommendations are needed on diagnosis, treatment and prevention 

of cobalamin deficiency in patients with cancer. 
 • What are the mechanisms of elevated holoTC in renal diseases and cancer? 
 • Which factors can affect uMMA and what is their influence on using this 

marker in routine diagnosis? 
 • Are there any advantages of using uMMA compared with serum MMA  

in specific disease groups or age groups (i.e., infants)? 
 • Should haptocorrin and transcobalamin be part of diagnosing cobalamin 

deficiency or its causes? (when?) 
 • What are the mechanisms of the changes of cobalamin markers and 

binders during pregnancy?
 • What are the causes of the changes in the binders and saturation levels 

during early life? 
 • Is there any diagnostic value for measuring sCD320 in biological samples 

(serum, urine, CSF)?
 • What are the biological roles of haptocorrin and transcobalamin in human 

milk? Why they change during lactation? 
 • Standardisations of the pre-analytical and analytical conditions are needed 

before combining or comparing data on Cbl status markers from different 
labs. 
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10. summary and conclusions

 • In recent years, diagnosis of cobalamin deficiency aimed at detecting 
subjects with ‘biochemical abnormalities’ or subtle cobalamin deficiency.

 • Targeted testing of cobalamin markers is recommended in subjects with 
diseases that cause a deficiency or diseases that might be worsened if 
cobalamin deficiency co-exists. 

 • Studies measuring cobalamin markers in ‘at risk populations’ have 
provided valuable information on the relation between intake and 
markers, prevalence of the deficiency, and response to intervention. 
However, screening asymptomatic individuals is not recommended for 
health care providers. 

 • The availability of methods to measure cobalamin fractions and its 
metabolic markers has improved the diagnosis. Currently, stepwise 
measurement of cobalamin markers, holoTC and MMA, is the best 
recommended approach to make an informed decision on cobalamin 
status when cobalamin deficiency is suspected. 

 • The general improvement of the diagnosis is facing new challenges related 
to unclassical or contradicted results of the biomarkers in some clinical 
conditions such as renal patients, liver diseases or cancer. 

 • Elevated serum concentrations of cobalamin in these conditions disagree 
with elevated MMA. There are many open questions related to the 
necessity to treat ‘elevated MMA’. However, subtle cobalamin deficiency 
‘despite normal serum cobalamin’ can be involved in co-morbidities of 
some diseases, such as patients with diabetes, cancer or renal insufficiency.

Keywords: deficiency, diagnosis, biomarkers, algorithm, blood samples, assay, 
dose, treatment, subclinical, functional markers, holotranscobalamin, total 
cobalamin, methylmalonic acid, homocysteine 
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1. Introduction
Maternal and foetal nutritional requirements are exceptionally high during 
pregnancy to meet the associated physiological and metabolic demands. As is 
the case for many nutrients, cobalamin stores in foetal tissues are established 
during pregnancy. Current cobalamin requirements during pregnancy are 
based on estimates of the total amount of cobalamin assumed to accumulate 
in the foetal liver from studies published between 1962 and 1975. Pregnancy 
cobalamin intake recommendations are based on studies that used maternal 
plasma or serum total cobalamin or urinary methylmalonic acid excretion 
in the child as markers of cobalamin insufficiency. Cobalamin deficiency is 
highly prevalent in countries like India due to the widely practised vegetarian 
diet. Recent studies using functional markers of cobalamin status such as 
plasma holotranscobalamin (holoTC) and methylmalonic acid (MMA) during 
pregnancy, lactation and early life have shown that suboptimal cobalamin 
intake and status also affects women with omnivorous diets in industrialised 
countries. Many studies have shown that low cobalamin status is associated 
with birth defects and developmental problems in the children. However, 
cobalamin supplementation during pregnancy and lactation has received 
relatively little attention compared to folic acid supplementation. 
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This chapter summarizes the current knowledge and gaps in knowledge 
regarding cobalamin status and requirements during pregnancy and lactation. 

2. Cobalamin during pregnancy and lactation

2.1 Classical view of cobalamin requirements during pregnancy and 
lactation

The Food and Nutrition Board of the Institute of Medicine (IOM), Department 
of Medicine, USA has defined the Recommended Dietary Allowances (RDAs) 
for cobalamin for pregnant women based on the amount accumulated by 
the foetus throughout pregnancy, the assumption that cobalamin absorption 
(Hellegers et al. 1957; Robertson and Gallagher 1983) is increased during 
pregnancy and that only the newly absorbed cobalamin from the diet is 
transferred to the foetus (Institute of Medicine 1998). 

The following interpretations were used to justify cobalamin requirements 
during pregnancy (Institute of Medicine 1998):

 1. Cobalamin concentrations decline during pregnancy, but this was not 
thought to be a reflection of depletion of maternal reserves. However, 
the decline in serum cobalamin concentrations during the first trimester 
was not only due to haemodilution. Also, haptocorrin increases during 
the second and third trimesters, and transcobalamin II increases sharply 
in the third trimester to about 30% higher than in non-pregnant, non-
lactating women (Fernandes-Costa and Metz 1982). 

 2. Cobalamin is actively transported from the mother to the foetus and 
accumulates in the placental and foetal tissues, implying that pregnant 
women have higher requirements than non-pregnant women. The 
recently absorbed vitamin from the maternal diet is transported to the 
foetus and is a more important cobalamin source than maternal liver 
stores. Studies on infants from strict vegetarian mothers have shown that 
cobalamin deficiency is manifested in the child by the age of 4–6 months 
(Specker et al. 1990) suggesting that cobalamin stores in the child can be 
depleted fast (few weeks up to 6 months).

 3. It has been estimated that an average of 0.07 to 0.14 nmol/day (0.1 to 0.2 
µg/day) of cobalamin accumulates in the foetus. The estimates were based 
on studies of liver cobalamin content in infants born to cobalamin replete 
women (Vaz et al. 1975) and the assumption that the liver contains half of 
the total body cobalamin content. It has also been assumed that the total 
amount of cobalamin that accumulates in the foetus during pregnancy 
is unlikely to cause depletion of maternal stores. 

To account for a foetal cobalamin deposition of 0.1 to 0.2 µg/day 
throughout pregnancy and more efficient maternal absorption of the vitamin 
during pregnancy, 0.2 µg/day was added to the estimated average requirement 
(EAR) of non-pregnant women (2.0 µg/day) to cover the anticipated foetal 
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needs. The RDA is defined as equal to the EAR plus 2 coefficients of variation 
(CV) to cover the requirements of 98% of pregnant women. Therefore, the RDA 
for cobalamin during pregnancy is 120% of the EAR or 2.6 µg/day (Institute 
of Medicine 1998). 

The estimated intake requirements during lactation were based on the 
loss of cobalamin in milk or milk cobalamin content. The average amount of 
cobalamin excreted in maternal milk is approximately 0.33 µg/day during 
the first 6 months of lactation. This amount declines by approximately 25% 
after 6 months (0.25 µg/day). The EAR for lactating women was set by adding 
0.33 µg/day of cobalamin to the EAR of 2.0 µg/day for non-pregnant women 
and the RDA for cobalamin during lactation is set to 2.8 µg/day (Institute of 
Medicine 1998). 

2.2 Cobalamin homeostasis during normal pregnancy

Pregnancy associated haemodilution, enhanced renal function and hormonal 
changes lead to reduced concentrations in many blood biomarkers during 
pregnancy (Faupel-Badger et al. 2007). These established physiological factors 
should be considered when assessing changes in cobalamin biomarkers during 
pregnancy. Pregnancy associated changes in cobalamin binding proteins, active 
cobalamin and metabolic markers have been addressed in several studies. 

The phenomenon of cobalamin decline during pregnancy was observed 
in very old studies dating back to the era of the discovery of the vitamin 
(Heinrich 1954). In a series of serum measurements performed on 25 pregnant 
women with low to intermediate cobalamin status (130–400 ng/mL), serum 
cobalamin fell sharply between months 7 and 9 without a parallel decrease 
in haemoglobin. Serum cobalamin concentration had increased again and 
returned to baseline by the end of the sixth week after delivery (Izak et al. 
1957). Animal studies have shown that maternal cobalamin stores in the liver 
and kidney are depleted during pregnancy and that the vitamin accumulates 
in the foetus and the placenta (Brown et al. 1977). This might contribute to 
the pregnancy-associated decline in serum cobalamin in humans but the 
hypothesis has not yet been tested in women. 

Up to 60% of the absorbed vitamin had accumulated in the foetus and 
placenta following a subcutaneous cobalamin injection in pregnant rat dams 
three days before delivery (Hellegers et al. 1957). A separate study showed 
that the accumulation of cobalamin in the foetoplacental unit accounted for 
more than 90% of the intestinal uptake of the vitamin (Brown et al. 1977). 
Cobalamin uptake by the foetoplacental unit, following a high oral dose of 
the vitamin at 18–21 days of pregnancy, did not differ between mice that had 
received a cobalamin injection during early pregnancy and those that had 
not. This suggests a high capacity of the placenta for extracting and binding 
newly injected cobalamin from the blood. 

Some animal studies have suggested that intestinal absorption of 
cobalamin is increased during pregnancy which could be a physiological way 
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to fulfil the high requirements. In a series of studies on mice, Brown et al. have 
shown that cobalamin absorption in the ileum is upregulated as pregnancy 
progresses (Brown et al. 1977). This was attributed to the upregulation of 
intrinsic factor mediated uptake (Brown et al. 1977; Robertson and Gallagher 
1983) and not to increased passive diffusion, because higher doses of 
cyanocobalamin were needed to saturate the absorption mechanisms in 
pregnant compared to non-pregnant mice. The greater increase in total serum 
cobalamin concentrations following a single oral dose of 1 mg cyanocobalamin, 
in pregnant compared to non-pregnant women, was attributed to enhanced 
absorption of the vitamin (Hellegers et al. 1957). However, an oral dose of  
250 µg of cobalamin resulted in no detectable changes in plasma total cobalamin 
between pregnant and non-pregnant women (Hellegers et al. 1957). An orally 
administered single dose of 0.5 mg cobalamin increased plasma cobalamin 
by 198 µg (146 nmol) compared to 128 µg (94 nmol) in pregnant compared 
to non-pregnant women, respectively and an oral dose of 1 mg by 263 µg  
(194 nmol) and 158 µg (117 nmol), respectively (Hellegers et al. 1957). However, 
the high doses of cobalamin used by Hellegers et al. (1, 0.5, and 0.25 mg) are 
likely to be partly absorbed via simple diffusion, independently of the intrinsic 
factor receptor that has an estimated capacity to bind approximately 10 µg 
cobalamin per meal. Moreover, the assays used for cobalamin determinations 
in old studies were not sensitive enough to detect small changes, and serum 
cobalamin fractions were not investigated. A recent study using the CobaSorb 
test (testing the increase in serum holoTC in response to oral cyanocobalamin) 
failed to demonstrate increased absorption of small physiological amounts of 
cyanocobalamin (3 x 9 µg for 2 days) in pregnant women between the first and 
third trimesters (Greibe et al. 2011). Therefore, there is no direct evidence, to 
date, for an increase in maternal cobalamin absorption in human pregnancy. 

Animal studies suggested that despite the assumed increased absorption 
during pregnancy, maternal liver and kidney stores were depleted, while 
cobalamin accumulated in the foetoplacental tissues (Brown et al. 1977). Other 
studies have shown that only newly available cobalamin accumulates in the 
foetoplacental organs (Hellegers et al. 1957). Thus it is apparent that maternal 
intake during pregnancy is the determining factor of the amount available to 
the foetus. This intake must be sufficient to maintain maternal stores and cover 
foetal requirements. A human study showed that the drop in plasma cobalamin 
observed between the first and second trimesters in the placebo group did not 
occur in mothers that received oral cobalamin supplements of 50 µg/d from 
10 gestational weeks to 6 weeks postpartum, in a double blind, randomised, 
placebo-controlled trial (Duggan et al. 2014). Despite falling in both groups 
between the 2nd and 3rd trimesters, plasma cobalamin remained higher in 
the supplemented group. No differences were seen in plasma MMA or total 
homocysteine (tHcy) concentrations, both of which are affected by cobalamin 
status, between the two groups. This suggests uptake of the supplementary 
cobalamin by the foetus rather than supporting maternal stores. Furthermore, 
plasma MMA and tHcy were lower in children born to supplemented mothers 
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at 6 weeks postpartum. However, we still do not know how cobalamin is 
partitioned between maternal and foetal tissues particularly when mothers 
are cobalamin deficient. 

Several longitudinal studies on uncomplicated pregnancies have shown 
that serum concentrations of total plasma cobalamin decline during pregnancy 
(Koebnick et al. 2002; Murphy et al. 2007), and return to pre-pregnancy levels 
after birth (Milman et al. 2006). Recent studies reported changes in cobalamin 
binders which may explain lower total serum cobalamin in late pregnancy. In 
line with this, following the initial reductions in plasma total cobalamin and 
holoTC between preconception and 8 weeks of pregnancy, holoTC remained 
relatively stable for the rest of pregnancy but approximately 35% lower than 
at preconception. In contrast, total cobalamin continued to decline during the 
same period (Murphy et al. 2007). On the other hand, transcobalamin (TC)-
saturation decreased during pregnancy (Koebnick et al. 2002). Additional 
studies have shown that the concentrations of total TC increase but holoTC 
levels remain stable throughout pregnancy (Greibe et al. 2011; Morkbak et al. 
2007). The decline in total serum cobalamin has been explained by a reduction 
in total haptocorrin (HC) and holohaptocorrin (holoHC) that constitutes the 
major fraction of serum total cobalamin (Greibe et al. 2011; Morkbak et al. 
2007). Unchanged cobalamin absorption in the intestine following an oral 
cobalamin load, at different stages of pregnancy, failed to explain stable 
holoTC concentrations during pregnancy (Greibe et al. 2011). In contrast to 
plasma holoTC, holoHC represents the non-active cobalamin or the one with 
no known functions. HoloHC is considered to be a non-functional part despite 
it binds most of plasma cobalamin. 

Collectively, the results show stable holoTC and a decline in holoHC 
during pregnancy. The relatively stable holoTC during pregnancy may be 
perceived as reflecting no change in metabolic cobalamin markers during 
pregnancy. The mechanisms involved are not known yet but it is possible that 
the decline in holoHC is due to the mobilisation of maternal stores to maintain 
a stable holoTC that ensures cobalamin supply to the developing foetus.

Blood MMA and tHcy concentrations increase in situations of cobalamin 
deficiency. A study of Danish pregnant women showed that a 28% reduction in 
total cobalamin (from median 225 to 161 pmol/L) between 18 to 39 gestational 
weeks was associated with an increase in plasma tHcy (median 6.4 to  
7.7 µmol/L) and MMA (median 0.11 to 0.14 µmol/L) (Milman et al. 2006). 
Another study showed that while holoTC remained stable, a decline in total 
serum cobalamin from week 13 to 36 of pregnancy was associated with an 
increase in tHcy (median 3.8 to 5.0 µmol/L) and MMA (0.10 to 0.16 µmol/L) 
(Greibe et al. 2011). This confirmed the results from a previous longitudinal 
study from pre-conception throughout pregnancy that reported reductions in 
total cobalamin, holoTC and MMA between preconception and 20 gestational 
weeks. Subsequently, holoTC remained relatively unchanged for the remainder 
of pregnancy, but total cobalamin decreased and MMA increased (Murphy et 
al. 2007). However, the increase in MMA from pre-conception to week 32 was 
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significantly lower in pregnant women that started pregnancy with plasma 
holoTC > 67 pmol/L (Murphy et al. 2007). Plasma volume expansion during 
pregnancy is unlikely to explain changes of cobalamin markers in different 
directions. Accordingly, correction of plasma MMA for plasma dilution during 
pregnancy (haematocrit change from preconception) did not alter the results 
(Murphy et al. 2007). 

It appears that changes in both MMA and homocysteine reflect a decline in 
maternal tissue cobalamin supply as pregnancy progresses. In line with this, the 
total pregnancy increase in MMA was lower in mothers that started pregnancy 
with higher holoTC (Murphy et al. 2007). Higher cobalamin requirements and 
transport to the foetus during pregnancy may explain this phenomenon, as 
reflected by higher correlations between maternal total cobalamin and cord 
blood MMA as pregnancy progresses. Given that infants with TC deficiency 
are healthy at birth, an intriguing hypothesis would be that holoHC enhances 
cobalamin uptake by maternal tissues during pregnancy thus explaining 
holoHC reduction in maternal blood.

Changes in cobalamin binders appear to continue throughout late 
pregnancy. A study of German pregnant women just before delivery  
(> 37 gestational weeks) showed large inter-subject variations in cobalamin 
binders within the short time window of 37–40 gestational weeks (Obeid et 
al. 2006). Maternal TC-saturation decreased with increasing gestational age 
during this period which may be explained by a slight increase in maternal 
total TC combined with a decrease in holoTC (Obeid et al. 2006). Accelerated 
cobalamin transport (via holoTC) to the foetus in late pregnancy may enhance 
the synthesis of more TC to capture cobalamin. However, many gaps in 
knowledge remain and need to be addressed in future studies (Table 1). 

Table 1. Cobalamin in pregnancy: gaps in knowledge.

• How is recent cobalamin intake partitioned between maternal and foetoplacental tissues 
in cobalamin deficient or depleted women? 

• Should the recommendations for maternal cobalamin intake during pregnancy be higher 
for women with depleted stores? How should these requirements be defined? 

• What factors explain holohaptocorrin lowering and stable holotranscobalamim, but 
increased methylmalonic acid and homocysteine in late pregnancy? 

• What is the function of haptocorrin in general and in pregnancy in particular?
• Why are children with transcobalamin deficiency healthy after birth? Can holohaptocorrin 

transport cobalamin specifically during pregnancy? 
• Is holohaptocorrin regulated by hormones?
• Are cobalamin transporters and receptors hormone regulated?

2.3 Interaction between cobalamin and other nutrients during 
pregnancy 

Cobalamin and folate metabolism are intimately related. The folate cycle 
converges with the methionine cycle at the point of homocysteine remethylation 
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to methionine by the cobalamin-dependent 5-methyltetrahydrofolate-
homocysteine methyltransferase (MTR, EC 2.1.1.13). The folate cycle provides 
the methyl group that binds with cobalamin to form methylcobalamin. This 
methyl group is then used to convert homocysteine to methionine and in losing 
its methyl group, 5-methyltetrahydrofolate is converted to tetrahydrofolate. 
Purine and pyrimidine synthesis and epigenetic regulation in growing cells are 
directly affected by folate and methionine metabolism. Cobalamin deficiency 
during pregnancy will impair both the conversion of 5-methyltetrahydrofolate 
to tetrahydrofolate and of homocysteine to methionine. This condition can 
impair DNA-replication, impair cell growth and division thus causing anaemia 
or other serious health conditions in the mother and the child. 

Pregnancy-related anaemia is common in many parts of the world where 
micronutrient deficiencies are common. Megaloblastic anaemia in pregnancy 
has been attributed to folate deficiency since the discovery of folate in 1948 
and the famous studies on folate deficient Indian women who developed 
severe anaemia in pregnancy (Wills 1931). Although folate deficiency 
appears to be a more common cause of anaemia in pregnancy, mean serum 
cobalamin concentrations were found to be lower in pregnant women with 
megaloblastic anaemia compared to those without (Giles 1966). Moreover, co-
supplementation with cobalamin improves the response to folic acid treatment 
in pregnant patients with megaloblastic anaemia (Berry 1955; Moore et al. 
1955; Tasker 1955). 

The results of some studies in adult men and women have led to debate 
on the possible adverse effects of high folate status in cobalamin deficient 
subjects. Plasma MMA and tHcy were higher in cobalamin deficient old 
adults with high folate status than in those with normal folate status (Selhub 
et al. 2007). Moreover, Morris and collaborators observed a higher prevalence 
of anaemia in cobalamin deficient old adults with high (plasma folate > 59 
nmol/L) compared to normal folate status (Morris et al. 2007). Mandatory 
fortification of flour with folic acid has been in place in the USA since January 
1998 (Food and Drug Administration and Department of health and human 
services, 1996) and numerous other countries have also implemented similar 
policies (Chen and Rivera 2004; Hertrampf and Cortes 2004). The delayed 
detection of cobalamin deficiency when folic acid intake is high (due to the 
absence of apparent megaloblastic anaemia) has been reported to be unlikely 
in the US (Qi et al. 2014). No increase in cobalamin deficiency in the absence of 
macrocytosis was observed between pre- and post- folic acid fortification in US 
older adults (4.2% vs 4.1%; adjusted prevalence ratios, 95% CI: 0.96, 0.65–1.43). 

The effects of folic acid on metabolic and clinical markers of cobalamin 
status have not been specifically investigated in pregnant women exposed to 
high folic acid intakes (through fortification or targeted supplementation). 
Providing high doses of folic acid (1–5 mg) during early pregnancy is a common 
practice in some countries like India and Sri-Lanka (Gomes et al. 2010). 
Prenatal folic acid supplementation is recommended without considering 
underlying cobalamin status. Imbalance in folate and cobalamin status may 
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occur when high doses of folic acid are recommended during early pregnancy 
or throughout pregnancy. Women with cobalamin deficiency are not able to 
utilize the large doses of folic acid unless they are also supplemented with 
cobalamin. 

In an Indian study, women were given daily supplements of 5 mg folic acid 
during the first trimester and then 0.5 mg for the rest of pregnancy. Cobalamin 
intake was below 1.2 µg/d in 25% of the women in the first trimester and in 
10–11% for the rest of pregnancy. The offspring of women that took > 1000 
µg/d of folic acid and also had a low cobalamin to total folate intake ratio 
were at increased risk of being small for gestational age (Dwarkanath et al. 
2013). A possible explanation could lie in the methylfolate trap hypothesis in 
which folate is trapped in the folate cycle when cobalamin status is low. As 
a result, purine and pyrimidine synthesis may be impaired. An imbalance 
in cobalamin/folate status in the mother could influence imprinting in the 
embryo with long-term health consequences. 

In India, where cobalamin status is relatively low, high maternal red blood 
cell folate has been associated with high adiposity (Yajnik et al. 2008) and with 
increased risk of insulin resistance in the child (Krishnaveni et al. 2014; Yajnik 
et al. 2008). These intriguing observations were replicated in another Indian 
study in which the increased risk of gestational diabetes in cobalamin deficient 
women was further increased with increasing folate status (Krishnaveni et 
al. 2014). Gestational diabetes prevalence in cobalamin deficient women was 
5.4, 10.5 and 10.9% from the lowest to the highest tertile of plasma folate 
(Krishnaveni et al. 2014). However, folate status did not modify the association 
between cobalamin status and gestational diabetes. It was suggested that 
adiposity drove the association between maternal cobalamin and gestational 
diabetes because BMI was higher in the women with cobalamin deficiency 
than those with normal cobalamin status and the associations were no longer 
significant in the models that adjusted for BMI. In a UK study of 995 pregnant 
women, those with cobalamin deficiency at 28 gestational weeks had higher 
BMI and insulin resistance compared to cobalamin replete mothers (Knight 
et al. 2015). In this case, folate status was negatively associated with BMI. 
Women with the lowest cobalamin (plasma cobalamin < 170 pmol/L) and folate 
(plasma folate < 10.3 nmol/L) status had the highest BMI and the converse 
was true for women with the highest cobalamin (> 238 pmol/L) and folate 
status (> 18.3 nmol/L).

The remethylation of homocysteine to methionine is mainly performed 
by MTR, in a reaction in which 5-methyltetrahydrofolate provides the methyl 
group that is bound to the cobalamin cofactor of the enzyme. Homocysteine 
can also be remethylated by betaine homocysteine methyltransferase (BHMT, 
EC 2.1.1.5), where betaine provides the methyl group required. Under normal 
circumstances, the ubiquitous MTR pathway prevails, but the BHMT pathway 
appears to be upregulated when folate status is low in late pregnancy in non-
supplemented women (Fernandez-Roig et al. 2013). The folate and BHMT 
pathways show strong interaction depending on folate and cobalamin status. 
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The BHMT pathway compensates for mild folate or cobalamin deficiency by 
mobilizing methyl groups of choline and betaine. Cobalamin has also been 
linked with choline and betaine metabolism during pregnancy in Canadian 
women (Wu et al. 2013). Marginal cobalamin deficiency (< 220 pmol/L) was 
associated with a lower rise in plasma free choline between mid-gestation and 
labour in folate replete Canadian women. Moreover, women with marginal 
cobalamin deficiency had lower plasma choline, betaine and dimethylglycine 
concentrations at 36 gestational weeks than women with cobalamin > 220 
pmol/L. In this case, the results did not suggest upregulation of the BHMT 
activity, but reduced endogenous choline synthesis; due to lower availability 
of methyl groups in the low cobalamin status group. Similar effects on the 
BHMT pathway might be expected for low folate or cobalamin statuses, 
given that in both circumstances, tHcy concentrations increase. However, 
cobalamin status was not very low in the Canadian study (Wu et al. 2013) 
and mandatory fortification of flour with folic acid in Canada has been in 
place since 1998, so folate status was adequate throughout pregnancy in this 
study. There is no mandatory fortification policy with folic acid in Spain, and 
plasma folate fell sharply when folic acid supplement use was stopped by 
approximately 50% of the women at the end of the 1st trimester in the Spanish 
study (Fernandez-Roig et al. 2013). Nutrients imbalance is also an important 
aspect in pregnant women with fluctuations in the intake because of seasonal 
availability of foods. A study on African non-pregnant women with varying 
intakes of folate, betaine, and choline over the year has found profound effect 
on DNA-methylation (Dominguez-Salas et al. 2013). 

Taken together, nutrients imbalance is a critical issue in countries where 
cobalamin or folate deficiency is a public health concern, but also when folic 
acid is provided at higher doses to cobalamin deficiency pregnant women. 
This is mainly because folic acid supplementation is unlikely to be effective 
in prevention of birth defects in women with cobalamin deficiency. 

2.4 Cobalamin, pregnancy complications and birth outcome 

Unlike the clear recommendation to use folic acid-containing supplements 
before conception or during the first trimester, there are no clear 
recommendations for using cobalamin. Moreover, most prenatal supplements 
contain either no cobalamin or a low amount that is unlikely to correct 
cobalamin deficiency. Vegetarian women or women from developing countries 
with insufficient cobalamin status are at increased risk of adverse pregnancy 
outcome, but screening for cobalamin deficiency is not practised regularly. Low 
plasma cobalamin and elevated MMA were reported to be highly prevalent 
during the first trimester of pregnancy in different Indian studies (Duggan et al. 
2014; Samuel et al. 2013). Another recent study reported low serum cobalamin  
(< 148 pmol/L) in 18% of Guatemalan women of fertile age and the prevalence 
was higher in those with low socioeconomic status (Rosenthal et al. 2015). 
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Early and recurrent abortion

Maternal cobalamin deficiency has been related to increased risk of early 
and recurrent miscarriage in several reports (Candito et al. 2003; Hubner et 
al. 2008). Increased plasma MMA was associated with increased probability 
of spontaneous miscarriage in 100 Brazilian women (Odds ratio = 3.80; 
95% Confidence intervals: 1.36–10.62). Normal preconception cobalamin 
concentrations (≥ 258 pmol/L) were associated with a 60% reduced risk of 
preterm birth (odds ratio: 0.4; 95% CI: 0.2–0.9) but did not affect pregnancy 
loss in Chinese women (Ronnenberg et al. 2002). 

Anaemia

Anaemia has been known to be a common complication of pregnancy in 
tropical countries since the early 1930s (Berry 1955). Although cobalamin 
deficiency was not the main factor affecting the severe cases, cobalamin 
administration (i.e., 200–250 µg initially then 50 µg weekly) alleviated the 
symptoms in many cases (Berry 1955), suggesting that screening for cobalamin 
deficiency in anaemic women could offer an option to improve maternal and 
child health. 

Birth weight and growth rate

Low pregnancy serum cobalamin has also been associated with low birth 
weight (Frery et al. 1992; Relton et al. 2005). However, in a Norwegian 
study, cord cobalamin decreased with increasing birth weight quartile. Cord 
cobalamin was 28% lower in babies in the highest than in those in the lowest 
birth weight quartile (Hay et al. 2010). In line with the observations for birth 
weight, cord cobalamin was also negatively associated with birth length and 
head circumference (Hay et al. 2010). In contrast, cord MMA was not associated 
with any of the newborn measurements suggesting that its high levels in the 
cord might not reflect cobalamin status in the foetus or may reflect the inability 
to store the vitamin because of the low growth rate. 

Birth defects 

Cobalamin deficiency has been associated with neural tube defects (NTD) in 
populations with a high prevalence of deficiency. NTDs are severe birth defects 
caused by failure of the neural tube to close during early foetal development. 
The prevalence of neural tube defects is 6.7 to 8.2 per thousand live births 
in some parts of India (Cherian et al. 2005) where cobalamin and other 
micronutrient deficiencies are common (Antony 2003) and may be causally 
related to NTDs. The role of folic acid in preventing neural tube defects is well 
established. However, the protective effect of folic acid supplementation may 
be limited when the mother has cobalamin deficiency. Alternative sources of 
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methyl groups such as choline, methionine, and betaine can be expected to 
support one-carbon metabolism in cobalamin deficient women. However, 
in situations of vegetarianism or poverty those alternative sources will be 
limited as well. 

Amniotic fluid cobalamin concentration was consistently lower in 
pregnancies with NTDs compared to controls in a wide range of reports, but 
the evidence for an effect of low maternal cobalamin was moderate (Ray 2004). 
An Irish study of 171 mothers with NTD-affected pregnancies, 107 women with 
a previous NTD birth but whose current pregnancy was unaffected and 901 
controls reported that plasma cobalamin < 250 ng/L (185 pmol/L) increased 
the risk of NTD by 2.5- to 3 fold, after adjusting for folate (Molloy et al. 2009). 
The authors recommended that women should aim for plasma cobalamin 
concentrations > 300 ng/L (221 pmol/L) at preconception in order to reduce 
the incidence of NTDs (Molloy et al. 2009). 

The World Health Organization (WHO) has recently recommended more 
research on the added value of cobalamin in the prevention of neural tube 
defects and the lowest optimal red blood cell folate to achieve the greatest 
reduction in NTDs was set at 1000 nmol/L (World Health Organization 2015). 
This cut-off was first proposed by Daly et al. in 1995 (Daly et al. 1995), and 
was supported afterwards by Crider et al. and Marchetta et al. (Crider et al. 
2014; Marchetta et al. 2015). By using population data from two studies in non-
fortified regions in China (n = 247831), Crider et al., determined the optimal red 
blood cell folate for NTD prevention (Crider et al. 2014). The WHO guidelines 
also addressed the importance of studying the role of cobalamin deficiency in 
birth defects especially in countries where the deficiency is endemic. 

2.5 Critical view of cobalamin requirements during pregnancy and 
lactation 

Some of the assumptions made when estimating cobalamin requirements 
during pregnancy and lactation were based on historical studies and the 
results have not been confirmed yet. In our view, current cobalamin intake 
recommendations may be inadequate, in particular for women who start 
pregnancy with low status. 

First, it was assumed that recently consumed cobalamin is transported 
to the foetus. However, the minimum sufficient intake in pregnancy if the 
mother is cobalamin depleted or deficient is not known. Therefore, the 
problem is likely to worsen if a pregnant woman is deficient because of low 
intake or malabsorption. Second, how the vitamin is absorbed and distributed 
when pregnant women are deficient or depleted is not known either. The 
assumed enhanced absorption has not been proven, and there is no data on 
the efficacy of cobalamin re-uptake through the kidney or other elimination 
pathways. Third, the assumption that cobalamin absorption increases during 
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pregnancy is based on studies in mice (Brown et al. 1977) or rats (Hellegers et 
al. 1957), but recent studies haven’t provided further evidence of an increase 
in cobalamin absorption between weeks 13, 24, and 36 of gestation (Greibe 
et al. 2011). Therefore, if the absorption of the vitamin does not increase, it is 
questionable whether the estimated EARs and RDAs for pregnant women are 
adequate, particularly in the case of women with cobalamin deficiency. The 
recommended intake of cobalamin for pregnant and lactating women needs 
to be re-considered based on current knowledge. 

Numerous clinical manifestations of cobalamin deficiency in infants 
of vegetarian women have been described. The symptoms appear a few 
months after birth, when infant demands exceed vitamin stores. In the 
majority of cases, mothers have been constantly consuming a vegetarian 
diet for many years before becoming pregnant. Therefore, a constantly low 
intake during pregnancy has to be partitioned between the mother and the 
child, and in most cases, the deficiency is manifested in the child, rather 
than in the mother. This suggested that the cobalamin intake of vegetarian 
women during pregnancy should be increased to at least the same level as in 
omnivorous women. Pregnant vegetarian women and low meat eaters have 
shown significantly lower plasma cobalamin and higher homocysteine at 
any gestational age, with plasma homocysteine strongly predicted by serum 
cobalamin in vegetarians (Koebnick et al. 2004). The intake of cobalamin in 
pregnant lacto-ovo-vegetarian women was 2.5 µg/d (just below the RDA 
for pregnant women, 2.6 µg/day) versus 5.3 µg/d in omnivorous women 
(Koebnick et al. 2004). Based on these results, vegetarian women should at 
least double their cobalamin intake to decrease the likelihood that their infants 
will have cobalamin deficiency shortly after birth. 

Studies on lactating women have shown that their serum cobalamin was 
13–42% lower than in non-pregnant women, suggesting depletion of cobalamin 
stores during lactation (Jathar et al. 1970) (Figure 1). The cobalamin content in 
breast milk of Indian women was not significantly different between vegetarian 
and non-vegetarian women (mean = 91 vs 103 pg/ml or 67 vs 76 pmol/L). 
However, Indian lactating women had low milk cobalamin concentrations 
(mean 100 pg/ml or 74 pmol/L) compared to studies from other countries 
such as the USA (mean = 410 pg/ml or 303 pmol/L) or France (mean = 300 
pg/ml or 222 pmol/L) (Collins et al. 1951; Jathar et al. 1970). 

It is not known how cobalamin is distributed between milk and maternal 
tissues when the mother is deficient. Firm conclusions on cobalamin 
requirements during pregnancy and lactation cannot be drawn yet given the 
gaps in knowledge in this field (Table 2). However, it is becoming evident that 
the current recommendations are too low to cover the requirements during 
pregnancy of many women and their infants up to weaning time, especially 
in deficient lactating women. 
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Figure 1. Mean serum cobalamin in lactating and non-pregnant Indian women according to groups 
of dietary habits. In general, lactating women had 13–42% lower cobalamin levels compared to 
non-pregnant women. The difference appears to be larger in women with high or low compared 
to intermediate frequency of meat intake. Adapted from (Jathar et al. 1970). Conversion factor 
for cobalamin: 1 pg/mL = 0.7380 pmol/L. 

Table 2. Gaps in knowledge regarding cobalamin requirements during pregnancy and lactation.

Open questions Background 
What are the EARs for pregnant and 
lactating women depending on whether 
they start pregnancy with adequate or 
inadequate stores?

The estimations need to consider measurements of 
functional status markers of the vitamin. Deficient 
women may not transfer the same amount of 
cobalamin into foetal tissues or milk as non-
deficient women.

Is cobalamin absorption from food 
(protein bound) and from supplements 
(free) increased during pregnancy? Is 
there a rapid tissue clearance of the 
newly absorbed cobalamin? 

The effects of a controlled cobalamin-rich diet on 
plasma holoTC and other metabolic markers should 
be tested at different stages of pregnancy. 

Is cobalamin extracted more efficiently 
through the kidney in pregnant women 
who have low intake or deficiency? 

The kidney has a major role in cobalamin 
homeostasis. 

Should the calculations of the EAR 
consider maintenance of maternal 
cobalamin stores (i.e., holoTC) during 
pregnancy instead of being based on 
the amount thought to be transported 
to the foetus? 

HoloTC declines in the 1st trimester and remains 
stable afterwards. The mechanisms and implications 
of maintenance of holoTC supply to the foetus 
throughout pregnancy are not well studied. The 
data on the amount of cobalamin transported to the 
foetus has not been confirmed. 
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3. Cobalamin markers and binding proteins in Infants at birth 
and thereafter

Foetal cobalamin stores are established from early gestation throughout 
pregnancy through active transport of cobalamin from the mother. Animal 
studies have shown that cobalamin administered during pregnancy (orally 
or by injection) is actively transported and accumulates in the placenta 
and foetal organs (Giugliani et al. 1985; Graber et al. 1971; Hellegers et al. 
1957; Ullberg et al. 1967). Little is known about other factors that influence 
cobalamin transport via the placenta or cobalamin accumulation in the child. 
There is currently no explanation for the facts that infants with congenital TC 
deficiency are asymptomatic at birth but symptoms such as vomiting, failure 
to thrive, lethargy and pallor develop few weeks afterwards (Kaikov et al. 
1991) suggesting that the transport or exchange of functional cobalamin was 
normal up to birth. If not treated, neurological dysfunction with severe mental 
retardation may develop. 

Cobalamin binding proteins and biochemical markers have been studied in 
cord blood and maternal blood at birth (Giugliani et al. 1985; Guerra-Shinohara 
et al. 2004; Obeid et al. 2006). A cohort study on healthy pregnant women 
with term deliveries and uncomplicated pregnancies has shown that total TC 
is lower in cord serum compared with that in the mother (Obeid et al. 2006). 
In contrast, the concentrations of total HC, holoHC and holoTC are higher in 
cord serum than in the mother’s serum (Obeid et al. 2006). The concentration 
of cord serum holoTC did not differ between tertiles of gestational age at birth, 
whereas holoHC concentrations were higher in babies born later (despite all 
deliveries being at term) (Obeid et al. 2006). Maternal and cord serum holoTC 
are strongly and positively associated. However, the concentration of MMA 
in cord serum was generally high [median (range) = 373 (138–878) nmol/L] 
and varied relatively little (~18%) between the lowest and highest quintile of 
maternal holoTC (Obeid et al. 2006) (Figure 2). Cord serum MMA correlated 
inversely with holoTC (r = –0.345, p = 0.001) (Figure 3), but were not completely 
predicted by maternal holoTC or holoHC (Obeid et al. 2006). 

Maternal serum concentration of cobalamin is a strong predictor of holoTC 
and TC saturation in cord serum (Obeid et al. 2006). Conversely, cord serum 
concentrations of total HC, holoHC and HC saturation were not significantly 
related to maternal cobalamin concentrations (Obeid et al. 2006) suggesting 
that HC and holoHC are not transferred from the mother to the baby. A 
late redistribution of cobalamin between TC and HC before birth has been 
suggested (Obeid et al. 2006) probably promoting cobalamin binding to HC 
rather than to TC in the foetus before birth.

In a study on cobalamin deficient women from Brazil, maternal plasma 
cobalamin and creatinine at delivery were significant predictors of cord 
plasma MMA but cord plasma cobalamin was not (Guerra-Shinohara et al. 
2004). However, these factors did not account for all of the variability in MMA 
concentrations between subjects, suggesting that other factors may affect MMA 
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Figure 2. The relationship between cord and maternal serum holoTC and methylmalonic acid 
(MMA) at delivery. The concentrations of holoTC in cord serum increase with increasing maternal 
serum holoTC (p between maternal holoTC quintiles < 0.001). The relationship between cord 
serum MMA and maternal holoTC was less clear (p between maternal holoTC quintiles = 0.075). 
Maternal serum holoTC (range, pmol/L) = Q1 (19–33); Q2 (34–42); Q3 (43–52); Q4 (53–64); Q5 
(65–244). Original study published in (Obeid et al. 2006). 

concentrations. MMA is a mitochondrial metabolite that is linked to energy 
metabolism, gluconeogenesis and Krebs cycle. Therefore, MMA elevation in 
cord blood could be related to other connected metabolic pathways. After birth, 
the intake of branched chain amino acids that are present at high concentrations 
in human milk can increase MMA levels by increased production of propionate 
that is converted into MMA. 

 Studies on pregnant women with poor cobalamin status have reported 
that the offspring are already cobalamin deficient at birth. 72% of pregnant 
women had low serum cobalamin (< 118 pmol/L) in a study conducted 
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Figure 3. The relationship between cord serum MMA and holoTC in 149 pregnant German women 
just before delivery and their infants a birth. All deliveries were at term, with normal birth weight 
and without complications. The x and y axis are represented in the logarithmic scale. Original 
study was published in (Obeid et al. 2006). 

in Southeast Turkey (Koc et al. 2006). Maternal and cord serum cobalamin 
(mean 96 and 153 pmol/L, respectively) were both very low (Koc et al. 2006). 
Serum cobalamin was < 118 pmol/L in 41% of the cords and < 90 pmol/L in 
23% of them (Koc et al. 2006). A second study on Brazilian mothers with low 
socioeconomic status reported not only lower cord serum cobalamin, but also 
higher homocysteine and a lower methylation ratio [S-adenosylmethionine 
(SAM): S-adenosylhomocysteine (SAH)] with decreasing maternal cobalamin 
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status at labour (Guerra-Shinohara et al. 2004). These results suggest possible 
adverse effects of low maternal cobalamin status on methylation pathways 
(DNA-methylation, phospholipids metabolism, etc.) in the offspring. Multiple 
linear regression analysis showed that maternal cobalamin was inversely 
associated with cord tHcy and cord MMA and positively correlated with the 
SAM:SAH ratio in the cord. Multiple logistic regression analysis showed that 
the odds of low cord SAM:SAH were increased by fivefold for maternal serum 
cobalamin < 102 pmol/L. Maternal plasma cobalamin during late pregnancy 
and at labour was also inversely associated with cord MMA in a Spanish 
pregnancy study where maternal cobalamin status at labour was higher 
than in the previous two studies. By 32 gestational weeks, plasma MMA was 
higher than at preconception and the total pregnancy increase in plasma MMA 
was higher when plasma holoTC at preconception was below the median  
(67 pmol/L) (Murphy et al. 2007). The observed changes in MMA concentrations 
were attributed to both the effects of pregnancy and of cobalamin status. Both 
maternal holoTC and cobalamin were inversely associated with MMA in the 
cord, in the same study (Murphy et al. 2007). 

Figure 4. Changes in maternal serum cobalamin markers and milk concentrations of total 
cobalamin from week 2 to month 9 of lactation. The figure is based on data from Greibe et al. 
(Greibe et al. 2013). Cobalamin was measured in milk after capturing HC on Sepharose and 
removing it (Greibe et al. 2013). 
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4. determinants of Cobalamin status during lactation 

4.1 Cobalamin intake and breast milk cobalamin content

As is the case for cobalamin transported to the foetal tissues, recently consumed 
cobalamin by the mother is available for transport through breast milk. In 
women with no apparent cobalamin deficiency, recent cobalamin intake or 
the amount of the vitamin that is absorbed appears to be more important than 
maternal stores as a determinant of milk cobalamin. Therefore, if maternal 
cobalamin intake is adequate, there is no concern that her stores will be 
depleted during lactation. 

Lactating women with very low breast milk cobalamin are usually those 
on a strict vegetarian diet or women from developing countries who have a 
chronically low intake of cobalamin-containing foods. They are at increased 
risk of developing cobalamin deficiency during lactation (Black et al. 1994; 
Shapiro et al. 1965). Few longitudinal studies on deficient lactating women 
and milk cobalamin content or cobalamin status in their offspring are available 
to date. 

Maternal use of supplements containing cobalamin is a strong positive 
determinant of breast milk cobalamin concentration. Human milk cobalamin 
concentration increased by approximately 150 fold following a single 
cobalamin injection of 50 µg, but the effect lasted only for 7 days (Srikantia and 
Reddy 1967). Median breast milk cobalamin concentration was approximately 
double in the treated versus placebo group in Indian pregnant women that 
were supplemented with 50 µg/d of cobalamin group from < 14 gestational 
weeks until 6 weeks postpartum. Their infants also had lower MMA and higher 
cobalamin compared to the placebo group. This effect was not maintained 
when the supplementation was stopped (Duggan et al. 2014). Feeding lactating 
women from New York with a standard diet (6 µg/d of cobalamin from diet 
plus 2.6 µg/d from a multivitamin supplement) for 10 weeks from 5 weeks 
postpartum did not increase breast milk cobalamin content (Bae et al. 2015). 
Maternal plasma concentration of holoTC did increase, tHcy decreased after 
the intervention, but cobalamin remained unchanged. These results remain 
unexplained. As cobalamin concentrations in breast milk vary during lactation 
(Greibe et al. 2013), the inclusion of a control group would have helped to 
determine whether no differences found with intervention, were due to the 
prevention of cobalamin decline. There were numerous differences in the study 
design and baseline characteristics of the participants in the New York study 
compared to the previous Indian study. These included the intervention regime 
(timing, duration and dose), and importantly, baseline cobalamin status of 
the participants, many of whom had low or deficient cobalamin status in the 
Indian study. The final post-supplementation milk cobalamin concentrations, 
though substantially higher than in the placebo group, in the treated women 
(median = 186 pmol/L) in the Indian study were still lower than the baseline 
concentrations (geometric mean = 318 pmol/L) in the New York study. Other 



258 Vitamin B12: advances and insights

studies (Casterline et al. 1997; Patel and Lovelady 1998) also reported a less 
impressive relationship between maternal serum and milk cobalamin than 
in Duggan et al.’s study that used high dose cobalamin supplements. Serum 
and milk cobalamin concentrations in Indian lactating vegetarian were almost 
50% of those found in omnivorous lactating women (264 vs 531 pmol/L for 
serum and 277 vs 544 pmol/L for milk) and between dietary cobalamin intake 
and supplements, their total average intake of cobalamin was 4.6 µg/d (Patel 
and Lovelady 1998). 

Mexican pregnant women with low to marginal cobalamin status were 
studied during pregnancy and again during lactation (Black et al. 1994). 
Low cobalamin was found in 15% of the women during pregnancy (plasma 
cobalamin < 74 pmol/L) and in 30% during lactation (plasma cobalamin  
< 103 pmol/L) (Black et al. 1994) suggesting that a significant portion of those 
women became depleted during lactation. Milk cobalamin concentrations were 
< 362 pmol/L in 31 of the 50 Mexican women (Black et al. 1994), which is the 
cut-off found by Specker et al. to be associated with elevated concentrations 
of MMA in the urine of infants from vegetarian women (Specker et al. 1988; 
Specker et al. 1990). The presence of anaemia was associated with lower 
concentrations of breast milk cobalamin in this study (mean 285 in anaemic 
vs. 418 nmol/L in non-anaemic women; p < 0.05) (Black et al. 1994). Breast 
milk cobalamin and maternal plasma cobalamin were moderately correlated  
(r = 0.48, p = 0.06). Plasma cobalamin concentrations during pregnancy 
correlated with that during lactation (r = 0.53, p < 0.05). Milk cobalamin content 
did not differ between women with high versus low plasma cobalamin (Black et 
al. 1994), suggesting that cobalamin is transferred to breast milk independently 
of maternal cobalamin status. 

Methodological inaccuracy of measuring cobalamin content in human 
milk and dependency of milk concentrations on recent maternal intake 
makes comparison between different studies difficult, and caution should be 
taken when interpreting the results. Nevertheless, milk cobalamin content 
is the strongest determinant of cobalamin status in exclusively breastfed 
infants. A strong correlation between human milk, maternal serum and infant 
serum cobalamin has been reported in infants with manifested cobalamin 
deficiency (Srikantia and Reddy 1967). The risk of cobalamin deficiency in 
infants of cobalamin deficient mothers during the most important stage of 
neurodevelopment (first 24 months) warrants serious concern. 

4.2 Cobalamin and its binding proteins in human milk from cobalamin 
deficient and sufficient women

The high content of unsaturated HC in milk complicates the analysis of 
cobalamin in milk. Furthermore, differences in analytical techniques, sample 
collection and timing of sample collection as well as maternal nutritional 
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status between studies lead to highly variable results (Hampel et al. 2014). 
It is of critical importance to achieve human milk cobalamin concentrations 
that ensure sufficient supply of the vitamin to the infant. We also need data 
on the effect of maternal supplementation during pregnancy and/or lactation 
on status in the infant. 

The major cobalamin binding protein in human milk is HC. Almost 
all cobalamin in human milk is known to be bound to HC (Sandberg et 
al. 1981), a protein also known to bind cobalamin analogues. However, 
human milk was reported to contain no cobalamin analogues, in contrast to 
human serum and cord blood (Adjalla et al. 1994). Human milk HC content 
increases during the course of lactation. When unbound HC (i.e., apo-HC) is 
higher than 10 pmol/L, the binding capacity of HC interferes with the assay 
methods (Lildballe et al. 2009). Cobalamin measurement in human milk 
has been improved when unsaturated HC was removed prior to cobalamin 
measurement (Greibe et al. 2013; Lildballe et al. 2009). A cleaning step prior 
to the assay involves removing apo-HC from the sample by absorption to 
cobinamid-coated Sepharose (Lildballe et al. 2009). Therefore, assays that do 
not eliminate unbound HC prior to cobalamin measurements will produce 
unreliable results on cobalamin levels. 

Differences in vitamin composition of colostrum, transitional milk and 
mature milk and changes in milk composition (between foremilk and hindmilk) 
during a single feed have been investigated. In a longitudinal study on 9 
lactating women, cobalamin content (measured using radioisotope dilution 
assay) were not different between fore- and hindmilk but declined from 
0.35 to 0.25 nmol/L over 3 months of lactation whereas cobalamin binding 
capacity increased from 29.6 to 43.8 nmol/L over the same period (Trugo and 
Sardinha 1994). The increased cobalamin binding capacity is mainly due to the 
increase in milk HC during lactation. Another study measured milk cobalamin 
after removing HC from the samples in a longitudinal study of 25 lactating 
women (Greibe et al. 2013). Milk samples were tested at 2 weeks and at 4 and 
9 months postpartum. At these three time points, both cobalamin and HC 
contents were higher in hindmilk than in foremilk (14%, 9%, and 9% more 
HC in hindmilk at 2 week, 4 and 9 months). Milk cobalamin concentrations 
changed substantially as lactation progressed from week 2 to 9 months (Figure 
4) (Greibe et al. 2013). The lowest levels of milk cobalamin were observed at 
4 months where it was associated with the lowest serum holoTC and highest 
MMA in breastfed children (Figure 4) (Greibe et al. 2013), suggesting that milk 
cobalamin at 4 months did not supply sufficient cobalamin to perform all of 
its metabolic function. 

The definition of adequate cobalamin intake in lactating women urgently 
needs to be revisited. Studies are also needed on breast milk cobalamin content, 
how it is affected by maternal cobalamin intake and status and its effects on 
health outcomes in the child. 
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5. summary and Conclusions 

We have learned that the concentrations of cobalamin markers at birth (i.e., 
in cord blood) are predicted by maternal blood markers (strong positive 
association). After birth, a sufficient intake of cobalamin through lactation 
or formula milk can maintain adequate cobalamin status in the infant up to 
the age of 4–6 months. Exclusively breastfed infants show a dramatic decline 
in serum cobalamin and holoTC associated with an increase in MMA and 
homocysteine between 4 and 6 months of age. There appears to be a fall in 
infant cobalamin status that corresponds with a simultaneous decrease in 
milk cobalamin content. Biochemical markers of cobalamin status in the infant 
suggest that cobalamin intake at this age can be insufficient. Low cobalamin 
status in infants is strongly related to low maternal status during pregnancy 
and breastfeeding. 

Breast milk is the only source of cobalamin for exclusively breast-fed 
infants. The content of cobalamin in human milk is predicted by recent 
maternal intake of the vitamin rather than by maternal vitamin stores. Recent 
cobalamin intake is thought to be readily available for transportation to the 
milk. Studies have shown that cobalamin depletion in strict vegetarian women 
and otherwise deficient women from developing countries can result in 
serious health consequences in exclusively breastfed infants. However, even 
asymptomatic lactating women on an omnivorous diet may have depleted 
vitamin stores and low intake or malabsorption resulting in the insufficient 
delivery of the vitamin to the infant. 

Keywords: Pregnancy, lactation, placenta, intake, human milk, folate, neural 
tube defects, birth weight, maternal, recommendations, cobalamin markers 

Abbreviations 
AI : adequate intake
IOM : Institute of Medicine
RDA : Recommended Dietary Allowance
HoloTC : holotranscobalamin
HC : haptocorrin
TC : transcobalamin
holoHC : holohaptocorrin
CV : coefficient of variation
BHMT : betaine homocysteine methyltransferase
MMA : methylmalonic acid
MTR : 5-methyltetrahydrofolate-homocysteine 

methyltransferase
NTDs : neural tube defects
SAM : S-adenosylmethionine
SAH : S-adenosylhomocysteine
tHcy : total homocysteine 
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1. Introduction

Cobalamin supplementation during pregnancy and lactation has received less 
attention than folic acid supplementation. However, low maternal cobalamin 
status has been related to birth defects and neurodevelopmental disorders 
in the child. Recent studies in infants have shown that cobalamin intake and 
status is a matter of concern. Cobalamin deficiency in pregnant or lactating 
women results in a lower supply of the vitamin to the foetus/infant. Children 
who start their lives with insufficient cobalamin stores are likely to develop 
deficiency symptoms during the first few weeks or months after birth. Classical 
risk groups are infants born to unsupplemented vegan or vegetarian women. 
However, cobalamin reserves may be depleted during pregnancy in many 
asymptomatic women on Western diets, thus leading to increased probability 
of depleted reserves in their newborn children. Deficiency in early life could 
be due to maternal factors such as poor dietary habits, low intake of animal 
food products or malabsorption disorders. Cobalamin deficiency in early life 
should be suspected in children with unexplained anaemia, growth retardation 
or neurodevelopmental disorders. Information regarding pre- and postnatal 
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maternal health and dietary habits as well as infant feeding regime and patterns 
is essential for diagnosis. Cobalamin deficiency in children can be caused by 
prolonged lactation, late introduction or insufficient intake of complementary 
animal foods, gastrointestinal infections or parasites. In populations with low 
socioeconomic status, cobalamin deficiency in children concurs with other 
deficiencies (i.e., zinc, iron, folate, etc.) and the symptoms can be subtle or 
unspecific. 

Deficiency in newborns can be prevented by low dose cobalamin 
supplementation (≤ 50 µg/d) throughout pregnancy and lactation. Changing 
maternal dietary habits to enhance cobalamin intake can also reduce deficiency 
risk in the child. Clinical manifestations of cobalamin deficiency in children 
should be treated with therapeutic doses of cobalamin (> 0.5 mg). A complete 
recovery is possible, but largely dependent on the severity of symptoms and 
the timing of intervention during the course of the disease. 

This chapter summarises the current knowledge and gaps in knowledge 
of cobalamin requirements and status after birth and during early childhood. 

2. Determinants of cobalamin status at birth and afterwards 

Cobalamin is actively transported from the mother to the child during 
pregnancy (Giugliani et al. 1985; Graber et al. 1971; Hellegers et al. 1957; 
Ullberg et al. 1967). Maternal cobalamin status is the main positive predictor 
of newborn infant status (Figure 1). Maternal plasma total cobalamin as well 
as plasma holotranscobalamin (holoTC) in the last trimester of pregnancy are 
inversely associated with cord methylmalonic acid (MMA) and maternal MMA 
increases gradually as pregnancy progresses, possibly due to mobilisation 
of maternal cobalamin reserves (Murphy et al. 2007). It has been suggested 
that recently consumed cobalamin by the mother is transferred to the foetus. 
Therefore, sufficient cobalamin intake during pregnancy may prevent offspring 
deficiency in early life. 

Very low concentrations of cobalamin are detected in cord blood when 
the mothers are deficient (Koc et al. 2006). Low cobalamin levels at birth are 
associated with elevated cord blood homocysteine and MMA and lower 
methylation index (Guerra-Shinohara et al. 2004). Therefore, methyl-dependent 
biological processes (DNA-methylation, etc.) may be disturbed even in the 
absence of clinical manifestations of cobalamin deficiency in the mother. 

Low maternal status during pregnancy remains a significant predictor of 
low child cobalamin in pre-school age children. This is likely to be explained 
by low child cobalamin stores and continued insufficient dietary intake after 
weaning (Bhate et al. 2008). 
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3. Cobalamin requirements in infants 

3.1 Classical definition of adequate intakes of cobalamin in infants

The Food and Nutrition Board of the Institute of Medicine (IOM), Department 
of Medicine, USA defined the cobalamin adequate intake (AI) for infants 
based on studies of human milk cobalamin concentrations from different 
mother—breastfed infant cohorts (Institute of Medicine 2000). A recent review 
highlights the need to review the AI given that it is based on few, relatively 
small and outdated mother-infant cohorts that measured milk cobalamin 
content using different sample collection protocols and assay techniques 
that had not been validated for analysing milk (Hampel and Allen 2016). 
Furthermore, milk cobalamin determinations are susceptible to interference 
from haptocorrin so the milk should be pre-treated to remove this (Lildballe 
et al. 2009). Nevertheless, for the purposes of providing recommendations for 
AI, average milk cobalamin concentrations were compared between mother—
infant cohorts representing unsupplemented, well-nourished mothers (Trugo 
and Sardinha 1994), supplemented mothers of low socioeconomic status 

Figure 1. Building child cobalamin stores from pregnancy to adolescence. Stores are high at birth, 
but become depleted during the first 4–6 months in breastfed infants. Child cobalamin status 
after weaning depends on frequency and amount of animal foods. Maternal cobalamin status 
continues to be a main determinant of child status during early childhood because of low stores, 
and continued low intake in the same household. 

    infections
   animal food
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(Donangelo et al. 1989) and unsupplemented strictly vegetarian mothers 
(Specker et al. 1990). It should be noted that the timing of collection of the 
samples and the breastfeeding regime itself (stage of exclusive or partial, 
and duration) varied even within the same cohorts. The association between 
maternal milk cobalamin concentration and urinary MMA in the offspring of 
vegan mothers was also considered (Specker et al. 1988a). The highest mean 
cobalamin concentration was observed in the supplemented cohort 0.91 µg/L 
(Donangelo et al. 1989) and the lowest in the vegetarian mothers (0.31 µg/L) 
(Specker et al. 1990). In unsupplemented vegan mothers, milk cobalamin 
concentration < 0.49 µg/L was associated with elevated urinary MMA in the 
offspring (Specker et al. 1988a). It is unclear where the chosen concentration 
of 0.42 µg/L at 2 months from Trugo & Sardinha’s cohort, comes from because 
no data for this time point is provided in the cited reference. However, based 
on 0.42 µg/L as indicative of the observed concentration in healthy well-
nourished mothers, and an average intake of 780 mL/d of human milk, the 
AI for cobalamin in infants aged 0 to 6 months was estimated to be 0.33 µg/d 
and rounded up to 0.4 µg/d. The AI for children from 6 months to up to 1 year 
was extrapolated from this estimate (Institute of Medicine 2000). 

Subsequent studies and improvements in analytical techniques provide 
evidence that the current AI should be reconsidered, and these will be 
discussed later in the chapter. More recently, milk cobalamin content was 
compared between mothers with deficient (< 150 pmol/L), marginally deficient 
(150–220 pmol/L) and normal (< 220 pmol/L) plasma cobalamin status, from 
the same cohort that was relatively large compared to earlier studies, and by the 
same lab, using improved techniques to account for haptocorrin interference 
(Deegan et al. 2012). Values below the detection limit of the assay (≤ 50 pmol/L) 
were observed in 65% of the mothers and the authors questioned the validity 
of using techniques designed to perform serum cobalamin determinations to 
measure cobalamin in milk. Nevertheless, the study provides evidence that 
following 12 months of breastfeeding, milk cobalamin content was lower in 
deficient and marginally deficient mothers compared to mothers with normal 
cobalamin status. While maternal serum cobalamin correlated with milk 
cobalamin content, there was no correlation between milk cobalamin content 
and infant serum cobalamin. 

3.2 Critical view of adequate intakes of cobalamin for infants

Maternal or child plasma cobalamin status markers were not considered 
when defining AI of cobalamin in infants. Despite referring to a study that 
investigated the association between milk cobalamin concentration and urinary 
MMA in the infant (Specker et al. 1988a), it is not clear how or whether this 
study was considered in the final recommendation. Specker and colleagues 
reported increased urinary MMA in exclusively breastfed infants of 13 
vegetarian mothers. The average age of infants was 7 months (range 2–14 
months) (Specker et al. 1988a; Specker et al. 1990). A wide overlap has been 



Vitamin B12 after Birth and during early life 269

reported between urinary MMA from vegetarian and omnivorous infants. 
Additionally, urinary MMA showed large between-subject variation and was 
different from earlier studies (Specker et al. 1990). Dietary and physiological 
factors that affect urinary MMA have not been extensively studied. Large inter-
individual variations in serum MMA have been reported in the first year of 
life (Monsen et al. 2003). Therefore, infant age at the time of cobalamin marker 
testing appears to be a critical factor.

Subsequent longitudinal studies on cobalamin markers after birth 
showed that cobalamin status decreases between the age of 4–6 months in 
exclusively breastfed infants, even in those born to non-deficient mothers. 
Urinary MMA was determined in 204 healthy newborn infants at birth and 
later at 2 and 6 months (Karademir et al. 2007). From birth to 2 months, 
urinary MMA increased from 12 to 26 mmol/mol creatinine and plasma 
homocysteine increased from 7.1 to 12.8 µmol/L in breastfed and formula fed 
infants, with a slight decrease until 6 months (20 mmol/mol creatinine and 8.1 
µmol/L, respectively) (Karademir et al. 2007). The causes of elevated MMA 
concentrations are not well understood, but could be due to higher cobalamin 
requirements or physiological- or growth-related factors (Karademir et al. 
2007). Moreover, elevated MMA may also be caused by increased propionate 
production by intestinal bacteria (Thompson et al. 1990), rather than by liver 
or kidney immaturity (Bjorke-Monsen et al. 2008). 

The bioavailability of cobalamin from human milk is unknown, 
particularly when milk haptocorrin content increases a few months after 
starting breastfeeding. Methodological shortcomings, such as the effect of the 
high milk haptocorrin content on cobalamin determinations, will have affected 
the earlier studies on which AI for cobalamin in infants was based (Lildballe et 
al. 2009). The IOM opted not to consider the study on cobalamin milk content 
in low-income Brazilian women when defining the AI for infants. In that study, 
women had received prenatal cobalamin-containing supplements (Donangelo 
et al. 1989). The study reported an average breast milk cobalamin concentration 
of 0.91 µg/L at 1 month postpartum (Donangelo et al. 1989). Lildballe et al. 
measured cobalamin after removing unsaturated haptocorrin from breast 
milk samples collected 1–3 months postpartum from 24 healthy women with 
low socioeconomic status from the San Francisco Bay Area (Lildballe et al. 
2009). Lildballe et al. reported cobalamin concentrations similar to those in 
the Brazilian study [mean (range) = 0.87 (0.16–3.7) nmol/L] corresponding to 
1.2 µg/L (Lildballe et al. 2009). Thus, the mean milk cobalamin concentration 
of 1.2 µg/L observed after removing haptocorrin (Lildballe et al. 2009) is 
approximately 2.5 fold higher than the 0.42 µg/L defined by the IOM as 
AI for cobalamin in infants. The cobalamin levels in milk measured after 
haptocorrin removal (mean 0.87 nmol/L) are higher compared to earlier 
studies in healthy, non-vegetarian women [0.38 nmol/L (Specker et al. 1990); 
0.6 nmol/L (Sakurai et al. 2005); and 0.71 nmol/L (Sandberg et al. 1981)]. A 
recent longitudinal study on Danish women estimated daily cobalamin intake 
from breast milk to be: 0.7 µg/d at 2 wk of age (from ~700 mL milk/d) and  
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0.3 µg/d at 4 mo of age (from ~800 mL milk/d) (Greibe et al. 2013a). In 
comparison, the recommended dietary allowances (RDA) for infants aged 
0–6 mo was set at 0.4 µg by IOM. Therefore, it is likely that the average 
cobalamin concentration in breast milk used by the IOM is underestimated 
due to methodological and/or physiological factors.

Associations between plasma markers of cobalamin status in mothers 
and their breastfed infants and maternal milk cobalamin concentrations 
were only recently studied (Deegan et al. 2012; Duggan et al. 2014). Despite 
evidence suggesting that cobalamin can be delivered from maternal blood to 
breast milk (Bijur and Desai 1985), it is not known how efficient this process 
is during prolonged lactation and in depleted mothers (i.e., vegetarians). 
In a study in Indian women, milk cobalamin content was not significantly 
lower in vegetarians compared to low- or frequent meat-eaters. However, all 
of the women were cobalamin depleted which probably explains the lack of 
association between maternal plasma and milk cobalamin (Figure 2) (Bijur and 
Desai 1985). To what extent the transport of cobalamin to milk can maintain 
adequate child metabolic functioning if maternal stores are depleted or very 
low, remains unclear.

Establishing the AI for infants should consider maternal cobalamin 
intake and status markers, human milk cobalamin, and infant status markers 
across the age range of breastfeeding, to account for the dramatic decline in 
child cobalamin status between 4–6 months (Figures 3, and 4). At the critical 
4–6 months age, clinical manifestations of cobalamin deficiency can become 
apparent. 

Figure 2. Cobalamin content in maternal milk according to women’s diet. Milk cobalamin is not 
significantly affected by the strictness of animal food restriction or by plasma cobalamin. In this 
study from India, all participating women, even meat eaters had low mean plasma cobalamin 
(Bijur and Desai 1985). 

Mean plasma b12

Mean milk b12
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In summary, a re-evaluation of AI for cobalamin in infants is necessary. 
The association between maternal cobalamin intake and breast milk cobalamin 
content as well as their effects on health outcomes in the children should be 
investigated. Table 1 summarises the gaps in knowledge regarding sufficient 
intake of cobalamin in infants and identifies open questions to be answered. 

Table 1. Cobalamin intake requirements for infants: gaps in knowledge.

Open issues What evidence is required? 

Analytical methods to 
measure milk cobalamin

Analytical methods should be standardised for the purposes 
of valid cross-comparison of different populations. 

Choice of cobalamin marker to 
base evidence for adequacy on 
pregnancy/lactation/infants? 

A combination of several markers is recommended. Urinary 
MMA alone lacks specificity, shows inter-study variability, 
and how it is affected by biological factors unrelated to 
cobalamin status has not been thoroughly studied. 

Age that infants should be 
tested at

Infant cobalamin status markers change during the first 
few months after birth and there is a physiological decline 
in cobalamin status between 4–6 months, coinciding with 
changes in human milk composition. This suggests that AI 
should be determined for subgroups according to age  
(0–4 months; 4–6 months; 6–12 months). 

What are the short and 
long term consequences 
of marginally inadequate 
cobalamin intake in the first 
year of life? 

Only a few studies from India are available (growth and 
weight gain); no large scale studies are available. 

4. cobalamin status in Infants During lactation and prolonged 
lactation

Human milk cobalamin is considered to be the only source of the vitamin in 
exclusively breastfed infants. The composition of cobalamin and its binding 
proteins change in milk over the course of lactation (Figure 3). However, the 
effect of these changes on cobalamin bioavailability in the child is unknown. 
The dramatic changes in cobalamin status markers between birth and 
early childhood depend on maternal supplement use, infant stores at birth, 
requirements, feeding patterns, and introduction of complementary foods 
from animal sources. Infants born to well-nourished women have high plasma 
cobalamin at birth (Hay et al. 2010; Obeid et al. 2006). In contrast, infants born 
to unsupplemented vegetarian mothers are depleted at birth (Specker et al. 
1988a; Specker et al. 1990). Child urinary MMA is predicted by maternal diet 
and low maternal serum cobalamin (Specker et al. 1988a; Specker et al. 1990). 
Since recently consumed cobalamin is transferred to the child through milk, 
maternal supplementation could prevent deficiency in the child. 

Dramatic changes in serum concentrations of cobalamin binders, fractions, 
and metabolic markers occur a few months after birth. A longitudinal follow 
up study of infants from birth to 2 years of age showed a decline in cobalamin 
status around the age of 4–6 months. Norwegian infants were investigated 
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immediately after birth (cord blood), and at the age of 6, 12, and 24 months 
according to their feeding patterns (Hay et al. 2008) (Figure 5). Independently 
of these, serum concentrations of holoTC and total cobalamin were highest 
in cord blood, declined to their lowest levels at 6 months and increased again 
by 24 months (Hay et al. 2008). Serum holoTC declines after birth to reach 
its lowest levels at approximately 4 to 6 months of age (Greibe et al. 2013b; 
Hay et al. 2010). This decrease is associated with a parallel increase in plasma 
MMA and tHcy, suggesting declining intracellular cobalamin status (Bjorke 
Monsen et al. 2001; Monsen et al. 2003). Age-related changes in cobalamin 
markers occur in asymptomatic infants and are known to be more pronounced 
in breastfed compared to formula fed infants (Figure 4). In addition, this low 
intracellular cobalamin status leads to the elevated plasma folate observed in 
this age group as a result of the “methyl folate” trap. The reduction of both 
serum tHcy and folate following cobalamin injections further supports this 
hypothesis (Bjorke-Monsen et al. 2008). Elevated serum tHcy and MMA in 
infants at 6 months confirm low cobalamin status (Greibe et al. 2013a; Hay et al. 
2008). In children with sufficient folate status, serum cobalamin < 200 pmol/L 
is the main determinant of plasma homocysteine (van Beynum et al. 2005). 

There is also no established “reference range” for cobalamin markers at or 
after birth. The association between cobalamin depletion and subtle signs of 
deficiency is not well studied. To date, no longitudinal studies have assessed 
the association between early postnatal cobalamin status and subsequent 

Country: Denmark 

Figure 3. Longitudinal changes of cobalamin content in hindmilk of Danish women at different 
ages from week 2 to month 9 of lactation. Cobalamin was measured in milk after capturing 
haptocorrin on Sepharose and removing it (Greibe et al. 2013a). 

times after birth
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Figure 4. Plasma concentrations of cobalamin and methylmalonic acid (MMA) in Indian children 
are shown according to their age and breastfeeding patterns. MMA was significantly different 
between age groups in the breastfed category (p < 0.05); and plasma cobalamin and MMA were 
significantly different between age groups in the non-breastfed category (p < 0.05). The study 
included children from women residing in a low-to-middle income community in North India 
(Taneja et al. 2007). 

neurological development in the child. It remains unknown whether the 
decline in cobalamin status following birth is associated with subtle clinical 
disorders. 

The influence of feeding patterns on infant cobalamin status has been 
extensively studied in different populations. Cobalamin status is generally 
lower in breastfed compared to formula fed infants (Hay et al. 2008; Ulak et 
al. 2014) (Figures 4 and 5). Almost all available infant formulas are enriched 
with cobalamin, though the amounts of cobalamin added are not based on 
strong scientific evidence. Formula fed infants show an increase in plasma 
cobalamin and holoTC from birth to 12, and 24 months (Hay et al. 2008). In 
contrast to the strong decline in holoTC observed in breastfed infants at 6 
months, non-breastfed infants maintained rather stable holoTC concentrations 
up to 24 months (Hay et al. 2008). Lactating Norwegian women that took 
cobalamin-containing supplements provided more cobalamin to their infants 
compared to nonusers of supplements (Hay et al. 2008) (Figure 5). The influence 
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of maternal supplementation on child cobalamin markers is less evident in 
children receiving formula milk that already contains a substantial amount 
of cyanocobalamin (Figure 5) (Hay et al. 2008). 

It is important to note that unsupplemented lactating women from Western 
countries (Greibe et al. 2013a) generally have higher serum and milk cobalamin 
status compared to those from low-income countries or low socioeconomic 
status. Cobalamin deficiency in newborn children from well-nourished women 
is not a major health concern. However, deficiency in newborns is a public 
health problem in countries with endemic deficiency because it can affect 
important developmental domains in the first 2 years of life. 

Figure 5. Longitudinal study on serum holoTC and methylmalonic acid levels at 6 and 12 months 
of age according to breastfeeding patterns and maternal supplement use. Lowest cobalamin status 
(highest MMA and lowest holoTC) was found in breastfed infants at the age of 6 months from 
non-supplemented women (-vit). Formula feeding was associated with higher cobalamin status 
and less differences between the age groups at 6 and 12 months. Country of origin: Norway, figure 
is modified from Hay et al. (Hay et al. 2008). 
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In Nepal, where cobalamin defi ciency is prevalent, breastfed children in 
the 6–11, 12–23, and 24–35 months age groups had lower plasma cobalamin 
and higher MMA than non-breastfed infants (Ulak et al. 2014). The greatest 
differences were observed in the youngest group where the breastfed infants 
were unlikely to receive complementary foods from animal sources (Figure 6). 

In a study of Guatemalan lactating women and their infants aged 3 months, 
maternal serum cobalamin was related to infant urinary MMA (Casterline 
et al. 1997). The median cobalamin intake of the mothers was 1.47 µg/d 
and the infants showed reduced ponderal and linear growth rates (length-
for-age and weight-for-age z-scores). Low serum cobalamin concentrations 
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Country: Nepal

Figure 6. Median plasma cobalamin markers are shown in children from Nepal according to 
their age and feeding patterns. The study confi rms that the lowest cobalamin status is found 
in breastfed infants of the youngest group (6–11 months). Extended breastfeeding in depleted 
women and late introduction of animal foods can cause defi ciency at this age. The results are 
from (Ulak et al. 2014). 
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(< 148 pmol/L) were detected in 13% of the women and marginally low 
levels (148–221 pmol/L) in 33% (Casterline et al. 1997). Mean breast milk 
cobalamin concentration was 690 pmol/L, but inter-individual variation 
was high. Applying the cut-off for adequate milk cobalamin suggested by 
Specker et al. (≥ 362 pmol/L), 28 out of 64 of the women had insufficient milk 
cobalamin. Infants with elevated urinary MMA (> 23 µmol/mmol creatinine) 
received milk with lower cobalamin content than infants with urinary MMA 
below this concentration (median milk cobalamin = 411 ± 248 vs 705 ± 488 
pmol/L respectively) (Casterline et al. 1997). There was a large overlap in 
milk cobalamin concentrations between mothers of infants with elevated and 
non-elevated urinary MMA, suggesting that the infants of many women with 
low milk cobalamin had normal urinary MMA. 

Prolonged breastfeeding in cobalamin depleted infants further increases 
the risk of deficiency. In line with this, infants who were still breastfed at the 
age of 24 months had lower cobalamin and holoTC and higher homocysteine 
and MMA compared to those on a common diet (Hay et al. 2008). 

In communities with micronutrient insufficiency, infants become 
strongly depleted the longer lactation lasted or with delayed introduction 
of/or insufficient complementary foods (Pasricha et al. 2011). Prolonged 
breastfeeding up to 24 months or beyond is common practice in countries with 
widespread food insecurity and particularly in mothers who are themselves 
depleted of several nutrients, including cobalamin. Poor life conditions and 
low food security in India is associated with cobalamin deficiency in the 
child due to prolonged breast feeding (Pasricha et al. 2011) and prolonged 
breast feeding is a strong predictor of low serum cobalamin concentrations 
in children from poor communities (Taneja et al. 2007). In a study of ~2400 
New Delhi children aged 6–30 months, plasma cobalamin levels were 75% 
lower in breastfed (aged 6–11 months) when compared to non-breastfed 
(median = 185 vs 334 pmol/L) and low serum cobalamin (< 150 pmol/L) was 
very prevalent (36%) in breastfed compared to non-breastfed children (9%). 
Cobalamin concentrations even declined with age in non-breastfed children 
(median = 334 pmol/L in 6–11 months age group; 285 pmol/L in 12–23 months 
age group and 231 pmol/L in 24–30 months age group), possibly due to low 
intake of animal foods after weaning (Taneja et al. 2007). 

 Cobalamin deficiency is only one component of several nutritional 
deficiencies that occur in the context of poverty. A high prevalence of prolonged 
breastfeeding (86% of the children) was observed in Indian children (age 6–30 
months, mean age = 16 months) from families of low to middle socioeconomic 
status (Kvestad et al. 2015). Stunting was observed in 40% of the children 
and 31% were underweight. Low serum cobalamin (< 200 pmol/L) and 
elevated homocysteine (> 10 µmol/L) were observed in 33% and 59% of 
the children, respectively. Pasricha et al. (2011), investigated the effect of 
prolonged breastfeeding on infant’s cobalamin status in rural communities 
from Southern India (Pasricha et al. 2011). Anaemia was observed in 63% of the 
mothers (haemoglobin < 12 g/dl), 29% of the children (age 12–24 months) were 
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stunted, 32% were underweight, and 20% were wasted (low weight-for-length). 
Inflammation and deficiency of other essential nutrients (iron, folate, vitamin 
A) were also common. Child’s serum cobalamin was negatively associated 
with prolonged lactation and positively associated with regular meat intake. 
Cobalamin intake was lower in children still being breastfed at a mean age 
of 16.2 months compared to children who were fully weaned (mean age 18.5 
months) (Pasricha et al. 2011). 

Similar results were reported in a study of lactating Guatemalan Landino 
mother-infant pairs at 12 months postpartum (Deegan et al. 2012). Serum 
cobalamin was < 150 pmol/L in 35% of the women and marginally deficient 
(150–220 pmol/L) in a further 35%. The median cobalamin intake of the women 
was 2.6 µg/d, thus 50% of the women did not meet the Recommended Dietary 
Allowance (RDA) of cobalamin for lactating women. Milk cobalamin content 
was below the assay detection limit of 50 pmol/L in 65% of the women. In 
those with serum cobalamin > 220 pmol/L, milk cobalamin content was still 
very low (median = 69 pmol/L). Determinants of infant serum cobalamin at 
this age were limited to maternal serum cobalamin and intake of the vitamin 
from complementary foods. Milk cobalamin content was not a significant 
determinant of infant serum cobalamin at 12 months. In contrast, maternal 
cobalamin intake and serum cobalamin were significant determinants of milk 
cobalamin content at 12 months. Feeding 12 months old infants with cow’s 
milk as a source of cobalamin was associated with a better cobalamin status 
than feeding with breast milk alone (Deegan et al. 2012). 

Overall, maternal cobalamin status is the strongest determinant of 
cobalamin biomarkers in exclusively breastfed infants. A decline in infant 
cobalamin status is evident at 4–6 months, thus questioning the adequacy of 
cobalamin intake from breast milk beyond this age. Prolonged lactation does 
not appear to supply sufficient cobalamin to infants of non-supplemented 
mothers. Introduction and quality of complementary foods as well as maternal 
intake are strong predictors of cobalamin status in infants older than 6 months 
and are likely to be influenced by socioeconomic status and vegetarian diet. 

5. causes of cobalamin Deficiency in Infants and children 

The RDAs for cobalamin for pregnant and lactating women is 2.6 µg/d and 2.8 
µg/d, respectively compared with 2.4 µg/d for non-pregnant, non-lactating 
women (Institute of Medicine 1998). Non-inherited cases of cobalamin 
deficiency in newborns and infants are mainly explained by inadequate 
maternal cobalamin intake (Dagnelie et al. 1989; Reghu et al. 2005; Specker et 
al. 1988b; Specker et al. 1990). Restriction of cobalamin intake during pregnancy 
and lactation such as in vegetarians causes depleted cobalamin stores in the 
child (Miller et al. 1991; Specker et al. 1988b; Specker et al. 1990; Specker 
1994). Cobalamin deficiency in infants of strict vegetarian women can occur 
at low-normal maternal serum cobalamin level (Graham et al. 1992). Six-year 
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old Indian children born to women with very low serum cobalamin during 
pregnancy (< 77 pmol/L) had lower serum cobalamin (median = 216 vs 247 
pmol/L, p < 0.01) than children born to women with serum cobalamin > 244 
pmol/L (Bhate et al. 2008) (Figure 7).

Additionally, maternal cobalamin malabsorption is a risk factor for 
cobalamin defi ciency in the child (Hoey et al. 1982; Johnson, Jr. and Roloff 
1982; Wardinsky et al. 1995). Common causes of malabsorption are pernicious 
anaemia, achlorhydria, ileal damage, gastric bypass surgery, and infection 
with helicobacter pylori or intestinal parasites. Women treated with metformin 
before conception or during pregnancy are likely to have low serum cobalamin 
(Greibe et al. 2013b), but the effect of using this drug on child cobalamin status 
is currently unknown. 

Besides the effect of maternal factors on cobalamin status markers in 
the child, there are well described age-related fl uctuations of plasma total 
cobalamin, MMA, and tHcy in children and adolescents aged 4 days to 19 
years (Monsen et al. 2003; Ueland and Monsen 2003). The strong association 
between maternal and child cobalamin status beyond the age of lactation 
is explained by socioeconomic status or feeding the infants on a vegetarian 
diet. Predictors of cobalamin status in pre-school age and school age children 

Figure 7. Low serum cobalamin in pregnant Indian women predicts child serum cobalamin at 
the age of 6 years. The fi gure is modifi ed from (Bhate et al. 2008). The y-axis shows the average 
concentrations of serum cobalamin (pmol/L) in the women and their children.

Maternal serum B12 during pregnancy, pmol/L
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include cobalamin status at birth, feeding patterns (breast milk, formula), and 
introduction, quality and frequency of animal based complementary foods 
after weaning. 

6. cobalamin Deficiency in children in Different countries 

Micronutrient deficiencies in children are widespread. Poverty, low 
consumption of animal foods and low education level are predictors of low 
serum cobalamin (Rosenthal et al. 2015). Avoiding animal products for ethical 
or religious reasons can cause cobalamin deficiency in children. Hidden hunger 
in Western societies can occur in immigrants who have suffered long-term 
economic problems or who maintain their dietary habits in their new countries 
of residence (Carmel et al. 2002; Chambers et al. 2000). 

In many economically disadvantaged countries, spending money on a 
healthy diet has been traditionally regarded as a waste (Berry 1955). Marginally 
deficient or deficient plasma cobalamin has been reported in up to 40% of men 
and women across the age range in African (McLean et al. 2007; Siekmann et 
al. 2003), Southeast Asian (Bondevik et al. 2001; Chanarin et al. 1985; Gomber 
et al. 1998), Middle Eastern (Herrmann et al. 2005; Obeid et al. 2002), and Latin 
American (Black et al. 1994; Casterline et al. 1997) studies. 

Low meat consumption is a strong predictor of low cobalamin 
concentrations (McLean et al. 2007). In a study of Kenyan children, the odds 
ratio (OR) and 95% confidence interval of having low serum cobalamin  
(< 148 pmol/L) was 2.1 (1.3, 3.5) if the diet contained no meat versus some 
meat, 5.0 (2.5, 9.8) in the lowest versus the highest tertile of milk intake, and 
6.6 (3.1, 12.8) in the lowest versus the highest tertile of any animal source 
food (McLean et al. 2007). However, factors other than intake can also 
contribute to cobalamin deficiency in developing countries (see Chapter 6). 
In a study of over 500 Guatemalan school-children with a mean age of 10 
(range 8–12) years, average cobalamin intake was approximately 5.5 µg/d, 
presumably sufficient to cover daily requirements for this age group (= 1.8 
µg/d) in the absence of malabsorption (Rogers et al. 2003a). However, mean 
plasma cobalamin (285 pmol/L), MMA (479 nmol/L), and homocysteine  
(9.4 µmol/L) suggested that cobalamin deficiency was common among these 
children (Rogers et al. 2003b). Elevated serum MMA (> 624 nmol/L) was 
observed in 32% and 28% of children with low and marginal plasma cobalamin, 
respectively. Cobalamin intake was correlated with serum cobalamin (Rogers 
et al. 2003a), but low cobalamin status only partly explained the elevated MMA 
in the Guatemalan study (Rogers et al. 2003b). Unexpectedly, concentrations 
of cobalamin were lower in the oldest group of school-children (12 years) 
compared to the younger groups: 8, 9, or 10 years (Rogers et al. 2003b). These 
results suggested that cobalamin intake in the older group was not sufficient 
to meet requirements, leading to depletion over time. In comparison to the 
Guatemalan study, higher cobalamin (median 436 pmol/L), and lower MMA 
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(170 nmol/L) and homocysteine (6.5 µmol/L) were reported in Norwegian 
children (aged 10.5–15 years) (Monsen et al. 2003). Infections with helicobacter 
pylori or bacterial overgrowth could interfere with cobalamin absorption in 
low income countries, but this needs further investigation.

In affluent countries, cobalamin deficiency can affect educated people 
with alternative dietary attitudes, such as strict vegetarians or individuals 
following a macrobiotic diet. Infants on a macrobiotic diet show metabolic 
signs of cobalamin deficiency (increased MMA and homocysteine) (Schneede 
et al. 1994). Dutch children (0–10 years or 4–18 months) who had been on a 
macrobiotic diet since birth had low intakes of cobalamin (0.3 vs 2.9 µg/day) 
and several other nutrients (riboflavin, thiamin, and calcium) compared to 
control children (Dagnelie and van Staveren 1994). Biochemical signs of low 
cobalamin status have been reported in a group of adolescents (aged 9–15 
years) fed a macrobiotic diet up to the age of 6 years then followed by a lacto- or 
lacto-ovo-vegetarian or omnivorous diet (Van et al. 1999). Therefore, abnormal 
cobalamin markers due to insufficient intake are likely to continue until early 
adulthood in formerly macrobiotic infants and children.

7. clinical Manifestations of cobalamin Deficiency in Infancy 
and childhood

Clinical manifestations covered in this section do not include those caused by 
genetic disorders of cobalamin absorption and transport, where the symptoms 
are more severe and are manifested just after birth. 

7.1 Clinically manifested severe nutritional cobalamin deficiency 

Symptoms of acquired cobalamin deficiency in infancy appear between 3–6 
months of age. This postnatal time frame agrees with that in which a decline 
in cobalamin status is observed in breastfed infants. Clinical symptoms of 
infantile cobalamin deficiency have been described in numerous case reports, 
classically of breastfed infants from mothers with low cobalamin intake 
or cobalamin malabsorption. Physical, haematological and neurological 
symptoms have been described (Graham et al. 1992) (Table 2). 

Table 2. Summary of symptoms reported in cobalamin deficient infants, children or adolescents 
compared to their non-deficient counterparts.

• Lethargy 
• Feeding difficulties 
• Irritation 
• Not smiling 
• Muscular hypotonia 
• Low skinfold thickness
• Low physical activity
• Low birth weight
• Stunting, low weight-for-age

• Wasting 
• Anaemia
• Skin hyperpigmentation 
• Low score in fluid intelligence test that measures 

reasoning, problem solving, learning and abstract 
thinking

• Impaired gross motor function
• Bone fracture risk
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Magnetic resonance imaging techniques revealed structural changes 
in the brains of cobalamin deficient infants from strict vegetarian women. 
Enlargements of cortical sulci and subarachnoid spaces (Kocaoglu et al. 2014), 
diffuse delayed myelination, and mild dilatation of the lateral ventricles have 
been reported (Guez et al. 2012). Delayed myelination or demyelination, 
resembling similar effects in older patients with cobalamin deficiency, are 
well-documented (Hyland et al. 1988; Miller et al. 2005). The majority of 
symptoms are reversed after treatment if diagnosed and treated during the 
early stages. However, long-term neurological complications beyond school 
age have been reported (Graham et al. 1992). Table 3 shows a few examples 
of studies reporting clinical conditions associated with biochemical signs of 
cobalamin deficiency. 

Mechanisms of neurodevelopmental manifestations of cobalamin 
deficiency in infants are not well explained [reviewed in (Dror and Allen 
2008) and in Chapter 8]. Table 4 briefly describes the main mechanisms that 
have been suggested for cobalamin deficiency related neurodevelopmental 
disorders in infants and children. 

7.2 Clinical manifestations of mild cobalamin deficiency in children

Subtle cobalamin deficiency is common in children and it may not lead 
to urgent hospitalisation, but if it remains untreated it can lead to chronic 
conditions and long-term consequences. Causes and health consequences of 
mild cobalamin deficiency differ between different age groups and country 
settings. Low animal food intake in children negatively affects their physical 
growth, cognitive development and behaviour even after controlling for 
confounders (Allen 1993).

Diagnosis of cobalamin deficiency should be considered when exploring 
causes of childhood anaemia, stunting, wasting, low birth weight, underweight 
and unexplained neurodevelopmental delay in childhood. Moreover, 
cobalamin deficiency should be suspected in children with clinical conditions 
that are risk factors for deficiency such as food intolerance, coeliac disease, 
and inflammatory bowel disease. 

7.2.1 Cobalamin deficiency and physical growth in children

The physical growth of children and adolescents on macrobiotic, vegan, or 
poor cobalamin diets has been intensively studied. Clinical manifestations of 
low cobalamin can start at birth and extend beyond weaning, because children 
whose mothers have a low intake during pregnancy and lactation have low 
cobalamin stores and are very likely to continue with an insufficient intake 
after weaning. 

In a study of Dutch infants born to women on a macrobiotic diet, the 
average birth weight was 200 g less than that of a comparable Dutch infant 
population (p < 0.05) (Dagnelie and van Staveren 1994). In a study of a 
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macrobiotic community, infants younger than 6 months showed comparable 
age-specific anthropometrical measures (length, weight, sitting height, and 
arm circumference) to the Dutch standards (Dagnelie and van Staveren 1994). 
However, a marked decline of height, weight, and other physical measures was 
observed from the age of 6 months onwards (Dagnelie and van Staveren 1994), 
showing that depleted children can manifest deficiency-related developmental 
delay after weaning. Rickets in children were also associated with macrobiotic 
diet during early life (Dagnelie and van Staveren 1994) and might be caused 
by deficiency in other relevant nutrients such as vitamin D and calcium. Lower 
serum cobalamin and higher MMA in children on macrobiotic diets were also 
associated with lower bone mineral density and content even after adjusting 
for other factors such as age, body size, bone area, lean body mass, puberty 
and calcium intake (Dhonukshe-Rutten et al. 2005).

In many populations, a causal role for cobalamin deficiency in anaemia 
and stunting cannot be established due to other interfering factors such as 
micronutrient deficiencies, elevated C-reactive protein, intestinal parasites or 
malaria infection (McLean et al. 2007; Siekmann et al. 2003). In Guatemalan 
school children with mild to moderate cobalamin depletion, 83% of the 
children had Helicobacter pylori infection (Rogers et al. 2003b), a condition 

Biochemical and clinical 
conditions

Mechanisms relevant to brain functions

Reduced methylation potential 
(i.e., S-adenosylmethionine) 

- Epigenetic modifications (DNA and histone 
methylation)

- Hypomethylation of specific methylated positions on 
myelin

Hyperhomocysteinemia Possible stimulation of N-methyl-D-aspartate receptors 
by neurotoxic Hcy

Depletion of alternative methyl 
donors (choline, betaine)

Reduced intracerebral choline and derivatives in 
cobalamin deficiency (Horstmann et al. 2003) 

Higher cytokines and growth 
factors 

Cause imbalance between tumor necrosis factor-a 
(TNF-a) and epidermal growth factor. TNF-a acts 
as a neurotoxin in CNS diseases characterized by 
demyelination

Accumulation of neurotoxic 
metabolites

Example: lactate accumulation in the brain and depletion 
of choline-containing molecules (Horstmann et al. 2003) 

Changes in brain energy 
metabolism

Reduction of N-acetylaspartate, creatine, choline-
containing compounds, myo-inositol, glutamate and 
glutamine in white and gray matter of the brain at 6 and 
12 months of age in a case report of a deficient infant 

Diarrhoea Cause of malabsorption of other nutrients (Horstmann 
et al. 2003)

Low plasma amino acids Low methionine (Grattan-Smith et al. 1997) 

Feeding problems and low 
appetite 

Low intake of other essential nutrients necessary for 
growth and development such as iron, folate and 
minerals 

Table 4. Mechanisms of neurodevelopmental disorders in cobalamin deficient children.
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that is less common in Western countries. However, the prevalence of infection 
with Helicobacter pylori did not differ between children with low and 
marginal cobalamin status (Rogers et al. 2003a), suggesting that the infection 
was not causally related to cobalamin deficiency. Moreover, height, weight, 
haemoglobin, and haematocrit did not differ with cobalamin status in this 
study (Rogers et al. 2003b). 

7.2.2 Cobalamin deficiency and other developmental domains in children

Recently, the role of nutritional insufficiency during early life on child brain 
development has gained more attention (Nyaradi et al. 2013). Indian children 
born to mothers with adequate versus very low plasma cobalamin at 28 weeks 
of gestation (> 224 pmol/L versus < 77 pmol/L, respectively) performed better 
in some psychological tests (color trial test and digit span backward test) at 
nine years (Bhate et al. 2008). In a follow up study, lower child psychomotor 
and mental development scores were observed in Indian infants (age 12–18 
months) with biochemical signs of cobalamin deficiency compared to infants 
with better cobalamin status (Strand et al. 2013). 

Psychomotor development in areas such as gross motor (sitting, 
locomotion), speech and language was better in omnivorous children 
compared to those on a macrobiotic diet (Dagnelie and van Staveren 1994). 
Cognitive abilities in adolescents (aged 10–16 years) were compared between 
those that had been on a macrobiotic diet from birth until 6 years and those 
that had never been on a macrobiotic diet (Louwman et al. 2000). Cobalamin 
intake and status were lower in adolescents on macrobiotic diets during early 
life versus never (approximately 1.5 vs 3.6 µg/d) (Louwman et al. 2000). Serum 
MMA concentrations were negatively associated with fluid intelligence test 
scores measuring reasoning, problem solving, learning and abstract thinking 
(Louwman et al. 2000).

Therefore, studies from different settings suggest that low cobalamin 
status and the resulting biochemical abnormalities are causally associated with 
impaired development in several neurological domains. Increasing cobalamin 
status in newborns of depleted women can improve neurodevelopment, 
growth and other health outcomes in the child (discussed below). 

8. prevention and treatment of cobalamin Deficiency in 
children

8.1 Early intervention during pregnancy and lactation

Sufficient intake of cobalamin should be ensured from early pregnancy 
throughout lactation. Supplements and nutrient preparations made to prevent 
pregnancy anaemia or neural tube defects should also contain cobalamin. 
Supplementing lactating women is an efficient way to prevent maternal 
depletion and deficiency in infants. 
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A recent randomised placebo controlled study of pregnant women from 
Bangladesh provided 250 µg/d of oral cobalamin from 11–14 weeks of gestation 
throughout 3 months postpartum (Siddiqua et al. 2015). Compared with 
the placebo, cyanocobalamin supplementation increased serum cobalamin 
and reduced MMA and homocysteine at delivery and after 3 months. 
Supplementation with cyanocobalamin also increased milk cobalamin content 
(Siddiqua et al. 2015). Furthermore, higher cobalamin status was observed in 
infants at birth and thereafter (Siddiqua et al. 2015). 

Similar results were reported from a study in India. Dietary cobalamin 
intake in pregnant women (i.e., 1.2–1.4 µg/d) was unlikely to provide 
sufficient vitamin to the foetus (Duggan et al. 2014). However, cobalamin 
supplementation in women during pregnancy and lactation improved 
infant cobalamin status. Milk cobalamin content was higher in women 
supplemented with 50 µg/d cyanocobalamin during pregnancy and up to 
6 weeks postpartum compared with the placebo group (Duggan et al. 2014) 
(Figure 8). However, when supplement use was discontinued, milk cobalamin 
declined and by 3 to 6 months after birth, it no longer differed between the 
placebo and supplemented groups (Duggan et al. 2014; Srikantia and Reddy 
1967). Infants (6 weeks old) from supplemented women had higher cobalamin 
status, confirming the transport of the recently ingested cobalamin to the child 
(Figure 9). 

Figure 8. Indian pregnant women were supplemented with a placebo or 50 µg/d oral 
cyanocobalamin up to 6 weeks after birth. Milk cobalamin declined after stopping the supplements 
(Duggan et al. 2014). 
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8.2 Cobalamin intervention in children

There is no consensus or evidence-based recommendations regarding the 
dose and frequency of cobalamin that should be used to treat children with 
clinically manifested deficiency. Available knowledge is based on trial and 
error and treatment options need to be personalised according to causes, 
clinical conditions, and metabolic response. The duration of treatment of 
acquired cobalamin deficiency is from a few months up to 2 years after 
manifestation. In contrast, infants with genetic cobalamin disorders should 
be treated for life. Genetic cobalamin disorders are traditionally treated with 
hydroxycobalamin injections (1 mg i.m.) at different intervals (1–4 weeks). 
However, cyanocobalamin has also been used if the genetic anomaly does 
not affect its conversion into active co-enzymes. For example, patients with 
methylmalonic aciduria and homocystinuria type C protein (MMACHC, 
cblC gene) defect require hydroxycobalamin that has advantages over 
cyanocobalamin because of its pharmacokinetic features and potential to 
circumvent the MMACHC defect, particularly after parenteral application of 
therapeutic doses (1–2 mg) (Oladipo et al. 2011; Waggoner et al. 1998). Defects 
in the cblC gene lead to inability to synthesise cobalamin coenzyme from 
supplemental cyanocobalamin (Banerjee 2006), but patients respond to 1–2 
mg of hydroxycobalamin (Andersson and Shapira 1998). The high affinity of 
hydroxycobalamin to plasma proteins causes a prolonged effect after injection 

Figure 9. Indian women who received 50 µg/d oral cyanocobalamin until 6 weeks after birth had 
higher milk cobalamin than those who received a placebo. Infants from cobalamin supplemented 
pregnant women had a better status after birth (Duggan et al. 2014).
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because the elimination of this form via the kidney is slower than that of 
cyanocobalamin (Gimsing et al. 1982; Hertz et al. 1964). However, in patients 
without genetic defects in the cblC gene, it remains questionable whether 
hydroxycobalamin is advantageous over cyanocobalamin [reviewed in (Obeid 
et al. 2015)]. In genetic disorders affecting cobalamin absorption, doses less 
than 1 mg have been successfully used to correct cobalamin deficiency (Bor 
et al. 2008). Oral treatment has proven effective in many, but not all cases 
of inherited malabsorption (Bor et al. 2008). In manifested cases or genetic 
cobalamin disorders, treatment starts with hydroxycobalamin injections. 
Oral cobalamin treatment can then be tested in certain cases. Monitoring 
of metabolic markers (i.e., plasma MMA and homocysteine) can give better 
insights into the efficacy of the treatment route, form, frequency, and dose.

In a study of 6–12 month old infants with cobalamin deficiency due to 
nutritional factors (i.e., vegan mother), cobalamin injections were initiated as 
a first step of treatment (1 mg i.m. of any cobalamin form). Injections were 
continued for up to several years depending on the clinical response (Dror 
and Allen 2008) (Table 3). The treatment regime is often switched to oral 
cobalamin after several injections. The responses of clinical symptoms vary 
according to the severity of the disease, the time of detection, and the start 
of treatment. Haematological signs (i.e., haemoglobin and mean cell volume) 
improve within a few days of treatment initiation. Co-supplementation with 
folate and iron appears to enhance recovery from anaemia. Rapid reversal 
of muscle hypotonia, communication signs, apathy, vomiting, and irritation 
within a few days has been reported. Infants start to gain weight and growth 
rate increases after treatment. However, some neurological damage may persist 
until school age or even longer. Cerebral atrophy and nerve demyelination (if 
present) are improved within a few months (examples in Table 3).

Few small and large scale intervention studies have been conducted 
on infants, pre-school or school children from developing countries. Non-
therapeutic doses of cobalamin (close to the RDA) alone or in combination 
with other micronutrients have been used. Intervention studies using either 
supplementation or dietary sources of the vitamin have shown normalisation of 
cobalamin status and improvements in health outcomes. In low socioeconomic 
settings, improving cobalamin status is not always accompanied by recovery 
from anaemia that may be related to deficiency in other nutrients.

In school age children from rural Kenya, serum concentrations of cobalamin 
increased (mean change + 47 to 66 pmol/L) with increasing intake of either milk 
(200–250 ml/day) or meat (60–85 g/day) in one school meal provided daily for 
one school year (Siekmann et al. 2003). The meal contained between 0.75–1.16 
µg cobalamin leading to higher serum cobalamin in the group receiving meat 
(mean baseline cobalamin = 132 pmol/L vs after one year 189 pmol/L). Milk 
consumption also significantly increased serum cobalamin (from 164 pmol/L 
at baseline to 236 pmol/L after one year) compared with the control group in 
the isocaloric energy diet (serum cobalamin declined from 195 pmol/L to 151 
pmol/L after one year) (Siekmann et al. 2003). Anaemia, elevated C-reactive 
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protein, malaria infection, and stunting were very common in school children 
from rural Kenya (McLean et al. 2007) and were explained by low animal food 
intake. Despite increasing serum cobalamin after one year of introducing 
milk or meat at school in rural Kenya, no effects were seen on hemoglobin, 
ferritin or iron. This was explained by the high prevalence of infections and 
the unchanged low status of other nutrients after the intervention (retinol, 
iron, Zn, vitamin B2, and folate) (Siekmann et al. 2003).

Similar studies in Colombian school children providing a snack containing 
approximately 9 µg/day cobalamin for a shorter period (3 months) also 
reported increased serum cobalamin after the intervention (Arsenault et al. 
2009). Increased height-for-age z-scores as well as less sick days and doctor 
visits were also observed in the intervention arm (Arsenault et al. 2009). 

Moderately elevated preconception tHcy (≥ 9.0 µmol/L) has been 
associated with lower psychomotor and cognitive performance scores in 
children 4 months and 6 years, respectively after birth (Murphy et al. 2016). Few 
studies have investigated the effect of cobalamin on child neurodevelopmental 
domains and gross motor development. A placebo-controlled randomised 
study of Indian children aged 6–30 months tested cyanocobalamin (0.9 µg/d 
for infants up to 1 year of age and 1.8 µg for those > 1 year), folic acid (75 or 150 
µg/d), or a combination of those vitamins for 6 months (Kvestad et al. 2015). 
Cobalamin increased from 269 to 362 pmol/L (mean difference 118 pmol/L) 
in the B12 group and from 307 to 446 pmol/L (mean difference 102 pmol/L) 
in the B12 plus folic acid group (Kvestad et al. 2015). Stunted children had 
reduced odds ratio [OR (95% confidence intervals, CI) = 0.26 (0.09, 0.78)] of 
being in the lowest quartile of the neurodevelopmental ASQ-3 scores (Kvestad 
et al. 2015). Children supplemented with vitamin B12 plus folic acid were less 
likely to be in the lowest quartile of total ASQ-3 score or scores related to gross 
motor function and problem solving (Kvestad et al. 2015). Children who were 
younger than 18 months at the beginning of the study and those who had 
baseline tHcy > 10 µmol/L were more likely to benefit than those who were 
older than 18 months, or with tHcy <10 µmol/L, respectively (Kvestad et al. 
2015). Strand et al. reported a growth supportive effect of cobalamin and folic 
acid supplementation in Indian children. Stunted, wasted, or underweight 
children showed increases in weight-for-age and height-for-age z-scores after 
oral supplementation with cobalamin or cobalamin plus folic acid (Strand et 
al. 2015). 

Prevention and treatment studies from developed countries are also 
available. Introducing sources of cobalamin such as dairy products and fish 
to children on a macrobiotic diet led to slight but significant improvements 
in several anthropometric markers (Dagnelie and van Staveren 1994). In 
infants (age < 8 months) with elevated plasma homocysteine (> 6.5 µmol/L), 
intramuscular cobalamin injection of 400 hydroxycobalamin as a single dose 
improved motor function and regurgitations (Torsvik et al. 2013). 
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Summary and Conclusions 

 1. Concentrations of cobalamin markers at birth (i.e., in cord blood) are 
predicted by maternal blood markers. 

 2. After birth, breastfed infants depend on maternal milk cobalamin as a 
sole source of the nutrient up to the age of 4 months. 

 3. Exclusively breastfed infants show a dramatic decline in serum cobalamin 
and holotranscobalamin associated with increases in plasma MMA and 
homocysteine between 4 and 6 months after birth. 

 4. The decline in cobalamin status in infants at around 4–6 months appears 
to coincide with a decrease in cobalamin content in the mother’s milk.

 5. Extended breastfeeding beyond the age of 6 months is associated with 
cobalamin depletion in the infant if complementary animal foods are not 
introduced or not adequately supplied. 

 6. Low cobalamin status in infancy and early childhood is strongly related to 
low maternal status during pregnancy, breastfeeding, prolonged lactation 
and to the introduction of complementary foods. 

 7. Human milk cobalamin content is predicted by recent intake of the vitamin 
rather than by maternal vitamin stores. The recent intake of cobalamin is 
thought to be readily available for transportation to the milk. 

 8. Low infant cobalamin status can be associated with stunting, low weight-
for-length, inflammation, anaemia, and neurodevelopmental disorders. 
Long term consequences of marginal cobalamin status on toddler and 
adolescents are not well studied. 

 9. In situations of poverty and malnutrition, cobalamin deficiency occurs 
simultaneously with deficiencies in other micronutrients. Therefore, in 
many studies, it is not possible to conclude that symptoms are solely due 
to cobalamin deficiency. 

 10. Supplementing depleted women with 50–250 µg/d cobalamin from 
pregnancy throughout lactation causes higher levels of cobalamin 
and lower MMA in cord blood and in infants after birth, and increases 
breast milk cobalamin. This effect is not maintained after discontinuing 
supplement use.

 11. Supplementation with cobalamin or dietary interventions that include 
more animal food sources can correct cobalamin status in children and 
many adverse effects of cobalamin deficiency on health such as anaemia, 
stunting, and neurodevelopmental disorders. 

Keywords: Birth, children, infants, intake, human milk, treatment, 
neurodevelopmental, supplementation, prevention, lactation, growth, 
weaning, animal foods 
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1. Introduction

Folate and cobalamin are essential components of a key reaction in methionine 
homoeostasis and methyl cycling, ultimately affecting the supplies of 
tetrahydrofolate (THF) destined for nucleotide synthesis and methionine 
for methylation processes. Folate and cobalamin play interdependent 
roles in the cytosolic reaction catalysed by the cobalamin dependent 
5-methyltetrahydrofolate-homocysteine methyltransferase (MTR, EC 2.1.1.13) 
in which the substrate, 5-methyltetrahydrofolate (5-CH3-THF), provides the 
methyl group that binds to the cobalamin cofactor to form methylcobalamin 
and THF. Subsequently the methyl group is transferred from methylcobalamin 
to homocysteine to form methionine and cobalamin. Apart from delivering 
methyl groups, this reaction also provides THF for nucleotide synthesis and 
DNA repair. Deficiencies in either folate or cobalamin lead to similar alterations 
in 1-C metabolism causing elevated plasma total homocysteine (tHcy) and 
also to macrocytosis (megaloblastic anaemia) resulting from impaired DNA-
synthesis and thus cell division. Cobalamin deficiency leads to a phenomenon 
known as the “folate trap”, in which intracellular 5-CH3-THF cannot be 
converted to THF by MTR, eventually limiting the supply of THF destined 
for nucleotide synthesis and of 5-CH3-THF for homocysteine metabolism. 
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Folic acid, the fully oxidised synthetic form of the vitamin, used in 
vitamin supplements and fortified foods, can be reduced to THF and 
support nucleotide synthesis without passing through the MTR reaction 
and therefore independently of cobalamin status. Both cobalamin and folate 
deficiency can lead to a similar megaloblastic anaemia, though anaemia is 
not confined to deficient subjects. The anaemia usually precedes cobalamin 
neuropathy. Since the reduction of folic acid to bioactive folate is cobalamin 
independent, supplementation with folic acid may lead to correction of the 
anaemia leading to the masking of the haematological symptoms of cobalamin 
deficiency. Thus detection of cobalamin deficiency before the progression of 
the associated irreversible neuropathy might be deterred. This chapter will 
focus on the evidence for metabolic and clinical effects of cobalamin and folate 
interactions in the light of improved folate status on a global level due to the 
widespread fortification of cereal based products with folic acid and to folic 
acid supplement use.

2. Folate—Cobalamin metabolic Interactions

2.1 Folate—cobalamin interactions in cobalamin deficiency

Herbert and Zalusky reported that intravenous injection of folic acid in 
cobalamin deficient patients led to the accumulation of plasma 5-CH3-THF, 
due to its impaired conversion to THF via MTR (Herbert and Zalusky 1962). 
They proposed that insufficient cobalamin for MTR to carry out its function 
led to a folate trap, reducing available 5-CH3-THF for other 1-C pathways 
such as purine and thymidylate synthesis. The resulting impairment in DNA 
synthesis would lead to megaloblastosis. Scott and Weir later reported that 
deficiency in folate, cobalamin or methionine leads to folate being preferentially 
supplied to the methionine cycle and to restricted DNA synthesis and reduced 
cell division. They proposed that in the face of imminent methyl group 
deficiency, the folate trap is a physiological mechanism that acts to prioritise 
methionine use for vital methylation reactions in the nervous system over its 
use for protein synthesis (Scott and Weir 1981). Evidence for occurrence of the 
methyl trap in humans has been reported in a patient with profound cobalamin 
deficiency and normal folate status. The intracellular fraction of 5-CH3-THF 
was increased with respect to the other forms of folates in the total folate pool 
(Smulders et al. 2006). The biochemical consequences of cobalamin deficiency 
are twofold; impaired nucleotide synthesis leading mainly to megaloblastic 
anaemia, and hypomethylation leading to neuropathy. Impaired methylation 
of myelin basic protein when methionine synthesis is low (Scott et al. 1981) 
and altered structural integrity of myelin as a result of odd carbon or branch 
chain fatty acid synthesis (Frenkel 1973), have been proposed as mechanisms 
for the development of neuropathy due to cobalamin deficiency. However, 
each of these hypotheses has numerous limitations (Allen et al. 1993). A 
more recent study suggested that altered intracellular cobalamin metabolism 
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affects neuroplasticity. It showed that cellular cobalamin deficiency was 
associated with increased intracellular s-adenosylhomocysteine (SAH) and 
slower proliferation but faster differentiation of neuroblastoma mammalian 
cells (Battaglia-Hsu et al. 2009). Nevertheless, megaloblastic anaemia often 
precedes the neuropathy and therefore, though not haematologically distinct 
from the anaemia caused by folate deficiency, if it leads to the timely diagnosis 
of cobalamin deficiency, secondary preventive intervention measures can be 
implemented to prevent its progression to the irreversible neuropathy. The 
neurological symptoms can be expressed in the absence of anaemia. Therefore, 
blood count is not recommended as a screening test for cobalamin or folate 
deficiency, though it is commonly used in many countries where advanced 
biomarkers are not available. When megaloblastic cells are detected, further 
tests should be performed to explain the cause. 

THF is a substrate for folylpoly-g-glutamate synthetase that produces 
long chain folylpolyglutamate forms to retain folate in the cell. in vitro studies 
have shown that 5-CH3-THF has a relatively low affinity for this enzyme and 
so its conversion to long chain polyglutamate folate forms is very slow (Cook 
et al. 1987). It was proposed that in the case of being unable to convert to 
other folate forms, as would happen if MTR activity is low due to cobalamin 
deficiency, that this form of folate would be lost from the cell and cause a 
reduction in intracellular folate (Cook et al. 1987). In fact, since this would 
mean that cobalamin deficient cells cannot retain folate but rather lose it, the 
term “methyl trap” has been criticised (Savage and Lindenbaum 1995). 

Folic acid is readily absorbed and converted into active folate. The 
bioavailability of naturally occurring folates is considerably lower than that 
of folic acid (Cuskelly et al. 1996; Hannon-Fletcher et al. 2004). The site of folic 
acid conversion is not clear, but the liver is thought to be the main folic acid 
metabolizing organ. Once in the cell, folic acid is reduced to dihydrofolate and 
further to THF by dihydrofolate reductase (DHFR, EC 1.5.1.3). The conversion 
of folic acid by DHFR is slow in humans and it has been proposed that the 
enzyme may become saturated in situations of high folic acid intake, thus 
leading to circulating unmetabolised folic acid (UMFA) (Bailey and Ayling 
2009). The same authors also reported that DHFR activity varies considerably 
between people. UMFA has been reported to appear in the circulation within 
hours of a single dose of folic acid above 200 µg (Kelly et al. 1997). This would 
mean that studies testing folate forms in subjects who were not fasting and 
using cereals fortified with folic acid are likely to detect UMFA in blood (Pfeiffer 
et al. 2015). Whether free folic acid may have harmful effects or not, is still 
unclear. UMFA was detected in 94% of an elderly Irish population unexposed 
to mandatory folic acid fortification, but UMFA only accounted for 1.3% of total 
plasma folate (Boilson et al. 2012). Other studies have reported that plasma 
UMFA concentrations increase with folic acid supplementation (Obeid et al. 
2011) and recently UMFA has been reported to be detectable across all age 
ranges of the USA population (Pfeiffer et al. 2015). Two randomised controlled 
trials reported that supplementation with 400 µg/d of folic acid during 
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pregnancy or lactation did not lead to a higher concentration of circulating 
UMFA in blood (Pentieva et al. 2016) or breastmilk (Houghton et al. 2009) in 
the supplemented versus placebo groups. However, UMFA was detected in 
a higher proportion of supplemented versus non-supplemented women in 
the study that was carried out in Northern Ireland where voluntary, but not 
mandatory, fortification with folic acid occurs (Pentieva et al. 2016). Obeid et 
al. (2010) reported that maternal folic acid supplementation was not associated 
with UMFA accumulation in cord blood samples. UMFA was detected in 96% 
of breastmilk samples, representing approximately 8% of total milk folate 
concentration, in the Canadian study (Houghton et al. 2009). 

Elevated tHcy due to impaired remethylation of homocysteine to 
methionine is a consequence of either folate or cobalamin deficiency. In 
cobalamin replete populations, folate status is a major determinant of 
tHcy (Jacques et al. 2001) and evidence for interaction between folate and 
cobalamin status in their effect on tHcy has been reported. Cobalamin 
status and renal function became the most important determinants of mild 
hyperhomocysteinemia in coronary artery disease patients following the 
introduction of mandatory fortification with folic acid in the USA (Liaugaudas 
et al. 2001). An Irish study of the effect of gradually increasing doses of folic 
acid supplements over 26 weeks from 100 to 400 µg/d showed that initially 
there was a strong inverse correlation between plasma folate and tHcy and 
the weak inverse correlation between plasma cobalamin and tHcy was not 
significant. However, the correlation between plasma folate and tHcy became 
weaker and lost significance, while the inverse correlation between plasma 
cobalamin and tHcy became stronger and became significant during the final 
phase of the intervention with 400 µg folic acid/d (Quinlivan et al. 2002). These 
findings suggest that cobalamin status becomes an important determinant of 
plasma tHcy in situations of replete folate status. 

The role of cobalamin in tHcy and folate metabolism has received more 
attention in countries where cobalamin deficiency is endemic. Cobalamin 
deficiency has been reported to be common in Pune in India (Yaknik et al. 
2006) and this has been confirmed in numerous other parts of India where the 
diet is typically vegetarian. A randomised controlled trial in Pune of parents 
and children from the Pune Maternal Nutritional Study cohort and in which 
27% of the children, 72% of the fathers and 48% of the mothers had plasma 
cobalamin < 150 pmol/L at baseline, showed that supplementation with  
2 µg/d of cyanocobalamin for 12 months led to an average reduction in tHcy 
of 5.9 (95% confidence interval: –7.8 –4.1) µmol/L. The same trial reported 
no additional tHcy-lowering effect of low dose folic acid supplementation  
(200 µg/d) (Deshmukh et al. 2010). 

Cobalamin deficiency is associated with elevated methylmalonic acid 
(MMA) and an elevated blood concentration of this metabolite is considered 
more sensitive and specific for cobalamin deficiency than that of tHcy. MMA 
is an end product of methylmalonyl-CoA that increases in cobalamin deficient 
subjects. Methylmalonyl-CoA mutase (EC 5.4.99.2) requires adenosylcobalamin 
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as a cofactor and catalyses the conversion of methylmalonyl-CoA to succinyl- 
CoA in the mitochondria. This cobalamin-dependent mitochondrial reaction  
and the folate pathway do not interact so folate deficiency is not expected to 
affect MMA. However, high folate status has been reported to be associated 
with MMA in cobalamin deficient subjects (Selhub et al. 2007; Miller et al. 
2009) and this will be covered later in the chapter.

Plasma concentrations of tHcy cannot be exclusively used to discern 
between cobalamin and folate deficiencies. In a comparative study of 
cobalamin deficient and folate deficient patients, tHcy was elevated in both sets 
of patients. Elevated MMA occurred in 98% of cobalamin deficient patients. Its 
occurrence in 12% of the folate deficient patients was attributed to impaired 
renal function (Savage et al. 1994). 

2.2 Folate and cobalamin: nutrient-nutrient and gene-nutrient 
interactions

Cobalamin and vitamin B6 play a central role in folate metabolism which 
explains why co-supplementation of these 2 vitamins leads to less UMFA 
compared with folic acid alone (Obeid et al. 2015). Folate metabolism is 
largely dependent on other interacting nutrients and provides an example of 
nutrient-nutrient interactions whose role in health and disease is still largely 
underestimated.

The betaine homocysteine-methyltransferase (BHMT) pathway is folate 
and cobalamin independent, but it helps to maintain folate and methionine 
homeostasis under conditions of deficiency or excess of folate or cobalamin. 
Both vitamins interact with choline and betaine metabolism via the BHMT 
pathway. Experimental studies have shown that folate restriction in rats leads 
to depletion of liver choline and phosphatidylcholine (Kim et al. 1994). When 
folate is deficient, the BHMT pathway is upregulated following a methionine 
load (Holm et al. 2004; McGregor et al. 2002) thus using more betaine and 
choline. In contrast, choline-restriction depletes hepatic folate (Horne et al. 
1989) and decreases hepatic methionine synthesis (Zeisel et al. 1989). A switch 
between folate and betaine as methyl donors has been described in African 
women with strong fluctuations in nutrient intake over the year (Dominguez-
Salas et al. 2013). There is also evidence that the contribution of the BHMT 
pathway to homocysteine remethylation is enhanced during late human 
pregnancy when maternal folate reserves are reduced (Fernàndez-Roig et al. 
2013).

The effects on tHcy of 2 common polymorphisms that affect folate status 
(methylenetetrahydrofolate reductase, MTHFR 677C > T) (Bueno et al. 2016) 
and MTRR activity (methionine synthase transferase, MTRR 66A > G) (Olteanu 
et al. 2002) have recently been shown to depend on riboflavin status (Garcia-
Minguillan et al. 2014). Details of the nature of the role of riboflavin in MTHFR 
and MTRR functions are beyond the scope of this chapter but it is noted that 
MTHFR has a FAD cofactor and that MTRR is a flavoprotein and that riboflavin 
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interacts with the substrates of each of these enzymes (folate and cobalamin 
respectively), and can modify their effect on tHcy.

3. Effects of Folic acid supplementation and Fortification

3.1 Worldwide folic acid fortification policies and fortification levels

One of the most important public health discoveries of the twentieth century 
was the prevention of neural tube defects (NTDs) with periconceptional folic 
acid supplementation. This finding led to the implementation of mandatory 
fortification of cereal grain products/flour with folic acid in numerous 
countries worldwide and food products voluntarily fortified with folic acid 
are also widely available in many countries (Flour Fortification Initiative 2015). 
Two studies in separate countries reported that 906 nmol/L is the optimal red 
blood cell folate threshold for reducing the risk of NTD-affected pregnancy 
in women of reproductive age (Daly et al. 1995; Crider et al. 2014). This cut-
off for red blood cell folate concentration has been recently recommended 
by the World Health Organization to protect against NTDs (World Health 
Organization 2015). Since the maximum effect was observed at considerably 
replete folate status levels, it appears that merely eliminating folate deficiency 
is insufficient to reach the optimal folate status for NTD prevention. Therefore, 
whether folic acid from fortified foods is enough to achieve optimal blood 
folate concentrations remains unclear. 

The levels of mandatory fortification with folic acid differ between 
countries but are designed in all cases to reduce the incidence of NTDs 
by increasing folate status in young women (Table 1). In South-America, 
fortification levels range between 35 µg to 330 µg per 100 g of food (Rosenthal 
et al. 2014). 

Globally, reports from countries where mandatory fortification has 
been implemented show that the policy successfully increases folate intake, 
improves folate status and reduces hyperhomocysteinaemia (Table 2). 
However, some reports show that not all of the population is reached and a 
recent report showed that red blood cell folate was still below the optimum 

Table 1. Folic acid mandatory fortification levels of wheat flour in different countries.

Country Fortification levels1 Date of implementation

United States 95–308 µg 1998

Canada 150 µg 1998

Costa Rica 180 µg 1998

Chile 100–260 µg 2000

Argentina 220 µg 2004

South Africa 200 µg 2003

1 Data from the Food Fortification Initiative (accessed November 2015). Amount per 100 grams.
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for NTD prevention in 22.8% of fertile women from the National Health 
and Nutrition Examination Survey (NHANES) (Tinker et al. 2015). Women 
not consuming folic acid supplements, smokers and non-Hispanic black or 
Hispanics were at increased risk of suboptimal red blood cell folate in countries 
where fortification is in place. Improved post-fortification folate intake and/or 
status have also been reported in Canada (Ray et al. 2004), Chile (Hertrampf 
et al. 2003; Hertrampf and Cortés 2004) and South Africa (Papathakis and 
Pearson 2012).

Despite the recognised health benefits of improved folate status, some 
concerns have emerged regarding metabolic abnormalities associated with 
elevated folate status that might result from the combined intake of folic acid 
from supplements and fortified foods. It was considered that the level of 
added folic acid at 140 µg/100 g of enriched cereal grain product in mandatory 
fortification policies such as that in the USA would not lead to the masking of 
underlying cobalamin deficiency by enhanced folate status (US FDA 1996). 
The policy was expected to deliver 100 to 200 µg/d of the vitamin to women 
of fertile age. By 2015, mandatory fortification of at least industrialised milled 
wheat flour with folic acid was in place in 79 countries (Flour Fortification 
Initiative 2015). While policies vary among the European countries, mandatory 
fortification is not implemented in Europe. The United Kingdom Standing 
Advisory Committee on Nutrition recommended that mandatory fortification 
of flour with folic acid should be implemented to reduce the incidence of NTD 
affected births (UK Standing Advisory Committee on Nutrition 2006) but so 
far this policy has not been implemented. Some experts have advocated for 
prudence and cautious assessment of all beneficial and detrimental effects 
(Smith et al. 2008). 

The Food Safety Authority of Ireland has concluded that there would be 
no additional benefits for mandatory fortification of bread in Ireland, given 
the widespread availability of voluntarily fortified foods on the market 
(Food Safety Authority of Ireland 2008). In Denmark and in The Netherlands, 
fortification with folic acid is prohibited (Bailey et al. 2015).

Some European studies have studied the effect of voluntary fortification 
of foods with folic acid on daily folate intake or on folate status. In Spain, it 
is estimated that voluntary fortification with folic acid provides 35% of the 
daily reference intakes per serving (Samaniego-Vaesken et al. 2016). Two Irish 
studies have reported a positive association between folic acid intake from 
fortified foods and optimal red cell folate status but have highlighted that the 
folic acid intake threshold to achieve this is not reached by a large proportion 
of women of fertile age (Hoey et al. 2007; Hopkins et al. 2015). The folic acid 
intake threshold from fortified foods to reach the optimum red cell folate 
concentration (>906 nmol/L) was reported to be 99 µg/d (Hoey et al. 2007). 
Folic acid from fortified foods or supplements was reported not to reach 18% 
of the population (Hopkins et al. 2015). The same study reported folate intakes 
of 582 µg/d in consumers of supplements and fortified foods and 445 µg/d 
in consumers of folic acid from fortified foods, only, compared to 205 µg/d in 
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nonconsumers of either of these sources of folic acid. Overall, 66% of women 
of childbearing age had suboptimal red blood cell folate concentrations (≤ 906 
nmol/L), and only 16% of non-consumers of folic acid had optimal red blood 
cell folate (Hopkins et al. 2015). On the other hand, 70% of the women had 
optimal cobalamin status for NTD prevention (>221 pmol/L) and this was 
observed across the folic acid intake range. 

A meta-analysis from six studies using the microbiological assay for the 
determination of plasma and red blood cell folate reported that for every 10% 
increase in natural food folate intake, red blood cell and serum/plasma folate 
increased by 6 and 7% respectively (Marchetta et al. 2015). An intake of more 
than 450 µg/d folate equivalents could achieve optimal red blood cell folate 
concentrations. 

A randomised dose-finding trial reported that low-dose folic acid 
supplements (0.2 mg/d) over a six-month period had the same tHcy reducing 
effect as normal-high doses (0.4 or 0.8 mg/d) (Tighe et al. 2011). Importantly, 
compared to previous trials, the duration of supplementation was longer 
and showed that long term supplementation with low-dose folic acid was as 
effective as higher doses. The observed reduction in tHcy in participants with 
baseline tHcy below the median (the cut off concentration is unspecified in 
the paper but mean baseline tHcy in this group was 10.1 ± 1.9 µmol/L) was 
on par with that reported between pre- and post-fortification with folic acid 
in the USA (Pfeiffer et al. 2008). Red blood cell folate change was not reported 
so it is not known whether optimal folate status was reached with this low 
dose supplemental regime.

Cobalamin is one of the greatest predictors of homocysteine in folate-
replete populations. It seems plausible that NTD risk reduction after mandatory 
fortification can be further improved by cobalamin supplementation  
(or fortification). This reduction would be expected to be even greater in 
countries with concominant high prevalence of cobalamin deficiency (Refsum 
et al. 2001) and high rates of NTDs (Cherian et al. 2005; Jaikrishan et al. 2013) 
such as India. The prevalence of cobalamin deficiency (< 148 pmol/L) or 
borderline deficiency (< 185 pmol/L) in a study of Chilean women before and 
after mandatory folic acid fortification was considerably greater than that of 
folate deficiency (Hertrampf et al. 2003). 

Molloy and collaborators suggested that women should aim for cobalamin 
concentrations > 300 ng/L (221 pmol/L) at preconception in order to reduce the 
incidence of NTDs, as they observed that cobalamin concentrations < 250 ng/L 
(185 pmol/L) increased the risk of NTD by 2.5- to 3 fold (Molloy et al. 2009).

Cobalamin deficiency is widespread in parts of the world where low 
amounts of animal-foods are consumed for religious, cultural, or economic 
reasons. Folic acid fortification and periconception supplement use may not be 
sufficient to prevent NTD-affected pregnancies in the presence of cobalamin 
deficiency. Apart from the fact that cobalamin deficiency is a risk factor for 
NTDs, there is also the issue of supplementing cobalamin deficient mothers 
with folic acid. Increasing folic acid intake will maintain purine and pyrimidine 
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synthesis but would not correct the methylation abnormalities associated with 
cobalamin deficiency. Mandatory fortification of flour with folic acid has been 
in place in Oman, where many Indians and Asians emigrate to in search of 
work, since 1996. Among Asian Indian men living in Oman, vegetarians had 
lower plasma cobalamin but higher serum folate as well as markedly higher 
MMA and tHcy compared with omnivores and with Omani men (Table 3). It 
is possible that high serum folate in vegetarians is further enhanced by the 
extra folic acid provided by fortification or it might reflect folate “trapping” 
due to very low cobalamin status. As mentioned previously, in subjects with 
high folate intake and cobalamin deficiency, cobalamin becomes the main 
determinant of plasma homocysteine (Figure 1). Therefore, countries planning 
to apply fortification programs need to consider the population structure and 
dietary habits in minorities or population subgroups that may not benefit from 
the fortification or require co-fortification with small amounts of cobalamin. 

Table 3. Concentrations of vitamin B12 and methylmalonic acid in Asian Indian immigrant men 
in Oman compared to Omani men.

Asian Indians
Omnivorous

N=82

Asian Indians
Vegetarians

N=52

Omnivorous
Omanis

N=63

Age, years 43 (40–59) 43 (34–60) 46 (40–56)*

Total B12, pg/ml 315 (113–894) 160 (63–514)* 476 (204–906)*

Folate, ng/ml 10.0 (2.0–44.8) 14.3 (3.0–33.6) 9.0 (2.0–40.0)

MMA, nmol/L 212 (84–2066) 650 (134–7935)* 153 (83–645)*

tHcy, µmol/L 8.9 (5.3–78.7) 13.4 (6.3–49.8)* 8.2 (4.3–14.1)

Median (range); *p < 0.05 compared to omnivorous Asian Indians (Mann-Whitney test) (Obeid 
et al., unpublished data). Mandatory fortification is in place in Oman since 1996. The study was 
conducted in 2004 and some of the results have been published (Herrmann et al. 2009).

4. Potential adverse Effects of Elevated Folate status in 
Cobalamin deficient subjects

4.1 Haematological and metabolic abnormalities 

There is conflicting evidence in the literature regarding the haematological and 
metabolic effects of elevated folate status combined with low cobalamin status. 
Many reports are based on results from population studies with measurements 
of haematological or metabolic outcomes such as anaemia, macrocytosis, 
hyperhomocysteinaemia, or elevated methylmalonic acid concentrations in 
situations of mandatory or voluntary fortification with folic acid. Nevertheless, 
there is considerable interest in this topic, given the extent of mandatory folic 
acid fortification and availability of voluntarily fortified foods worldwide. 
Early case reports suggested that treating pernicious anaemia patients with 
folic acid, either aggravated or precipitated neurological complications 
(Chodos and Ross 1951; Reynolds 2006) because the underlying cause 
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Figure 1. Scatter plot of vitamin B12 with methylmalonic acid (MMA) and homocysteine in 
3 different cobalamin status groups. The study was conducted in Oman in 2004. Mandatory 
fortification of flour with folic acid has been in place there since 1996. In vegetarian Asian Indians, 
plasma cobalamin is a more important determinant of plasma homocysteine. R; is the correlation 
coefficient according to Pearson test. The x- and y axises are shown as log-transformed data.   



Cobalamin—Folate interactions 307

(cobalamin deficiency) remained undetected. A hospital-based study reported 
that the prevalence of patients with low cobalamin status without macrocytosis 
had increased from 70% before fortification to 87% post-fortification (Wyckoff 
and Ganji 2007). However, cobalamin deficiency (or even mild deficiency) in 
the absence of anaemia or macrocytosis has not increased after mandatory 
fortification with folic acid in the general population in the United States (Qi et 
al. 2014). This observation was upheld even after categorising the participants 
by groups exposed to more or less folic acid intake, depending on their dietary 
and supplement use habits.

Other studies have investigated whether elevated folate status aggravates 
haematological or metabolic anomalies associated with cobalamin deficiency. 
Four percent of participants aged 60 or over in the NHANES 1992–2002 survey 
had cobalamin deficiency (serum cobalamin < 148 pmol/L or serum MMA  
> 210 nmol/L) combined with high folate status (plasma folate > 59 nmol/L). 
Anaemia was more prevalent in these than in participants with cobalamin 
deficiency combined with normal plasma folate (Morris et al. 2007). When the 
effects of the 5-CH3-THF and folic acid (UMFA) components of total serum 
folate were assessed separately, 6% of the participants had cobalamin deficiency 
combined with circulating UMFA and 6.9% had cobalamin deficiency 
combined with high 5-CH3-THF (> 50 nmol/L). The prevalences of anaemia 
and macrocytosis did not vary between participants with UMFA versus no 
UMFA or elevated 5-CH3-THF versus normal 5-CH3-THF. However, UMFA 
versus no UMFA was associated with lower mean cell volume (Morris et al. 
2010). In a setting of voluntary fortification with folic acid, a UK study of 2559 
adults aged > 65 years, from 2 population cohorts, observed no differences in 
the prevalence of anaemia between the high folate (≥30 or ≥60 nmol/L) and 
low cobalamin status (holoTC < 45 pmol/L) versus the normal folate and low 
cobalamin groups (Clarke et al. 2008). Only 5% of participants had serum folate 
greater than 60 nmol/L, whereas the 80th percentile was 59 nmol/L in the 
study by Morris et al. (2007). Moreover, less participants were affected by the 
high folate and low cobalamin combination and the prevalence of anaemia was 
lower in this group in the UK compared to the USA study (Morris et al. 2007). 

After mandatory fortification with folic acid in the US, high folate status 
(plasma folate > 44 nmol/L) combined with cobalamin deficiency was 
associated with a tendency towards higher tHcy and MMA concentrations 
compared to cobalamin deficiency combined with non-elevated folate status 
(Selhub et al. 2007). These tendencies were not observed before mandatory 
fortification with folic acid, nor in situations of normal cobalamin status. 
Similar observations were reported for tHcy and MMA, and holoTC and 
holoTC/cobalamin were lower in the low cobalamin/elevated folate versus 
low cobalamin/non-elevated folate groups, in the Sacramento Area Latino 
Study on Ageing (SALSA) (Miller et al. 2009). A recent intervention trial in 
Chile reported that enhancement of cobalamin status in participants with 
baseline serum folate (< 33.9 nmol/L) by cyanocobalamin injections was more 
pronounced than in those with serum folate ≥ 33.9 nmol/L (serum cobalamin 
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< 120 pmol/L) (Brito et al. 2016). Studies performed in settings of voluntary 
fortification with folic acid have not replicated these results. In Ireland for 
example, cobalamin deficient subjects with a high folate status (> 30 nmol/L) 
had lower plasma tHcy and a tendency towards lower MMA than subjects with 
low-normal folate status (Mills et al. 2011). Consistent with these findings, but 
using different criteria to classify cobalamin deficiency, a UK study found no 
deleterious effect of folate status on metabolic markers of cobalamin deficiency 
(Clarke et al. 2008). 

4.2 Cognitive function

Severe cobalamin deficiency is characterised by subacute combined 
degeneration of the spinal cord, peripheral neuropathy, and psychiatric 
disorders (Shorvon et al. 1980; Healton et al. 1991; Hemmer et al. 1998). 
Affective disorders, peripheral neuropathy and neurological changes are 
found in both folate and cobalamin deficient subjects (Shorvon et al. 1980). 
Early and more recent case reports have reported that treatment of pernicious 
anaemia patients with folic acid, either aggravated or precipitated neurological 
complications (Chodos and Ross 1951; Reynolds 2006). Numerous studies were 
reviewed by Savage and Lindenbaum (1995). They observed that more cases 
of neuropathy emerged following supplementation of cobalamin deficient 
patients with ≥ 10 mg/d of folic acid compared to ≤ 5 mg/d. However, it is 
not clear whether the neuropathy started at the same time as the treatment 
was initiated. They also observed that neuropathy appeared 1–12 weeks after 
initiation of supplementation in pernicious anaemia patients treated with ≥ 10 
mg/d of folic acid compared to no cases 8–27 months later in those that were 
not treated. They also suggested that worsening of cobalamin stores was as 
important a factor in neuropathy progression as folic acid treatment. 

High folate and folic acid intake from supplements greater than 400 µg/
day (compared to non-users) were associated with a faster rate of cognitive 
decline in adults aged over 65 years from the Chicago Health and Aging Project 
with 6 years of follow-up (Morris et al. 2005). However, Fridman attributed 
these results to a severe bias in the detection of cognitive changes in the 
reference group due to the low sensitivity of the cognitive tests in this group 
(Fridman 2005). In the NHANES study, described above, the odds of cognitive 
impairment were almost 5-fold greater for the cobalamin deficient combined 
with high folate status group compared to those with a normal status in both 
B-vitamins (Morris et al. 2007). However, the prevalence of cognitive impairment 
was lower (11%) in participants with normal cobalamin/high folate status. 
UMFA and elevated 5-CH3-THF showed no association with cognition when 
cobalamin status was normal but UMFA combined with cobalamin deficiency 
was associated with a lower score in the Digit-Symbol Substitution Test 
compared to cobalamin deficiency with no UMFA. 5-CH3-THF was positively 
associated with cognitive score in participants with normal cobalamin status 
(Morris et al. 2010). In a separate 8 year follow-up study of 549 old adults 
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from the Framingham Heart Study, participants with plasma cobalamin  
< 258 pmol/L and plasma folate ≥ 21.75 nmol/L, had greater cognitive decline 
(assessed by the Mini-Mental State Examination Score) over the 8 years 
compared to participants in the low cobalamin combined with any other folate 
status category (Morris et al. 2012). Similarly, folic acid supplement users with 
low cobalamin status had a higher cognitive decline over 8 years than non-
consumers with low cobalamin status (Morris et al. 2012). The design of this 
study overcomes the temporality drawback of cross-sectional designs, but 
nonetheless given its observational nature, causation cannot be established. 
These results have not been replicated in other settings of mandatory or 
voluntary fortification with folic acid. No effects of high folate status (plasma 
folate > 45.3 nmol/L) were observed on cognitive scores in participants with 
low cobalamin status in the SALSA study (Miller et al. 2009). In settings of 
voluntary fortification, low cobalamin status (plasma cobalamin < 274 pmol/L) 
combined with high folate status (plasma folate > 18.5 nmol/L) was associated 
with a reduced risk of cognitive impairment in a Norwegian study (Doets et 
al. 2014). Similarly in a UK study, low cobalamin status combined with non-
elevated folate status increased slightly the odds of cognitive impairment but 
the odds were not significant for low cobalamin status combined with elevated 
folate status (Clarke et al. 2008). 

4.3 Suggested explanations 

Different hypotheses have been proposed for the apparent exacerbation of 
haematological and metabolic abnormalities in situations of combined low 
cobalamin/high folate status. One is based on the possible adverse effects of 
excess folic acid on 1-C metabolism. The other is that combined low cobalamin/
high folate status actually reflects more severe cobalamin deficiency than the 
low cobalamin/non-elevated folate status combination. In situations of severe 
cobalamin deficiency, folates are released from the cell leading to high plasma 
and low red blood cell folate concentrations (Stokstad et al. 1998). It has been 
suggested that the low cobalamin/high folate status combination may in fact 
be due to impaired cobalamin absorption, leading to a more severe deficiency 
(Berry et al. 2007). The greater use of folic acid and cobalamin containing 
supplements in participants in the combined low cobalamin/high folate status 
group compared to low cobalamin/non-elevated folate status group in the 
SALSA study supported this hypothesis (Miller et al. 2009). This hypothesis 
was also supported by Carmel, who suggested that reverse causation cannot 
be ruled out (Carmel 2009). Quinlivan suggested that low cobalamin/high 
folate status is caused by the methyl trap in situations of greater severity of 
cobalamin deficiency in which folate that cannot be converted to THF is lost 
from the cell (Quinlivan 2008). This situation would lead to a rise in plasma 
folate and a loss in red blood cell folate in the presence of cobalamin deficiency. 
However, the results of the SALSA study where red blood cell folate was 
not lower in participants with low cobalamin/high folate status versus low 
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cobalamin/nonelevated folate status do not support this hypothesis (Miller 
et al. 2009). Much of the available evidence supporting the harmful effects 
of a high folate status in cobalamin subjects arises from animal studies. 
High folate status inhibits MTHFR in rats thus leading to lower 5-CH3-THF, 
S-adenosylmethionine (SAM) and SAM/SAH ratio (Christensen et al. 2015). 
This coupled with the low activity of MTR due to cobalamin deficiency, 
could lead to impaired myelin synthesis, and to increased cognitive decline. 
Reduced haematopoiesis was also observed in rats fed a high folate diet with 
lower red blood cell counts, haematocrit, haemoglobin and higher mean cell 
volume (Christensen et al. 2015), suggesting impaired nucleotide synthesis. 
However, underlying mechanisms for the reduced haematopoiesis have 
not been described yet. Dihydrofolate has been shown to be an inhibitor of 
thymidylate synthase (Dolnick and Cheng 1978), and its accumulation could 
lead to reduced thymidylate synthesis (Smith et al. 2008). But this would not 
explain the deleterious or beneficial effects of a high folate status on anaemia in 
cobalamin deficient or non-deficient subjects respectively (Morris et al. 2008). 
Selhub et al. have suggested that excess folic acid might cause the irreversible 
oxidation of cobalamin (Selhub et al. 2007), comparable to the effects of nitric 
oxide (Deacon et al. 1978). This hypothesis could explain the effects on both 
reduced MTR and methylmalonyl-CoA mutase activity, but still remains to 
be tested.

A number of unresolved questions and gaps in knowledge in the cobalamin 
field of work are outstanding and listed in Table 4. 

Table 4. Elevated folate in cobalamin deficiency: gaps in knowledge.

• Does cobalamin deficiency contribute to or cause high serum folate in situations of exposure 
to mandatory fortification and supplementation with folic acid (folate trap)? 

• Can high serum folate be lowered if cobalamin status is corrected by providing cobalamin? 

• What is the nature of the association between serum and red blood cell folate in situations 
of cobalamin deficiency? 

• What biochemical indicators and which cut-offs should be used to define cobalamin 
deficiency in epidemiological studies? 

• Do high red cell folate concentrations in cobalamin deficient subjects have a comparable 
effect with that described for plasma or serum folate on metabolic and clinical markers of 
cobalamin deficiency? How should cut-offs for elevated folate status be defined? 

• What is the adequate cobalamin-folate balance? 

• What mechanisms might explain a deleterious or beneficial effect of high folate status in 
cobalamin deficient or non-deficient subjects on haematological, cognitive and metabolic 
outcomes?

• Could severity or stage of cobalamin deficiency, or an underlying unrecognised medical 
condition explain the observations attributed to high folate status in cobalamin deficient 
subjects? 

• Are populations with prevalent cobalamin deficiency and exposed to high folic acid intakes 
(pregnant women) in non-fortified countries at increased risk of anaemia, cognitive or 
metabolic impairment?

• Does enhancing cobalamin deficiency in subjects with high folate improve haematological, 
cognitive and metabolic outcomes? 
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In summary, cobalamin is required for folate metabolism. Both nutrients 
show interactions with several other nutrients such as methionine, choline, 
betaine, vitamin B6 and B2. Deficiencies of both nutrients produce similar 
forms of megaloblastic anaemia. Measurements of plasma methylmalonic 
acid and homocysteine can help in differential diagnosis. There is insufficient 
evidence, to date, that folic acid supplement use or exposure to mandatory 
fortification with folic acid causes adverse neurological effects in cobalamin 
deficient people. Replication of the results of studies that reported such effects 
and studies designed to test the mechanisms involved, are required. However, 
a balance between folate and cobalamin intake appears to be important for 
maintaining cell methylation and DNA synthesis. 

Keywords: cobalamin, folate, folic acid, folate trap, cobalamin neuropathy, 
unmetabolised folic acid 

abbreviations

DHFR : dihydrofolate reductase
dTMP : deoxythymidylate
MMA : methylmalonic acid; 
5-CH3-THF : 5-methyltetrahydrofolate
MTHFR : methylene tetrahydrofolate reductase
MTR : 5-methyltetrahydrofolate-homocysteine 

methyltransferase
NHANES : National Health and Nutrition Examination 

Survey
NTD : neural tube defect
SAH : S-adenosylhomocysteine
SAM : S-adenosylmethionine
tHcy : plasma total homocysteine
THF : tetrahydrofolate
UMFA : unmetabolised folic acid 
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Extreme vitamin B12 

concentrations in clinical 
practice in the absence of 

symptoms or B12 treatment
Rima Obeid

1. Introduction

Despite its low sensitivity and specificity, serum vitamin B12 test is still used 
as a first line marker to diagnose vitamin B12 deficiency. The improvement 
in medical care and the attempt to focus on prevention, drive physicians to 
order vitamin B12 serum test even without clear clinical indications. Vitamin 
B12 test has been even viewed as a “wellness marker” in some countries. 
The number of vitamin B12 tests ordered between 2005 and 2012 has shown 
a dramatic increase (2 fold) in a French hospital (Arlet et al. 2015). The same 
tendency was observed in Denmark between 2001 and 2013 (Arendt et al. 
2015). The clinical conditions that lead physicians to order B12 test are very 
heterogeneous with a remarkable bias towards over-prescription among the 
most ill patient’s groups (as a last option to help the patient) or the most healthy 
ones (as a wellness marker). Some hospitals have even included vitamin B12 
test as part of a regular ‘routine profile’ in some patient groups (i.e., dialysis 
units). Nevertheless, independent on the presence or the absence of clinical 
symptoms, high test results are generally interpreted as ‘non-deficient’ and 
low results are interpreted as ‘deficient’. 
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Vitamin B12 blood test is widely prescribed among hospital residents, 
patients on haemo- or peritoneal dialyses, and outpatients. The traditional 
‘indications’ for vitamin B12 level assessment are anaemia, unexplained 
neurological disorders, bariatric surgery, and all malabsorption disorders. 
A recent study has shown that the most common indicators of B12 status 
assessment were anemia, cognitive impairment, and undernutrition accounting 
for 63%, 20%, and 17% of the total tests, respectively (Chiche et al. 2013). All 
traditional indications together (i.e., macrocytic non-regenerative anemia, 
isolated macrocytosis, dementia and proprioceptive disorders) accounted 
for only 34% of all tests ordered (Chiche et al. 2013). The majority of vitamin 
B12 tests in real health care settings could be theoretically over-prescribed, 
not-justified by the clinical condition, or performed in the wrong target group. 

Surprising enough, high vitamin B12 concentrations can be more frequent 
than low ones in samples sent to clinical labs for vitamin B12 testing. In the 
absence of clinical symptoms, vitamin B12 levels below the detection limit are 
not rare in the lab. However, while low vitamin B12 levels are seriously taken, 
high serum levels receive less attention from physicians. Extremely high or low 
serum vitamin B12 levels can be difficult to interpret when clinical symptoms 
of deficiency are absent or they do not fit in the classical picture of deficiency. 
On the other hand, serum concentrations of vitamin B12 may disagree with 
that of methylmalonic acid (i.e., a metabolic marker of B12) and thus, a serum 
B12 test result alone is not always considered indicative of vitamin B12 status. 

This chapter discusses the occurrence and interpretation of very low serum 
vitamin B12 in the absence of clinical signs of deficiency. The significance and 
potential clinical meaning of very high serum vitamin B12 in the absence of 
vitamin B12 treatment are also discussed. 

2. Very low serum Vitamin B12

Serum concentrations of vitamin B12 below the detection limit of common 
assay methods (approximately 70 pmol/L) have been reported in many cases 
in the absence of clinical symptoms of deficiency or elevated concentrations 
of the metabolic markers, methylmalonic acid and homocysteine. Congenital 
R-binder (haptocorrin) deficiency is a condition that is associated with very 
low serum vitamin B12 without symptoms (Hall and Begley 1977). The first 
patients with very low vitamin B12 were described by Carmel et al. in 1969 
(Carmel and Herbert 1969). Later, it was found that R-binder was not detectable 
in saliva and blood of these patients (Carmel 1982). The main fraction of 
vitamin B12 is bound to haptocorrin under normal physiological conditions. 
Only 10–30% of serum vitamin B12 is attached to transcobalamin. The vitamin 
B12-fraction that is attached to transcobalamin is considered biologically 
active, since it can be internalized through transcobalamin receptor (CD320). 
In patients with deficiency of R-binder, the endogenous vitamin B12, as 
fractionated on Sephadex G-200 gel, was mainly carried by transcobalamin, 
instead of haptocorrin. 
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Unlike transcobalamin deficiency, deficiency of R-binder is considered a 
benign condition. Cells can maintain their normal functions when a sufficient 
amount of holotranscobalamin (i.e., cobalamin bound to transcobalamin) is 
available. In subjects with R-binder deficiency, low B12 is not associated with 
elevated plasma levels of methylmalonic acid or homocysteine. 

Most individuals having this condition are misdiagnosed as having 
pernicious anaemia because of their low serum total vitamin B12 level (Carmel 
1982). R-binder deficiency does not require treatment with vitamin B12. 

3. High serum concentrations of Vitamin B12
In hospital settings, elevated concentrations of serum vitamin B12 are more 
common than low ones. The definition of high serum B12 is not fixed yet, but 
various publications referred to B12 > 600 pmol/L or > 800 pmol/L as being 
‘high’. Elevated serum concentrations of vitamin B12 (> 600 pmol/L) occur 
in about 8–24% of all samples analyzed for vitamin B12 status in the absence 
of vitamin supplementation (Carmel et al. 2001). In a population cohort of 
over 25000 patients with cancer and with B12 measured (between 2001–2013), 
14% of the patients had serum vitamin B12 > 600 pmol/L (Arendt et al. 2015). 

Several studies reported about clinical conditions or laboratory markers 
that predict high serum vitamin B12 among patients delivered to internal 
medicine departments or those suspected to be deficient (Table 1). High 
B12 levels are commonly associated with renal failure (Carmel et al. 2001). 
Patients with malignancies or liver diseases also show high concentrations 
of vitamin B12. The reasons behind elevated vitamin B12 in blood of patients 
with different clinical conditions are not clear. Several mechanisms have been 
suggested (Table 2). However, it must be noted that high serum B12 could 
also be related to the presence of immune complexes with IgM and IgG or to 
analytical failure due to forming immune complexes or interfering with B12 
assay (Bowen et al. 2006; Jeffery et al. 2010). 

High vitamin B12 levels have currently no health significance for the 
patient, but careful interpretation of the results by physicians is needed. This 

Table 1. Clinical and biochemical conditions associated with high serum/or plasma vitamin B12.

Clinical conditions that predict high serum vitamin B12 (Brah et al. 2014; Carmel et al. 
2001; Halsted et al. 1959)

Chronic kidney failure
Liver diseases 
Malignancies of different types
Chronic myelogenous myeloma 
Alcoholism
Haematopathy 
Diabetes and its complications (i.e., retinopathy, renal insufficiency)

Laboratory results associated with high serum vitamin B12 (Brah et al. 2014)
Hepatic abnormalities (elevated liver enzymes)
Elevated creatinine or reduced eGFR, albuminurea 
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chapter will focus on the three most common conditions associated with high 
serum vitamin B12:

	 •	 Diabetes	and	renal	insufficiency;	
	 •	 Liver	disorders;	
	 •	 Different	malignancies.	

4. serum Vitamin B12 in patients with diabetes and renal 
diseases 

Concentrations of vitamin B12 and holoTC are generally higher in patients 
with diabetes and renal failure compared with healthy subjects. The prevalence 
of high vitamin B12 is more common than that of low vitamin B12 in this risk 
population. 

In 1954, Chow et al. reported elevated serum levels of vitamin B12 in 
patients with diabetes and retinopathy (Chow et al. 1954). Later studies 
showed contradicted results. Boger et al. reported no association between high 
vitamin B12 and diabetes (Boger et al. 1957). Whereas, Halsted et al. (Halsted 
et al. 1959) and Beckett et al. attributed high B12 to renal diseases (Beckett 
and Matthews 1962). The association between diabetes and high vitamin B12 
has been attributed to the presence of renal insufficiency that is common in 
patients with diabetes (Beckett and Matthews 1962). This was supported by 
data showing that the clearance of a single dose of radiolabeled vitamin B12 
was delayed in patients with renal insufficiency (Beckett and Matthews 1962). 

In a study based on hospital archive, Carmel et al. identified renal failure 
as a main clinical condition associated with high serum vitamin B12 (Carmel 
et al. 2001). Low serum albumin and elevated serum creatinine were two 
main significant laboratory markers associated with elevated serum vitamin 
B12, suggesting renal dysfunction as a main confounding factor that interfere 
with vitamin B12 homeostasis and interpretation of serum B12. However, low 
serum albumin or albuminuria does not completely explain high vitamin B12 
in patients with chronic kidney disease. 

The association between serum vitamin B12, serum homocysteine and 
albuminuria has been recently investigated in over 4000 samples in a cross 

Table 2. Mechanisms speculated to cause or explain high serum B12.

1. Increased synthesis rate of vitamin B12 binding proteins (haptocorrin and transcobalamin) 
that can capture more vitamin.

2. Increased saturation of haptocorrin or transcobalamin with vitamin B12.
3. Release of vitamin B12 from body stores or necrotic cells following organ damage (i.e., liver 

damage).
4. Disturbed renal function can lead to disturbed vitamin B12 homeostasis, altered renal 

filtration or re-uptake of the vitamin, elevated levels of transcobalamin and/or haptocorrin 
or their saturation, or change the distribution of the vitamin between its two plasma 
binding proteins.
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sectional and follow up study designs (McMahon et al. 2015). In the cross-
sectional study, higher vitamin B12 levels were associated with the presence 
of albuminuria [Odds Ratio, 95% Confidence Intervals (OR, 95% CI) = 
1.57, 1.10–2.26]. The association was stronger in participants with plasma 
homocysteine concentrations above 9.1 µmol/L (McMahon et al. 2015). There 
was an association between serum vitamin B12 and reduced renal function 
(eGFR < 60 ml/min/1.73 m2) in subjects with homocysteine ≥ 9.1 µmol/L (OR 
= 2.17, 95% CI: 1.44–3.26), but not in those with homocysteine levels below 
this cut-off (OR = 1.22, 95% CI: 0.62–2.41). Follow up studies showed no 
associations between serum vitamin B12 and incident albuminuria or reduced 
kidney function (eGFR < 60 ml/min/1.73 m2), suggesting that elevated vitamin 
B12 levels cannot predict future decline of renal function. Thus, an elevated 
level of vitamin B12 is not likely to be a risk factor for future chronic kidney 
disease (McMahon et al. 2015). Instead, vitamin B12 metabolism is likely to 
be altered in subjects with lowered eGFR (McMahon et al. 2015). This is in 
agreement with a higher percentage of holoTC to total vitamin B12 in patients 
with high creatinine as compared with those with low creatinine (24.4% vs 
15.5%) (Table 3). 

In addition to folate, vitamin B12 is a significant determinant of serum 
homocysteine levels that are elevated in renal patients. Elevated serum 
homocysteine is an independent risk factor for vascular diseases. Indeed, high 
serum vitamin B12 is not consistent with the metabolic markers, homocysteine 
and methylmalonic acid, both of which show a marked elevation in renal 
failure. 

Increasing the lower cut-off value for normal serum vitamin B12 in 
chronic kidney disease is not useful in detecting patients with possible 
deficiency, because B12 levels are influenced by B12 status and the degree 
of renal dysfunction thus leading to a large overlap in serum B12 between 

Table 3. Serum vitamin B12 markers in relation to renal function.

Quintiles of serum creatinine

Q1  
(lowest)

Q2 Q3 Q4 Q5 
(highest)

p

Creatinine, mg/dL 0.54 (0.11) 0.76 (0.05) 0.90 (0.01) 1.07 (0.08) 5.00 (3.91) -

Age, years 52 (18) 55 (17) 57 (17) 62 (16) 67 (15) < 0.001

Vitamin B12, pmol/L 471 (816) 343 (545) 374 (679) 340 (279) 419 (794) 0.027*

HoloTC, pmol/L 58 (82) 59 (69) 60 (101) 66 (83) 87 (115) 0.001*

MMA, nmol/L 229 (159) 332 (1104) 246 (159) 309 (332) 807 (765) < 0.001*

tHcy, µmol/L 11.6 (4.2) 13.3 (8.8) 14.3 (7.5) 13.4 (4.4) 20.7 (6.0) 0.001*

(holoTC x 100)/B12 15.5 (8.9) 18.6 (12.2) 18.9 (18.3) 19.3 (11.2) 24.4 (22.3) < 0.001*

Data are mean (standard deviation). * p adjusted for age using General Linear Model univariate 
analysis of variance applied on the log-transformed data (age entered as covariate). The study 
included 1358 samples that were sent to the lab for B12 testing. The original study has been 
published in (Herrmann and Obeid 2013). tHcy, total homocysteine; MMA, methylmalonic acid; 
holoTC, holotranscobalamin.
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individuals with and those without a deficiency (i.e., low test specificity). It 
is also not expected that monitoring holotranscobalamin (holoTC), instead of 
total vitamin B12, can be more useful. Also serum holoTC concentrations show 
dependency on renal function (positive association with creatinine) (Table 3, 
and Figures 1 and 2). Serum holoTC correlates with serum creatinine at higher 
creatinine concentrations (Figure 1). The distribution of holoTC is shifted 
towards higher values in patients with elevated creatinine (> vs ≤ 97.2 µmol/L) 
(Figure 2). The mean difference (95% CI) of holoTC between the two creatinine 
ranges was 21 (10–32) pmol/L; p < 0.001 (Figure 2). Therefore, holoTC has a 
limited value as a vitamin B12 marker in patients with renal diseases. 

5. Mechanisms of Hyper-Vitaminemia in diabetes and renal 
diseases 

Mechanisms responsible for altered vitamin B12 blood markers in diabetes 
and renal diseases are not well investigated. Possible mechanisms could be 
impaired B12 metabolism, reduced renal filtration, or altered homeostasis. 

Cubulin has been suggested as a key determinant of serum vitamin B12 
levels in renal diseases. This protein is responsible for uptake of vitamin B12 
that is filtered in urine. The same protein is also responsible for reabsorption of 
albumin and other substrates. Genetic defects in CUBN cause vitamin B12 and 

Figure 1. Worsening renal function (i.e., higher creatinine) is associated with a shift in holoTC 
distribution towards higher values. In the high range of serum creatinine, serum holoTC and 
creatinine show a moderate positive correlation (Spearman correlation coefficient R = 0.40;  
p < 0.001). The correlation between holoTC and creatinine was weak at low creatinine level  
(R = 0.10; p = 0.001). Creatinine ranges were > or ≤ 97.2 µmol/L (Obeid R unpublished data). 
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albumin loss in urine and megaloblastic anaemia (Aminoff et al. 1999; Hauck 
et al. 2008). Also common SNPs in CUBN show association with albuminuria 
(Boger et al. 2011). 

The kidney plays a significant role in transcobalamin-mediated  
re-uptake of vitamin B12 in the proximal tubule back to the circulation. Defects 
in filtration of transcobalamin-bound vitamin B12 to the glomerulus and 
the increase in the amount of vitamin B12 bound to serum transcobalamin 
and haptocorrin could explain high serum vitamin B12. Elevated serum 
concentrations of vitamin B12-binding proteins have been reported in patients 
with chronic kidney diseases and could probably explain that vitamin B12 is 
captured in blood (Carmel et al. 2001). 

Figure 2. The distribution of serum holoTC levels in random samples sent to the lab for evaluation 
of vitamin B12 status. The distribution is shown according to serum creatinine levels (> or ≤ 97.2 
µmol/L). The mean difference (95% confidence intervals) of holoTC between the creatinine ranges 
was 21 (10–32) pmol/L; p < 0.001; 1 mg/dL creatinine = 88.4 µmol/L.
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Elevated vitamin B12 concentrations do not fit, however, into increased 
metabolic markers of B12 (methylmalonic acid and homocysteine). in-vitro 
studies have shown less uptake of vitamin B12 into peripheral blood cells 
isolated from pre-dialyses patients compared with control subjects (Obeid et 
al. 2005a). A reduced cellular uptake could indicate low amount of vitamin 
B12 reaching the intracellular compartments which can lead to accumulation 
of homocysteine and methylmalonic acid despite high extracellular (i.e., 
serum) vitamin B12. 

We investigated serum concentrations of vitamin B12 markers in 
relation to renal function (Table 3). The concentrations of vitamin B12, 
holoTC, methylmalonic acid, and homocysteine show positive associations 
with serum creatinine. Renal insufficiency was associated with higher 
total amount of vitamin B12 in blood, altered distribution of vitamin B12 
between transcobalamin and haptocorrin (i.e., holoTC/total B12 ratio), 
and altered intracellular vitamin B12 metabolism as indicated by increased 
metabolic markers. The positive association between serum creatinine and 
the percentage of holoTC/to total B12 (Table 3), suggests that more B12 is 
attached to transcobalamin in people with high creatinine than in people 
with low creatinine.

Concentrations of holoTC in urine tended to be lower in patients with 
diabetes compared with those free of the disease (p = 0.09). The ratio of holoTC/
urinary albumin was lower in patients with diabetes compared with that in the 
controls (p = 0.048) (Figure 3. Obeid et al. unpublished data). Urinary holoTC 
showed no significant correlation with any vitamin B12 marker in blood (total 
vitamin B12, holoTC, methylmalonic acid, or homocysteine) (Obeid et al. 
unpublished data). Thus, less amount of transcobalamin-B12 appears to be 
filtered into the urine of patients with diabetes compared with the controls, 
though this difference is unlikely to be the sole explanation for the high serum 
holoTC or total vitamin B12 in blood. 

Taken together, the complex mechanisms behind elevated vitamin B12 in 
diabetes and renal insufficiency are poorly understood. A reduced ability to 
filter vitamin B12 from the blood, altered distribution of vitamin B12 between 
its main transporters, transcobalamin and haptocorrin or a combination of these 
mechanisms could be involved. It remains unclear whether transcobalamin 
receptor, CD320, or its soluble form, sCD320, are differently regulated or have 
different affinities to vitamin B12 in diabetes and renal dysfunction. It is also 
unclear whether diabetes per see or its later complications (renal, vascular) 
are responsible for high serum vitamin B12. 

6. Impact of High Vitamin B12 in diabetes and renal diseases

High serum vitamin B12 for reasons not related to vitamin B12 supplementation 
has implications for diagnosis and treatment of patients. The aim of measuring 
blood vitamin B12 markers is to diagnose a possible deficiency. Keeping this 
in mind, this aim cannot be reached in most of renal patients who might be 
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deficient. The real challenge following a high normal/or high serum vitamin 
B12 result is to exclude or confirm vitamin B12 deficiency (Herrmann et al. 
2005; Hyndman et al. 2003; Rasmussen et al. 1990) (see also Chapter 9). There 
is currently no general agreement on a strategy to diagnose vitamin B12 
deficiency in these cases. In patients with renal dysfunction or diabetes-related 
renal insufficiency, we strongly recommended measurement of methylmalonic 
acid and interpreting vitamin B12 markers in the light of renal function. 

Concentrations of methylmalonic acid are elevated in the majority of this risk 
population, but it is not possible to judge how much of this elevation is explained 
by renal dysfunction and how much is explained by vitamin B12 deficiency. 
Treatment with pharmacological doses of vitamin B12 (cyanocobalamin  > 0.5 mg)  
can help judging whether methylmalonic acid elevation is reversible  
(or partly reversible). A significant decrease in serum methylmalonic acid 
(by 150–250 nmol/L) indicates a pre-treatment deficiency. Normalisation 
of methylmalonic acid after B12 treatment is unlikely in patients with renal 
insufficiency. Moelby et al. (Moelby et al. 2000), suggested an approximate 
threshold of 800 nmol/L for methylmalonic acid that can be reached in end 
stage renal diseases after treatment with B12. Our studies on patients with 
end stage renal disease confirm this threshold (Obeid et al. 2005b). 

Another unsettled issue is whether vitamin B12 treatment should be started 
in patients with renal dysfunction and elevated methylmalonic acid despite 
high serum vitamin B12. High serum vitamin B12 has also implications for 
prevention of vitamin B12 deficiency. Treatment with vitamin B12 is known 
to lower serum methylmalonic acid and homocysteine in patients with renal 
failure in the absence of low serum vitamin B12 or holoTC at baseline (Elian 
and Hoffer 2002; Hyndman et al. 2003; Obeid et al. 2005b). The reduction of 

Figure 3. Urinary excretion of holoTC in random urine collected from 81 patients with type 2 
diabetes and 50 controls. Urinary holoTC concentrations were measured using the same automated 
assay used for serum holoTC (AxSYM® Active-B12, Abbott) (Obeid et al. unpublished data). 
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methylmalonic acid after cyanocobalamin treatment was stronger in patients 
with lower holoTC at baseline, despite that none of the patients had holoTC 
below 35 pmol/L (the lower cut-off of the reference range) (Figure 4). 

A concern has been raised by a study using B-vitamins including 
cyanocobalamin in patients with diabetic nephropathy where the vitamin 
arm showed a decline in renal function after 36 months of intervention 
compared with the placebo (House et al. 2010). High serum vitamin B12 was 
not confirmed as a predictor of future decline in renal function in a recent 
follow up study (McMahon et al. 2015). There is currently no evidence that 
vitamin B12 treatment is causally related to the prognoses of renal dysfunction. 
Comparisons between the effect of cyano- and methylcobalamin are not 
available yet, but needed before a conclusion can be made about a causal link 
between cyanocobalamin form and declining renal function.

7. High serum Vitamin B12 in patients with liver diseases 

The liver is the principal storage organ of vitamin B12 and the main site of 
B12-dependent metabolism. Early studies found higher serum vitamin B12 in 
patients with certain liver diseases compared to control subjects (Aronovitch 
et al. 1956; Halsted et al. 1959; Rachmilewitz et al. 1958; Rachmilewitz et al. 

Figure 4. The correlation between baseline holoTC levels and the change of methylmalonic acid 
after B12 treatment in 36 patients with end stage renal disease who had hyperhomocysteinemia 
at baseline (homocysteine > 18 µmol/L). All patients had holoTC > 50 nmol/L at baseline. The 
y-axis represents baseline MMA minus MMA after treatment. The treatment was with 0.7 mg 
cyanocobalamin/i.v. 3 times per week for 4 weeks. MMA, methylmalonic acid. The original study 
was published in (Obeid et al. 2005b). 



Extreme vitamin B12 concentrations in clinical practice 327

1959). Liver cell necrosis is associated with high serum B12. Liver damage can 
be related to any reason such as virus infection, hepatic cirrhosis, drugs, toxins 
or cancer (Fremont et al. 1991). Hepatic necrosis due to gall-stone obstruction 
of the bile duct has been also associated with elevated serum vitamin B12 
(Mackay et al. 1957). Whereas conditions associated with mild to moderate 
secondary liver diseases such as extrahepatic biliary obstruction are associated 
with normal B12 levels (Holdsworth et al. 1964; Stevenson and Beard 1959). 
Patients with hepatitis show high serum B12 during the active phase of the 
disease, but B12 levels decline upon recovery (Stevenson and Beard 1959). 

Alcoholic liver disease is a well described clinical condition associated 
with high serum vitamin B12 (Baker et al. 1987; Baker et al. 1998; Medici 
et al. 2010). In hospitalised patients, concentrations of the liver enzymes 
(ALT, AST and g-GT) were positively related to serum vitamin B12 (Brah et 
al. 2014). Hyperhomocysteinemia shows a dose-response relationship with 
liver cell damage. Higher homocysteine levels are associated with severe 
liver cirrhosis as measured by the Child–Pugh score (Ferre et al. 2002; Garcia-
Tevijano et al. 2001). Mean plasma homocysteine values increased from non-
alcoholic cirrhosis (10.3 µmol/L) to abstaining cirrhosis (12.5 µmol/L, 21% 
higher than non-alcoholic) and to non-abstaining cirrhosis (14.9 µmol/L, 
45% higher than non-alcoholic) (Ferre et al. 2002). Polyzos et al. reported that 
levels of homocysteine may not be elevated in patients with non-alcoholic 
steatohepatitis compared with patients with non-alcoholic fatty liver (Polyzos 
et al. 2012). A U-shape relationship between plasma homocysteine and liver 
steatosis or fibrosis was reported and lower homocysteine in liver patients 
with inflammation (Polyzos et al. 2012).

In a series of studies, Stevenson et al. observed elevated serum 
concentrations of vitamin B12 that were reasonably correlated to the severity 
of liver diseases (Stevenson and Beard 1959). Improvement of liver disease 
was associated with a decline in serum B12 upon serial testing (Stevenson 
and Beard 1959). Cobalt60-labelled B12 was used to study the absorption and 
elimination of the vitamin from the plasma in patients with liver diseases 
(Stevenson and Beard 1959). The studies have shown normal absorption of 
radioactive vitamin B12 in patients with various liver disorders. Also the 
urinary (in 24 hours urine) and fecal excretions of radioactive vitamin B12 
were within the reference range in the majority of the patients. Less than 20% 
of the radioactive cobalamin remained in plasma after 24 hours (Stevenson 
and Beard 1959), which is in contrast to results in patients with leukemia, 
where higher plasma binding capacity and prolonged clearance time of the 
radioactive B12 dose were observed (Mollin et al. 1956). 

The mechanisms of elevated serum vitamin B12 in liver diseases are not 
well studied, but they could be different in different liver pathologies. In 
general, high vitamin B12 could be related to a reduced uptake or storage or 
to the release of vitamin B12 from the damaged liver tissues. A lower content 
of vitamin B12 has been reported in liver biopsies from patients with liver 
cirrhosis compared with those without liver cirrhosis (mean = 0.263 vs 0.614 



328 vitamin B12: advances and insights

µg/mg wet weight) (Halsted et al. 1959). This may reflect the inability of 
diseased liver cells to store vitamin B12 that is captured through binding to the 
vitamin B12-dependent enzymes, methionine synthase and methylmalonyl-
CoA mutase. High serum vitamin B12 may be related to releasing the vitamin 
from the damaged hepatocytes (Halsted et al. 1959; Stevenson and Beard 
1959). Accordingly, patients recovering from liver damage show a decline in 
serum vitamin B12.

Concentrations of vitamin B12 binding proteins (haptocorrin, and 
transcobalamin) were significantly higher in patients with liver diseases 
(cancer or chronic liver diseases) compared with the controls (Simonsen et al. 
2014). The same was found for serum holoTC, percentage of transcobalamin 
saturation, sCD320 (soluble transcobalamin receptor), and total vitamin B12 
(all higher in liver patients independent on the cause) (Simonsen et al. 2014). 
These observations confirm earlier ones, though they do not explain whether 
elevated vitamin B12 or its binding proteins are related to their release from 
the liver, reduced uptake, or increased production. 

Elevated serum levels of vitamin B12 in patients with liver disorders 
challenge the diagnosis of vitamin B12 deficiency. There is currently no 
consensus on diagnosis or treatment strategy. Hyperhomocysteinemia is 
common in liver disorders and can be prevented by B-vitamin supplementation. 
Steatohepatitis (induced by alcohol and high fat diet) can be attenuated when 
feeding a methyl donor–enriched diet containing folic acid, and vitamin B12 
(Powell et al. 2010). Using B-vitamins to reduce alcohol-induced liver injury 
and generally enhance liver function has been addressed by several studies 
(Halsted and Medici 2012; Portugal et al. 1995; Portugal et al. 1996).

8. High serum Vitamin B12 in patients with cancer 

Elevated serum (or plasma) concentrations of vitamin B12 disagree with 
elevated concentrations of homocysteine and methylmalonic acid in patients 
with cancer and can thus challenge the diagnosis of deficiency conditions in 
this risk group. 

Elevated serum concentrations of vitamin B12 are common in 
myeloproliferative diseases such as in chronic myeloid leukemia (Carmel and 
Hollander 1978; Mendelsohn et al. 1958), as well as in hepatocellular carcinoma, 
multiple myeloma and Waldenstrom macroglobulinema and inflammatory 
diseases. By using radioactive vitamin B12, it has been shown that elevated 
serum vitamin B12 in patients with chronic myelocytic leukemia is associated 
with increased vitamin B12-plasma binding capacity and extended retention 
of B12 in plasma (Mendelsohn et al. 1958; Miller 1958). Increased unsaturated 
vitamin B12-binding capacity in patients with cancer has been recognized 
in the late 1950th. Further studies demonstrated that in particular, patients 
with myelocytic leukemia show a delay in the disappearance of labelled 
cobalamin (Co58B12) from the blood after oral or intravenous administration 
(Corbus et al. 1957; Mollin et al. 1956; Weinstein and Watkin 1960). Studies 
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using oral labelled cobalamin (doses 1–500 µg) did not show an upregulation 
of intestinal absorption of the vitamin in patients with myelocytic leukemia 
as compared with other non-neoplastic diseases or with patients with solid 
tumors (Heinrich  and Erdmann-Oehlecker 1956; Weinstein and Watkin 1960). 
Despite technical limitations, these early studies suggested that high serum 
vitamin B12 in patients with myelocytic leukemia was not explained by 
increased absorption or decreased urinary excretion of the vitamin, but was 
likely to be related to increased B12-binding proteins and a shift of vitamin 
B12 from tissue sites to plasma (Weinstein and Watkin 1960). Several studies 
reported an elevation of a specific B12-binding glycoprotein in those patients 
(Mendelsohn et al. 1958; Weinstein and Watkin 1960), but the identity of this 
protein was not known at that time. 

The highest transcobalamin values are found in patients with lymphoma 
involving the liver, those with chronic lymphocytic leukemia and infection, 
myeloma, cirrhosis, lupus erythematosus and myelofibrosis, and esophageal 
cancer and hypercalcemia (Carmel and Hollander 1978), suggesting that 
transcobalamin elevation may resemble an acute phase response to cancer 
infection and inflammation. A recent study in patients with liver cancer who 
were followed for up to 12 weeks during the course of treatment has shown that 
only holoTC increased in the first week after starting the treatment (Simonsen 
et al. 2014). Other vitamin B12 binders showed slight, but insignificant changes 
that could be related to the small sample size or the heterogeneity of the 
treatments. Long term changes of vitamin B12 and its binders in patients with 
cancer are currently not known. 

Carmel et al. recognized that concentrations of serum total vitamin B12 and 
haptocorrin were elevated in approximately 6% and lowered in approximately 
10% of patients with cancer and metastatic disease (Carmel and Eisenberg 
1977). Elevated vitamin B12 was explained by increased serum haptocorrin.  
Importantly, vitamin B12 deficiency was common among patients with cancer 
(Carmel and Eisenberg 1977), though this phenomenon receives less attention 
in seriously ill patients. 

Tumor tissues are thought to store vitamin B12-binding enzymes and 
are speculated to produce more vitamin B12 binding proteins (Burger et al. 
1975; Nexo et al. 1975). Further explanations discussed to cause high total 
vitamin B12 and haptocorrin are a reduced elimination of haptocorrin from 
the circulation (Burger et al. 1975), but this hypothesis has not been verified. 
Haptocorrin elevation appears to be sensitive for liver cancer. An elevated 
serum vitamin B12 level in a patient with cancer was associated with a poor 
prognosis (Arendt et al. 2015; Carmel and Eisenberg 1977). The median survival 
for patients with cancer and high vitamin B12 was 1 month compared with 
4 months in other patients with cancer, but with normal serum vitamin B12 
(Carmel and Eisenberg 1977). 

Elevated concentrations of serum vitamin B12 were reported in a significant 
numbers of patients with different types of solid tumors or haematological 
malignancies (6.6% with serum vitamin B12 > 800 pmol/L) (Arendt et al. 2015). 
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In a health register-based cohort study, the association between increased 
serum vitamin B12 (> 800 pmol/L) and cancer mortality was significant and 
not explained by cancer type, age, or co-morbidities. The study showed that 
the number of the vitamin B12 tests that were ordered in cancer patients was 
increased by > 200% in the years between 2001 to 2013, but the percentage of 
patient with increased vitamin B12 remain rather stable (Arendt et al. 2015) 
(Figures 5 and 6). As mentioned before in this chapter, vitamin B12 test has been 
considered as a wellness marker and has been over-prescribed for seriously 
ill patients, even without clear clinical indications. Physicians tend to order 
vitamin B12 test more frequently in more seriously ill patients (selection bias), 
but they rarely follow high vitamin B12 test results with more specific markers, 
such as methylmalonic acid. 

The association between high concentrations of serum B12 and advanced 
cancer is not sensitive or specific. Independent on the type of morbidities, high 
serum vitamin B12 predicts short term mortality in elderly or hospital residents 
(see below) and thus it cannot be considered as a markers with prognostic 
or diagnostic value for a specific illness (Simonsen et al. 2014). Keeping this 
mind, high vitamin B12 is likely to be a sign of cell apoptosis or necrosis, for 
whatever reason. 

On the other hand, high serum B12 can lead to underestimating vitamin 
B12 deficiency in patients with cancer. Normal or high B12 levels can be 
associated with elevated homocysteine and methylmalonic acid (Chang et al. 

Figure 5. The increase in the number (upper panel) and percentage (lower panel) of patients with 
measured serum vitamin B12 over the years from 2001–2005 to 2006–2010 or to 2011–2013. Data 
are from 25.017 patients with cancer and measured B12 (Arendt et al. 2015). 
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2015; Cinemre et al. 2015; Gauchan et al. 2012; Vashi et al. 2016). Intracellular 
vitamin B12 defi ciency in seriously ill patients or elderly people is associated 
with neuropathy, dementia, depression and several other common neurological 
co-morbidities. 

9. Serum Vitamin B12 and the Risk of Cancer

In 2005, a nested case control study in Swedish patients with prostate cancer 
was published where blood samples were obtained before diagnosis of cases 
(median, 4.9 years; 25–75th percentile, 2.9–7.0) (Hultdin et al. 2005). Cases with 
prostate cancer showed higher plasma vitamin B12 at baseline (mean = 329 vs 
300 pmol/L), and lower homocysteine (12.2 vs 13.2 µmol/L) compared with 
the controls. The risk of cancer was higher in subjects with plasma vitamin B12 
> 370 pmol/L compared with those < 238 pmol/L. The association between 
prostate cancer and high vitamin B12 or low homocysteine was signifi cant in 
older patients (age  59 year) (Hultdin et al. 2005). These results were confi rmed 
by later studies (Collin et al. 2010; Price et al. 2016). However, supplementation 
studies did not confi rm an increased risk of any cancer after relatively high 
doses of B-vitamins (containing cyanocobalamin, folic acid and B6) (Vollset 
et al. 2013). 

Animal foods (i.e., red meat) are rich sources of vitamin B12. Therefore, 
serum levels of vitamin B12 could also refl ect certain dietary patterns, instead 
of a primary difference in B12 intakes or statuses. Higher serum vitamin B12 
was associated with the risk of prostate cancer occurring after a shorter follow 
up period of < 5 years [1.19 (1.02–1.38)], but not that occurring after a longer 
follow-up (> 5 years) (Price et al. 2016). This observation could be related to 
the well described elevation in serum B12 in patients with established cancer 
or probably existing, but undiagnosed tumor in some follow up studies. 

Figure 6. Out of all 25.017 cancer patients studied, 6.6% had vitamin B12 levels above 800 pmol/L 
and 86.2% had levels in the reference range (200–600 pmol/L) (Arendt et al. 2015).
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It remains unsettled whether patients with cancer should be treated with 
vitamin B12 if they have elevated serum vitamin B12, but also elevated serum 
methylmalonic acid levels. 

10. serum Vitamin B12 and general Mortality 

Studies investigating baseline vitamin B12 levels and 10-year follow up 
outcomes have shown no association between high vitamin B12 and future 
mortality in the general population (Waters et al. 1971). In contrast, low 
vitamin B12 was associated with a higher mortality which was explained by 
the prevalence of low vitamin B12 in elderly people (Waters et al. 1971). 

Elevated serum vitamin B12 has been discussed as a predictor for short 
term mortality irrespective of the cause of death. However, a causal role for 
high B12 in future mortality cannot be assumed. A serum vitamin B12 level 
above 400 pmol/L in hospitalised elderly patients was predictive of higher risk 
of mortality within 90 days, though all patients were free of cancer (Salles et al. 
2008). A prospective study on 161 patients with different cancers investigated 
serum vitamin B12 concentrations and the time of death (Geissbuhler et al. 
2000). The global median survival time was 45 days (CI 95%: 32–56 days). The 
highest mortality corresponded to the highest vitamin B12 levels. A significant 
link was found between elevated vitamin B12 (> 600 pmol/l) and the presence 
of metastasis, a tumor or liver problems (Geissbuhler et al. 2000). 

Therefore, serum vitamin B12 has been suggested to have a predictive 
value for mortality in general. However, careful interpretation of the results is 
necessary to avoid wrong conclusions on causality. Confounding by indication 
is very likely in observational studies on measuring B12 in hospital or health 
register setting. Because the allocation for vitamin B12 test in observational 
studies is not randomized and the indication for its measurement can be related 
to the risk of future health outcomes, the imbalance in the risk profile between 
patients with measured B12 and those without measured B12 can generate 
biased results. It is well known that  physicians over-prescribing vitamin B12 
tests in seriously ill patients. Data on vitamin B12 markers in asymptomatic 
people and future disease outcome can be more informative and less affected 
by selection bias. 

11. Extreme Vitamin B12 concentrations in Blood: gaps in 
knowledge

The issue of high serum vitamin B12 level constitutes a serious challenge for 
setting a reliable diagnosis and making a meaningful clinical decision. Even 
when combining vitamin B12 test with other metabolic markers, it remains 
open whether vitamin B12 treatment should be recommended to lower 
methylmalonic acid. Table 4 provides insights into some open questions 
related to this research area. 
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Table 4. Summary of open questions related to extreme serum vitamin B12 concentrations.

Low serum B12 without deficiency symptoms or elevated serum functional markers

•	What	is	the	biological	function	of	haptocorrin	that	binds	~70%	of	serum	cobalamin?	
•	 Levels	 and	 biological	 variations	 of	 transcobalamin	 and	 its	 saturation	 in	 patients	 with	

haptocorrin deficiency are not known. 

High serum vitamin B12

•	What	are	the	mechanisms	behind	elevated	serum	B12	in	different	diseases?
•	 Are	 there	 changes	 in	 the	 B12-binders	 or	 their	 saturation	 with	 the	 vitamin	 in	 different	

conditions	(i.e.,	renal	diseases,	alcohol	liver	disorders)?
•	Is	there	a	change	in	the	affinity	of	B12	to	its	binding	proteins,	haptocorrin	and	transcobalamin,	

at	higher	serum	B12?
•	What	is	the	source	of	this	B12	(i.e.,	increased	absorption,	tissue	release,	less	filtration	in	the	

kidney,	etc.)?
•	Why	are	serum	vitamin	B12	and	holoTC	increased	in	renal	patients?	
•	 Is	 there	 any	 diagnostic	 or	 prognostic	 value	 for	 serum	 B12	 or	 its	 binders	 in	 different	

conditions?	
•	Can	vitamin	B12	treatment	promote	existing	or	pre-clinical	cancer?
•	 Should	 regular	 vitamin	 B12	 supplementation	 be	 recommended	 for	 patients	 with	 high	

vitamin	B12	levels,	if	serum	homocysteine	or	methylmalonic	acid	are	elevated?	
•	What	criteria	should	be	used	for	diagnosing	B12	deficiency	in	patients	with	cancer?

Figure 7. The distribution of vitamin B12 concentrations in the general population is expected to 
take a Gaussian form. Cobalamin test intends at detecting ‘deficient cases’. In a group of subjects 
suspected for deficiency, the distribution of vitamin B12 is in theory expected to be shifted to the 
left of the population distribution (towards lower B12 levels). However, in practice, we observe a 
flattened distribution in a population suspected for deficiency. In a group with suspected vitamin 
B12 deficiency in a hospital setting, the percentage of subjects with elevated vitamin B12 (> 800 
pmol/L) may exceed the number of those with low B12. This is related to selection bias, or the 
decision of the health care providers to measure B12 in more seriously ill patients who are likely 
to have conditions associated with high B12.  

summary and conclusions

Serum or plasma vitamin B12 test is used as a tool to diagnose deficiency 
of the vitamin. Therefore, low concentrations of this marker are commonly 
interpreted as deficiency and values above the low cut-off are classically 
considered as “normal”. However, blood samples with extreme values (very 
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low, or high) are common, despite that low values are more expected when 
samples are sent to the lab with the aim of exploring a ‘deficiency’ condition 
(Figure 7). 

Very low concentrations of vitamin B12 in blood may occur in asymptomatic 
people without any clinical relevance, if they have sufficient vitamin carried 
by transcobalamin (i.e., in case of haptocorrin deficiency). On the other hand, 
subjects who are not treated with vitamin B12 can have very high serum 
vitamin B12, but also metabolic signs that suggest a deficiency condition. 
Interpretation of these extreme, and often contradicted, results and judgment 
of the need for testing further blood markers or starting supplementation are 
challenging questions in clinical practice. 

Currently, extremely high serum vitamin B12 values in the absence of 
treatment with cyanocobalamin and extremely low levels in the absence of 
deficiency symptoms have no direct implications for diagnosing certain clinical 
conditions in the patient. However, physicians should be aware that extreme 
serum vitamin B12 can be associated with established or yet undiagnosed 
clinical conditions. 

Keywords: Hypervitaminemia, very low vitamin B12, diagnostic value, liver, 
cancer, renal function, high B12, confounding by indication

Abbreviation 

HoloTC : holotranscobalamin 
MMA : methylmalonic acid
tHcy : total homocysteine
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1. Background and Scope on Utilizing the Vitamin B12 Dietary 
Pathway for Drug Development

1.1 Vitamin B12 and its dietary uptake

The consumption of vitamin B12 (B12), also known as cobalamin (Cbl), 
is essential for humans. B12 is produced naturally by select bacteria (and 
likely certain archea) (Doxey et al. 2015) and organisms must acquire the 
vitamin through their diet (about 2.5 µg per day for humans) (Martens et al. 
2002; Nielsen et al. 2012). There are two primary biologically active forms of 
B12: methylcobalamin and adenosylcobalamin. Methionine synthase uses 
methylcobalamin to produce the amino acid methionine from homocysteine, 
and methylmalonyl-CoA mutase uses adenosylcobalamin as a cofactor to 
produce succinyl CoA (Nielsen et al. 2012; Kräutler 2005). Mammals have 
developed a complex dietary uptake pathway for B12 involving a series of 
transport proteins and specific receptors across various tissues and organs 
(vide infra) (Nielsen et al. 2012; Gherasim et al. 2013). It is the understanding 
and exploitation of this uptake pathway that offers considerable scope for 
drug development.

B12 is a water-soluble vitamin with a highly complex structure, comprising 
a midplanar corrin ring composed of four pyrrole rings linked to a central 
cobalt (III) atom (Hodgkin et al. 1955). The corrin ring is similar to the more 
commonly known porphyrin structure, but with key differences in terms of 
degree of saturation, symmetry and planarity (see Figure 1).
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Several functional groups are synthetically available for modification 
on B12 (see Figure 1). Only select modification sites, however, maintain the 
recognition needed to utilize the full B12 uptake pathway (see Figures 1 and 2). 
Modifications can, however, be made to target specific proteins while reducing 
affinity for others, a fact recently exploited to target haptocorrin-positive 
tumors (Waibel et al. 2008). An in-depth discussion of modification sites for 
either complete, or targeted pathway access, can be found in Section 1.2.

Transport and delivery of B12 through the gastrointestinal tract is 
dependent on three primary carrier proteins: haptocorrin (HC; Kd = 0.01 pM),

 

intrinsic factor (IF; Kd = 1 pM),
 
and transcobalamin II (TCII; Kd = 0.005 pM),

 

each responsible for carrying a single B12 molecule (Fedosov et al. 2002). B12 
is initially released from food by the action of peptic enzymes and the acidic 
environment of the gastrointestinal system and bound by HC (also known as 
R-binder or transcobalamin I (TCI)) (Nielsen et al. 2012). HC is a glycoprotein 
with an apparent molecular mass of between 60–70 kDa and is secreted by 
the salivary glands (Furger et al. 2013). HC has a high affinity for B12 under 
acidic conditions (pH < 3), allowing it to protect B12 (Holo-HC) from acid 

Figure 1. Structure of vitamin B12. R is –methyl or -adenosyl in active cofactors. In center is the 
corrin ring, which has a greater number of sp3 carbons than a porphyrin rendering it less planar 
and less conjugated, and with one less carbon (19 rather than 20) due to the lack of a methylene 
spacer unit between the ‘C’ and ‘D’ rings as is found in a porphyrin. Listed are the common 
variable R groups found on B12. H2O/OH are the same group but is dependent on pH (OH at 
alkaline pH and H2O at neutral and acidic). Also highlighted are the major modifiable sites on B12 
for conjugation to small molecules or peptides/proteins, whereby binding by the dietary uptake 
proteins can be minimally affected or selected for, based on drug development requirements. 
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Figure 2. Dietary uptake pathway for B12 in humans. Abbreviations used: R-protein/TCI: 
Haptocorrin (HC); IF: Intrinsic factor; TCII: Transcobalamin II; Cbl: cobalamin/B12. Image 
produced and used with permission of Xeragenx LLC (St. Louis, MO, USA).

hydrolysis. Holo-HC travels from the stomach to the duodenum, where the 
increase in pH (> 5) decreases the affinity of HC for B12 and, combined with 
pancreatic digestion of HC, causes B12 release, whereupon it is bound by 
gastric intrinsic factor (Glass 1963).
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IF is a ~50 kDa glycosylated protein that is secreted from the gastric 
mucosa (Mathews et al. 2007). Once B12 is bound to IF, it facilitates transport 
to the ileum and passage across intestinal enterocytes. This occurs by receptor-
mediated endocytosis via an IF-B12 receptor cubilin (CUB) (Christensen et 
al. 2013). CUB transports holo-IF in concert with a transmembrane protein 
amnionless (AM), creating a CUBAM receptor for holo-IF (Fyfe et al. 2004). 
Following internalization, IF is degraded by lysosomal proteases, such as 
cathepsin L, and B12 is released into the blood stream, either as free B12 or 
pre-bound to transcobalamin II (TCII) (Nielsen et al. 2012; Beedholm-Ebsen et 
al. 2010). There is some controversy in this area as to whether both methods 
occur or one dominates over the other, and indeed whether there is a third 
mechanism at play also. Cells that require B12 express the holo-TCII receptor, 
CD320. Upon internalization, TCII is degraded and B12 is transported from 
the lysosome for cellular use (Kräutler 2005). Kidney cells also express the 
megalin receptor, which in part reabsorbs filtered holo-TCII from urine 
(Moestrup et al. 1996).

Knowledge of the binding between B12 and is various transport proteins is 
critical if the system is to be successfully exploited from bench-top to bedside. 
In the last 10 years there has been a huge advance in our critical understanding 
of protein structure as it relates to the B12 uptake pathway, with the publication 
of HC, IF, TCII, and cubilin-IF-B12 structures (Furger et al. 2013; Mathews et 
al. 2007; Wuerges et al. 2006; Andersen et al. 2010). The first solution structure 
of a B12 conjugate, that of B12 coupled to the anorectic peptide PYY3–36, was 
also recently reported (using NMR methodology) (Henry et al. 2016). 

Researchers have a better understanding now of how B12 interacts 
with its transport proteins, and how these transport proteins interact with 
their receptors. The implications this can have on drug delivery and sites of 
potential conjugation can then be better predicted, detailed, rationalized and 
hence optimized. These endeavors need fundamental knowledge of properties 
and behavior of B12 in biological systems but also require new or improved 
synthetic routes to introduce the exact desired modification into the vitamin 
necessary for specific exploitation.

1.2 Modifying B12: the crossing of synthetic and end-goal 
considerations

There are multiple sites for chemical modification on the B12 molecule, 
depending on whether retention of recognition by all transport proteins, 
or the selective recognition of a subset is required. Therefore, it is critical 
to consider solvent-accessible surfaces of B12 transport proteins and how 
such proteins physically bind B12. For IF, this exposure is ~13% (~163 Å2), 
with TCII at ~6.5% (~80 Å2) and HC, having the least accessible area at 3.2%  
(~40 Å2) (Figure 3) (Wuerges et al. 2007). These exposures allow for a wide 
range of modification at select sites on B12 conjugates while retaining (A) 
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general pathway acceptance or (B) for selecting specific parts thereof (both 
(A) and (B) are discussed separately below in Section 1.2). 

B12 and the molecule of interest (‘drug’) can be: (1) coupled directly 
together; (2) held apart by “spacer” units to give distance between B12 and 
the molecule; or (3) have the desired drug contained within the carrier, 
unconjugated, but with the carrier covalently bound to B12. Several functional 
groups are available for modification on B12, including propionamides, 
acetamides, hydroxyl groups, the cobalt(III) ion and the phosphate moiety 
(Proinsias et al. 2013). However, the sites for modification capable of 
maintaining the recognition of all three transport proteins is limited due to 
the manner in which B12 is bound by each protein. 

All three transport proteins (HC, IF and TCII) bind to B12 with high 
affinities, but the specificity varies. IF shows the highest specificity for B12, 
followed closely by TCII, with HC have a broad substrate base including B12 
analogs such as cobinamides (Fedosov et al. 2002; Fedosov et al. 2007). It is 
thought because of the affinity of HC for many inactive B12 analogs that it 
acts as a scavenger, removing such from the blood and partially digested B12 
from the intestine, preventing bacterial access (thus suggesting a role for B12 
in bacteriostasis). Viewed synthetically, this implies of course that B12 can 
be readily modified and retain recognition by HC, whereas IF and TCII offer 
significantly less range for modification. 

1.2.1 General pathway acceptance

Conjugation of molecules to B12 resulting in the recognition of HC, IF, and 
TCII have been successful with five major sites to date: (1) the peripheral 

Figure 3. Crystal Structures of the Three Transport Proteins Bound to B12. The ribose 5’OH is 
solvent accessible in all three transport proteins as shown by the arrows. (a) TCII, (b) IF, (c) HC. 
The structure of TCII, IF, and HC was obtained from www.pdb.org; (PDB code 2BB5, 2PMV, 
4KK1 respectfully). The program Protein Workshop Version 3 was used to display the image. 

http://www.pdb.org
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corrin ring e-propionamide (Alsenz et al. 2000); (2) the peripheral corrin ring 
b-propionamide (Waibel et al. 2008); (3) the 5’-hydroxyl group of the ribose 
ring on the dimethylbenzimidazole ‘tail’ (Petrus et al. 2007); (4) the 2’-hydroxyl 
group of the ribose ring (Wang et al. 2007); and (5) the cobalt cation (Tran et 
al. 2016). 

The crystal structure of holo-TCII provides a rationale for why these 
positions are favored for modification. The phosphate moiety, 2’ hydroxyl 
group, and a, c, d, and g-propionamides have various hydrogen bonds between 
multiple TCII residues and the solvent molecules indicating any modifications 
would disrupt that bonding and stability of the TCII-B12 complex (Wuerges 
et al. 2006). In addition, TCII does not completely encompass B12 and leaves 
a 1.4 nm solvent-accessible pocket of B12. This pocket shows the phosphate 
and the ribose moieties protruding and both have been exploited in conjugate 
design whereby TCII and IF binding has been maintained (Figure 3). 

The 2’-hydroxyl group has been modified through activation by diglycolic 
anhydride but this has not been extensively used in the B12 conjugation field, 
given the ease of 5’-OH coupling (Wang et al. 2007). Conjugation to the b- and 
e-propionamides have been a popular choice for chemists for conjugation 
(Alsenz et al. 2000; Waibel et al. 2008). Such a route requires acid hydrolysis 
of the amides, typically using 1 N HCl (Pathare et al. 1996). This synthetic 
route creates multiple mono-acids at the b, d and e-positions, which makes 
access to targeted specific acids low yielding (≤ 15%) and complex to purify 
(Pathare et al. 1996). A recent result exploiting this approach however, is that of 
Schubiger et al., who showed that, based on the tether length off of the b-acid 
side chain, selectively towards specific transport proteins (IF over TCII, for 
example) could be achieved (see Section 2.5) (Waibel et al. 2008). 

The most common site for modification has, however, became the 5’ 
hydroxyl group, for three main reasons: (1) molecules conjugated here still 
allow binding retention of the transport proteins (Bonaccorso et al. 2015; 
McEwan et al. 1999; Fowler et al. 2013); and (2) conjugation to this site is highly 
facile and selective (Clardy-James et al. 2012; Chromiński and Gryko 2013); and 
(3) a wide range of modifications have been developed for this site, expanding 
scope for substrate conjugation (Clardy-James et al. 2012; Wierzba et al. 2016; 
Chromiński and Gryko 2013; McEwan et al. 1999). The “classic” activation with 
1,1’-carbonyldiimidazole or 1,1’-carbonyldi(1,2,4-triazole) with an addition 
of a primary amine, producing a carbamate linked conjugation, allows for a 
wide range of molecules to be used (McEwan et al. 1999). Doyle et al. directly 
modified this position, using 2-iodoxybenzoic acid and 2-hydroxypyridine, 
to create a carboxylic acid at this position, which could then be readily used 
to produce amide linked conjugates (Clardy-James et al. 2012; Bonaccorso et 
al. 2015; Henry et al. 2016; Henry et al. 2015). Later, Gryko et al. developed 
a “clickable” B12 conjugate, replacing the 5’hydroxyl with an azide, which 
allows for a high yielding Huisgen-Sharpless copper-azide-alkyl reaction, 
creating a stable triazole linker with alkyne containing molecules (Chromiński 
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and Gryko 2013). Most recently, Gryko et al. also developed a reactive pyridyl 
disulfide group at this site with moderate yield (~60%) (Wierzba et al. 2016). A 
reactive thiol group creates the possibility of direct disulfide bonds to proteins 
and molecules, opening up a new area for conjugation that readily exploits 
redox for the first time. 

Another increasingly popular site for modification is the cobalt atom. 
Transport proteins accommodate significant change at the cobalt β-ligand site, 
a feature exploited in the biochemistry of B12  (Kräutler 2005). Comparing 
the binding constants of different biological axial ligands such as methyl, 
hydroxyl, 5’-adenosylcobalamin, and cyano-cobalamin show no significant 
difference (Fedosov et al. 2002). In synthetic approaches the Co(III) is typically 
reduced to Co(I) and then reacted with electrophiles, similar to the biological 
enzymatic process by methionine synthases (Ruetz et al. 2013; Kräutler 2005). 
Modifications at the cobalt ion have been limited by the fact that most products 
are extremely light sensitive (Ruetz et al. 2013; Ruiz-Sánchez et al. 2007). 
However, in 2013, two groups published light stable phenylethynylcobalamin 
in two separate syntheses: (1) radical reduction chemistry (Ruetz et al. 2013) 
and (2) reduction free synthesis (Chromiński et al. 2013). These syntheses 
allowed for a wide tolerance to functional groups, allowing for more complex 
ligands on this site to be conjugated or subsequently reacted forward. Another 
way of modifying the cobalt ion is by metalating the cyano axial group. 
Fluorophores, radionuclides, cisplatin, vanadate, chlorambucil, and colchicine 
have been attached to this site (see Table 1).

In 2016, Gryko et al. published moderate-to-high yielding (~40–80%) 
modifications to the phosphate moiety, the first complete investigation of this 
group to also include binding studies (Proinsias et al. 2016). The phosphate 
modification showed preferential binding to IF based on the length of the 
linker attached to the phosphate. Interestingly, these conjugates are acid, heat, 
and UV light sensitive possibly allowing for a future new class of cleavable 
B12 conjugates for drug delivery.

A more recent approach in B12 modifications is creating a dual 
functionalization of the (a) cobalt ion and (b) 5’ hydroxyl group. These 
conjugates are used for detection and delivery by designing a detectable 
component with a drug on the same molecule. The detectable component, such 
as a radionuclide or fluorophore, is conjugated to the 5’ hydroxyl group and a 
drug is either added directly to the cobalt atom or attached via a linker (Tran 
et al. 2016; Shell et al. 2014). In 2014, Lawrence et al. used this idea to target 
erythrocytes with the 5’-hydroxyl moiety and delivered a cleavable drug via 
the cobalt linker (see Section 2.4) (Smith et al. 2014).

While understanding the maintenance of transport protein binding and 
modified B12 conjugate design and synthesis has made significant strides, it is 
important to note that little is known about the effects a modified holo-protein 
complex had on recognition and binding to its receptor. In 2010, Andersen et 
al. published the crystal structure of cubilin(5–8)-IF-B12 (Andersen et al. 2010). 
This structure provides an outline of how the holo-IF interacts with cubilin, 
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allowing researchers a new tool to determine the implications of modification 
on receptor binding (a study not yet conducted to our knowledge). 

1.2.2 Targeting specific transport proteins

A B12 conjugate injected in the systemic circulation can be bound by HC or 
TCII. Initially, it was hypothesized that cancer therapy/imaging using a B12 
based delivery mechanism would work based on a projected increase in the 
TCII receptor, CD320, in a variety of cancer types such as breast, ovarian, 
thyroid, uterine, testis, and brain cancer (Mundwiler et al. 2005; Collins and 
Hogenkamp 1997). This overexpression of CD320 would provide sufficient 
uptake of a tracer bound to endogenous TCII vs uptake in healthy tissue. Such 
studies, however, suffered from high background (Section 2.5).

The use of HC binding was not investigated until 2008, when Schubiger 
et al. made a series of B12 conjugates that would selectively bind HC (and 
IF), but not TCII (Waibel et al. 2008). The hypothesis here was that, given the 
presence of TCII and HC in serum, and assigning the high background to 
TCII mediated cell entry, targeting only HC would offer improved results. 
Membrane associated HC, expressed de novo, in certain cancer cell lines offered 
a possible route to selectivity, absent from the approach to CD320 uptake 
(Carmel 1975). In 2014, a select conjugate, 99mTC-PAMA-cobalamin capable 
of selectively binding HC in blood serum, used in the detection of breast, 
colon, lung, and pharyngeal cancers in human patients, showed greater tumor 

Figure 4. IF-B12-PYY3–36. Highlighted is the B12-PYY3–36 (gold) and IF (gray).
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uptake and reduced TCII-based background (see Figure 4) (Sah et al. 2014). 
This publication is highly significant for B12 drug development, especially 
since it was performed in a human patient.

1.2.3 Structural investigations of B12 conjugates

As mentioned above there are three ways in which B12 and a molecule can be 
connected (elaborated upon in Section 1.2). Connecting through a “linker” to 
create length is favored in conjugates mainly for ease of synthesis (a result of 
favored modification techniques). In considering modification a few questions 
arise; (a) are all linker lengths created equal, and (b) do you need a certain 
“space” to better allow binding to transport proteins as well as allow the 
peptide to function properly? 

In 2016, Doyle et al. published a structural study, using NMR and molecular 
dynamics, to predict agonism at the peptide receptor for a B12-peptide (Henry 
et al. 2016). They used two B12-peptides (both based on B12 conjugates of the 
anorectic Y2-receptor agonist Peptide YY (PYY3–36)) with a difference of one 
methylene unit length and assessed the B12-peptide’s agonism at its receptor 
as well as performed constrained molecular dynamics (MD) with each. The 
data (collected by NMR and used to constrain MD) showed that the conjugate 
with a longer tether had more hydrogen bonding to B12 and predicted lower 
agonism at the Y2-R target receptor, a result confirmed by in vitro cell assay 
(Henry et al. 2016). Such work offers the possibility of using constrained MD 
to predict function a priori and minimize the need to synthesize extensive 
libraries of compounds for screening. This data also showed for the first 
time in a solution structure, that a B12-peptide/protein can be made without 
prominently affecting the peptides secondary structure (and hence function). 

2. Recent Highlights in B12 Drug Development

There are several excellent reviews in this area that the reader is referred to 
here (Zelder 2015; Clardy et al. 2011). What is noted below are recent specific 
highlights and general overview considerations that endeavor to ask where 
the field is going and what the big hurdles/goals are in the field of B12 drug 
development. 

2.1 Oral delivery 

Few peptide/protein-based drugs have the ability to survive the gastrointestinal 
tract and/or cross the intestinal wall to make it to the systemic circulation. The 
B12 pathway has naturally developed a complex mechanism for this uptake. 
Researchers can “hijack” this pathway to deliver B12-drugs in an oral manner. 
Early research in B12-peptide/protein oral drug delivery was conducted by 
Russell-Jones and co-workers in the 1990’s focusing on B12 conjugates of 
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granulocyte colony stimulating factor, erythropoietin, luteinizing hormone-
releasing hormone, ANTIDE-1, and ANTIDE-3 (see Table 2) (Russell-Jones et al. 
1995; Russell-Jones, Westwood and Habberfield 1995). Since then other groups 
have shown B12-molecules being transported via the B12 pathway across 
intestine cell lines in vitro and in vivo (Petrus et al. 2009; Dix et al. 1990; Verma 
et al. 2016). More recent highlights include that of a B12-PYY3–36 conjugate, 
which, when administered orally achieved clinically relevant levels of PYY3–36 
in blood of a rat model (~200 pg/mL after 1 h) (see Table 2 and Figure 4) (Fazen 
et al. 2011). This conjugate was not, however, shown to have any functional 
effect. In 2016, Mishra et al. showed a B12-chitosan layered nanoparticle that 
encapsulated insulin had a 10-fold increase in effective insulin duration in 
vivo when administered orally, achieving a maximum drop in glucose of ~40% 
(Verma et al. 2016).

Although data suggests drugs can be delivered orally through this 
pathway there are some questions left unanswered such as; (a) would oral 
administration be feasible because of the limit of uptake due to the expression 
of CUB, (b) amount of drug that gets into the blood serum and (2) would 
pre-binding of B12-drug to IF allow more efficient uptake? It is known that 
there is a limited pool of CUB expressed in the terminal ilium, which limits 
IF-mediated absorption to around 1.5 µg per meal (1 nmole/dose) (Schjonsby 
and Andersen 1974). Survival of enterocyte passage by a peptide bound to B12 
is also unknown, as is whether such a conjugate would arrive in serum bound 
or unbound to TCII (with implications for subsequent function) (see Section 3).

2.2 Subcutaneous delivery

As mentioned above a “hijacking” of the B12 pathway can be exploited 
for oral delivery. However, this “hijacking” is not limited to the use of 
oral administration. In 2015, Doyle et al. published on a subcutaneously 
administered B12-PYY3–36 (Henry et al. 2015). Peptide YY3–36 (PYY3–36) is an 
endogenous appetite suppressing peptide that is an agonist for the NPY2 
receptor in the intestines and arcuate nucleus of the hypothalamus. Food intake 
(FI) was significantly reduced over a five-day course for B12-PYY3–36 (24%) 
compared to PYY3–36 (13%). In addition, reduction of FI was more consistent 
after each dose through the course of a rat feeding cycle for B12-PYY3–36 (26%, 
29%, 27%) compared with PYY3–36 treatment (3%, 21%, 16%)ref. These findings 
demonstrate significant pharmacodynamic (PD) improvement upon simple 
conjugation of B12 to PYY3–36 for subcutaneous delivery. Of interest also was 
the fact that, when looking at the pharmacokinetic (PK) parameters of the B12 
conjugate compared to free PYY3–36, it is clear there is minimal improvement 
in terms of serum half-life, clearance, volume of distribution. Of note, in PK 
terms, was the observed increased Cmax for B12-PYY3–36 compared to PYY3–36, 
but at the same T1/2 (suggesting B12 conjugation did not increase subcutaneous 
uptake rate, but did improve amount that was passaged). 
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2.3 Peptide and protein protection

One of the major open questions in the field has been whether binding a 
peptide/protein to B12, with or without subsequent B12 binding protein 
interaction, could offer any protection against proteolysis. In 2015, Doyle et al. 
attempted to address this focusing on the stability (as defined by retention of 
peptide/protein agonist receptor function) of a B12 conjugate of the glucose 
controlling (GLP-1 receptor agonist) incretin exendin-4 (Ex-4) (Bonaccorso 
et al. 2015). Either as the straight B12-conjugate, or bound by IF, function at 
the GLP1-R relative to undigested controls was investigated using proteases 
from both the gastrointestinal tract (trypsin and chymotrypsin) and kidney 
(meprin β). The addition of IF produced up to a four-fold increase in function 
compared to Ex-4 alone, when digested by trypsin, and no statistical decrease 
in function when challenged by meprin β (Bonaccorso et al. 2015). These 
results offer a significant opportunity for exploitation. Increase in gastric 
stability, even on a small percentage scale, could provide a route to achieving 
the desired effect orally. This work also suggests the possibility of utilizing 
an IF-B12-drug complex in serum, thus expanding use of IF beyond oral 
administration. If the fact that IF is not found in serum produces antigenicity, 
it is likely that switching IF for HC would achieve similar improvements in 
protease protection, and mitigate the antigenicity (thus, suggesting here using 
the pathway for PK improvements). 

2.4 Photo-cleavable conjugates

In 2014, Lawrence et al. published a series of B12-flurophores that were 
modified on the cobalt atom. This series was designed, and proven, to be 
selectively photocleavable at different wavelengths, tissue-penetrating light 
(600–900 nm), in a mixture (Shell et al. 2014). The photocleavable-B12 system 
was then used as a platform to selectively deliver drugs. Initially, B12-cAMP 
and B12-doxorubicin (B12-Dox) activity was shown in vitro. B12-Dox showed 
cell viability equal to that of the control doxorubicin and B12-cAMP showed 
a light only induced cell morphology change typical of cAMP-dependent 
protein kinase activity (Shell et al. 2014).

A follow up paper, also published in 2014 by Lawrence et al., used 
the photocleavable-B12 platform to deliver three anti-inflammatories: 
methotrexate, colchicine, and dexamethasone (see Table 2) (Smith et al. 
2014). They used the 5’-hydroxyl group to target erythrocytes by using a 
C18 hydrophobic linker and functionalized the cobalt atom with each drug. 
After loading the erythrocyte with the B12-drug and a modified fluorophore 
(added as a separate molecule) they were able to photocleave the drug into the 
surrounding media and observe cell morphology changes (Smith et al. 2014). 
This approach then was able to selectively deliver drugs to targeted cell lines. 
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2.5 Imaging

Table 3 lists the B12-imaging agents reported to date. As mentioned above 
in Section 1.2.2, historically, imaging using B12 targeted the CD320 receptor, 
based on the premise that overexpression of CD320 on rapidly proliferating 
tumor cells would provide necessary tumor to background ratio’s (Collins and 
Hogenkamp 1997; Mundwiler et al. 2005). However, this technique proved 
highly limited due to observed high background uptake across tissues. In 
2014, Burger et al. published a human in vivo study using a 99mTc probe, based 
on a B12-conjugate modified at the b-acid with a 4-carbon linker (B12-PAMA) 
in patients with five types of cancer: lung, colon, hypopharyngeal, prostate, 
and breast (Sah et al. 2014). The conjugate was shown initially to be selectivity 
bound by HC, but not to be bound by TCII (Waibel et al. 2008). Initial results 
showed uptake in select cancers but with moderate background (see Figure 
5). After pre-dosing with excess B12, background was further reduced with 
an average uptake of ~4.5% was observed (Sah et al. 2014). 

In 2014, Ikotun et al. published a B12-PET imaging probe based on a B12-
NOTA conjugate with 64Cu (Ikotun et al. 2014). Small animals tumor studies 
were conducted with four cancer cell lines: pancreatic, ovarian, colorectal, and 
murine melanoma. However, as was observed with 99mTc studies, the same 
high background trend was seen. The tumor % ID/g achieved was ~4%. 

2.6 Anti-vitamins

For a full comprehensive review of anti-vitamins, we refer you to two recent 
reviews by Zelder and Kräutler (Kräutler 2015; Zelder et al. 2015). 

B12 based anti-vitamins are a new class of B12 conjugates. Anti-vitamins 
are defined as molecules that counteract biological action of vitamins. B12 
based conjugates interfere with B12’s ability during the enzymatic process 
by preventing the redox potential of the cobalt atom. There are two types of 
antivitamins: ones they prevent B12 from (a) forming into methylcobalamin 
and adenosylcobalamin (Ruetz et al. 2013), and (b) converting into a base 
“off” form (Zhou and Zelder 2010). These conjugates are designed to “lock” 
the cobalt atom and therefore remove its capability to act as a B12 vitamin.

Zelder et al. has focused on modifying the dimethylbenzimidazole (DMB) 
group within B12 (see Figure 1) (Zhou et al. 2012). By altering DMB’s linker 
to resemble peptides, creating a rigid backbone, the B12 is locked into a “base 
on” form. These conjugates have been shown in vitro to inhibit L. Delbruekii 
growth in a concentration dependent manner (Zhou et al. 2012). Kräutler et 
al. have modified the R axial group, shifting the cobalt redox potential more 
negative and therefore making reduction very difficult (Ruetz et al. 2013). The 
inert ‘aryl-cobalamins’ thus produced have been shown to bind to transport 
proteins but are not functional in B12 dependent enzymes (Mutti et al. 2013). 
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Figure 5. SPECT-CT Scans Targeting Haptocorrin in Human Patients. Partial-body scans after 
distribution of 

99m
Tc-PAMA-cobalamin at 10, 30, 60, 120, 240 min, and 24 h. (A) Without Cbl pre-dose 

has high blood-pool uptake over 24 h and no tracer accumulation in the tumor (hypopharynx), 
(B) After 20-mg Cbl pre-dose has reduced blood-pool activity and high uptake in bronchial 
carcinoma (arrow) stable over 24 h, (C) After 1,000-mg Cbl pre-dose has reduced liver uptake 
and only faint uptake in metastatic right axillary lymph node (arrowhead). This research was 
originally published in the Journal of Nuclear Medicine by I. A. Burger et al. 2014; 55: 43–49.  
© by the Society of Nuclear Medicine and Molecular Imaging, Inc.
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B12 anti-vitamins could be used to attempt to effectively starve cancer 
cells of B12. The overall effect on the patient would most likely be concomitant 
pernicious anemia. Looked at another way, these antivitamins could also be 
used in animal models, to study the effects of B12 deficiency in a variety of 
diseases. 

2.7 Considerations for murine models of B12 conjugates in In vivo 
studies 

Upon careful consideration of structural design and in vitro target validation, 
the next obvious step is to move into animal models, and in particular that 
of rodent models. What needs to be made clear here is the fact that there 
are several major concerns about using murine models for extrapolation to 
humans. 

The first major issue in the use of murine models lies in the fact that, 
humans, as described in Section 1.1, have two B12 binding proteins in serum, 
namely TCII and HC (Nielsen et al. 2012). As demonstrated in a 2011 paper 
by Nexo et al., mouse TCII has a single serum protein with features of both 
TCII and HC (Hygum et al. 2011). This work can be extrapolated to rats and 
other common small animal models such as guinea pigs by BLAST analysis. 
Developing systems to prevent TCII binding (to lower background uptake in 
imaging studies or to prevent loss of function upon serum delivery in oral 
studies, for example) by modifying the B12 structure (as discussed in Section 
1.2.2 and 2.5) are significantly hampered then, since the broader specificity 
of binding inherent in the murine TCII prevents the desired effect from 
being manifest. In such situations, it is likely that models, such as the rabbit 
(documented to contain both the serum TCII and HC proteins as in humans) 
would be a more appropriate choice (Nexø and Olesen 1981). Cow (Polak et al.  
1979), monkey, pig, and dog (Hygum et al. 2011) have also been documented 
to contain each of the two serum proteins, although these are not typically 
first pass in vivo screen models.

Another issue with the choice of murine models is the variation in 
unsaturated TCII concentrations both within model (depending on diet) and 
then (in terms of nmol/L) between the mouse (> 20 nmol/L), rat (2 nmol/L) 
and human (0.6–1.5 nmol/L). The concern here has to be with knowing the 
concentration of unsaturated TCII in the actual model as measured on the 
specific diet that model is being provided. Factoring this information into the 
concentration range difference inherent across the species noted, the fact that 
the murine models have a single serum TCII protein with HC-type properties 
and understanding that typically 80% of total bound B12 in human serum is 
bound to HC, not TCII, all must be considered when looking to use a murine 
model in in vivo B12 conjugate drug development studies (Nielsen et al. 2012). 

When considering model choice for oral studies, the B12 uptake capacity 
must also be noted. In humans the uptake capacity is in the range of 1 nmoles 
per dose (Schjonsby and Andersen 1974), whereas in rats, for example, it is in 
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the order of 10 pmoles per dose (Nexø et al. 1985). Combining such an uptake 
capacity with the increased serum TCII levels noted above, makes extrapolating 
anything observed (or not observed) from murine model to human relevance 
exceedingly difficult. 

3. Open Questions and Possible Directions

The use of B12 supplementation in the treatment of B12 deficiencies or in 
tandem with other drugs to treat or mitigate disease is well documented. 
A recent review of clinical trials data through the US National Institutes 
of Health (www.clinicaltrials.gov; accessed April 7th 2016; search term: 
vitamin B12) reveals 79 open studies (of 346 total studies), all of which are 
focusing on B12 supplementation in the methyl-, hydroxo-, or cyano-B12 
forms primarily, and all aiming to investigate such for improved uptake 
responses in the elderly, in children, those with feeding issues, etc., or looking 
at whether such can lower homocysteine levels in vegetarians, or positively 
effect neurological development, etc. While there has been considerable 
progress and developments made in exploring and pushing pharmaceutical 
development based on exploiting the B12 dietary pathway and its various 
components through use of B12 conjugation (or in general terms, covalent 
attachment to B12 or B12 analogs such as cobinamides), there remains no 
FDA approved drug based on such a system, or indeed any open trials noted 
under the criteria above). 

Several questions that remain to be addressed then are: 

 1.  Whether a drug (particularly a nucleic acid or peptide/protein), can be 
successfully and reproducibly delivered orally upon conjugation to B12 
and produce a clinically relevant response, especially beyond the rodent 
model. Empirical studies of function upon oral dosing would answer 
this directly but interesting side questions that remain are (a) whether a 
bound nucleic acid or peptide/protein, can survive the lysosome upon 
cubilin mediated uptake, and (b) if the conjugate arrives in the blood 
pre-bound to TCII or not (or both). 

   Question 1a is important because partial destruction upon enterocyte 
passage would undermine, or change, PK function, but also may provide 
false positive data for successful delivery of certain levels of drug, if 
part of the surviving B12-peptide conjugate for example, retained the 
target epitope (e.g., using ELISA). Validating, in vitro, IF protection 
against lysosomal degradation would be a missing link between the 
gastrointestinal track and blood for a B12-conjugate.

   Question 1b is critical when one considers that, if/when bound to 
TCII, there is a strong likelihood that the delivered pharmaceutical will 
be rapidly endocytosed into proliferating cells. This rapid clearance and 
non-specific targeting would be expected to have a detrimental effect on 

http://www.clinicaltrials.gov
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drug function where it is necessary to target receptors on a particular 
organ, for example. Establishing the surety of conjugate arrival in the 
blood, but loss of function due to TCII binding, would then warrant an 
investigation of oral uptake using B12 modified to maintain IF recognition 
but not that by TCII. Even if it is shown that the primary mechanism 
of B12 delivery into blood is bound to TCII, it is clear from the work of 
Nexo et al. that at least 50% of the B12 dose enters the blood when TCII 
is removed (Beedholm-Ebsen et al. 2010). This reduced uptake would 
then need to be factored into uptake capacity calculations.

 2.  Whether the B12 pathway can be used to (a) increase or decrease drug 
delivery across the blood-brain barrier (BBB), and (b) whether upon BBB 
passage, it can change localization within the brain. These questions are of 
interest because, in general, it is difficult to passage drugs to the brain and 
any effect on such can be a positive. In some cases, removing brain uptake, 
while maintaining general systemic effects, is warranted. A B12-peptide 
conjugate that maintained glucoregulatory control via the pancreas 
while removing CNS activation that triggers food intake reduction (and 
under-wanted malaise/nausea) would be of interest for example. Along 
a similar line, modifying localization within specific brain architectures 
by, for example, targeting a B12-peptide to the paraventricular neurons 
and keeping them from the arcuate nucleus would make for a platform 
technology with, probably inherent and definable, characteristics that 
could be applied to a particular drug subset.

 3.  Whether the pathway can be used to develop a new pharmacokinetic 
(PK) platform technology along the lines of targeting serum albumin to 
improve serum half-life in vivo. A recent patent (R. P. Doyle; Syracuse 
University, 62/323,013), describes HC targeting substrates such as dicyano-
cobinamide peptide conjugates to achieve this half-life improvement. With 
a half-life in blood of ~9 hours and no known receptors in healthy cells 
when fully glycosylated, HC is an exciting avenue for PK improvement. 
The unsaturated binding concentration for HC in serum is 0.3 nmol/L 
(compared to ~1 nmol/L for TCII in humans with 80% of B12 and B12 
analogs bound up by HC and the remaining 20% by TCII) so, while B12 
itself would be expected to be bound up by both HC and TCII, some of 
the administered drug would be lost to TCII if such were used (Sheppard 
et al. 1984). Exploiting this area of the dietary pathway remains mostly 
unexplored, although it worth noting again here that Alberto et al. did 
attempt to target de novo expressed membrane associated HC in cancer 
cells for imaging (Waibel et al. 2008; Sah et al. 2014). 

 4.  Whether prolonged administration of a B12-drug would have detrimental 
effects on healthy B12 dependent physiology. Nexo et al. produced a study 
over 27 days in mice administered high doses of dicyano-cobinamide 
(4.25 nmol/h) by osmotic pump and followed B12 bio-markers such 



Vitamin B12 and Drug Development 359

as the plasma levels of cysteine, total homocysteine, methionine and 
methylmalonic acid (Lildballe et al. 2012). This study showed no 
significant changes in plasma levels for the markers in question over the 
time-period under study. The production of so-called ‘antivitamin B12’ 
will allow further elaboration of this area, as would the incorporation 
of the B12-conjugate under investigation into a B12 dependent assay to 
gauge if such B12 remained functional (or to what degree it remained 
functional, at least). 

The future of the field lies in expanding and exploiting on the successes 
of the past several years. What is evident from the work to date is that there 
is considerable potential in the use of B12 and/or its transport proteins, be 
it for delivery, targeting, improved PK/PD, etc. The full potential of the B12 
dietary uptake pathway has not been realized and the authors believe that 
with such realization, will come clinical development.
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Cmax : maximum serum concentration
T1/2 : half-life
Ex4 : exdendin-4
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NOTA : 1,4,7- triazacyclononane-N,N’,N’’-triacetic acid
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SPEC-CT : single-photon emission computed tomography
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