The Benefits of Glutathione (GSH)
Information for Physicians Only
· Glutathione is a substance, the levels of which in our cells are predictive of how long we will live. There are very few other factors which are as predictive of our life expectancy as is our level of cellular glutathione. Glutathione has been called the "master antioxidant", and regulates the actions of lesser antioxidants such as vitamin C, and vitamin E within the body. "We literally cannot survive without this antioxidant," Earl Mindell, R.Ph., Ph.D. "What You Should Know about the Super Antioxidant Miracle" 

· "Without glutathione, other important antioxidants such as vitamins C and E cannot do their job adequately to protect your body against disease." Breakthrough in Cell Defense, Allan Somersall, Ph.D., M.D., and Gustavo Bounous, M.D. FRCS(C) 

· "No other antioxidant is as important to overall health as glutathione. It is the regulator and regenerator of immune cells and the most valuable detoxifying agent in the human body. Low levels are associated with hepatic dysfunction, immune dysfunction, cardiac disease, premature aging, and death." The Immune System Cure, Lorna R. Vanderhaeghe & Patrick J.D. Bouic, Ph.D. 

· A good, certified, and inexpensive blood glutathione test is available for about $40. AMSCOT testing laboratories. 

· "A review article published in the Annals of Pharmacology stated that glutathione is important in DNA synthesis and repair, protein and prostaglandin synthesis, amino acid transport, detoxification of toxins and carcinogens, enhancement of the immune system, and protection from oxidation and enzyme activations." The Immune System Cure, Lorna R. Vanderhaeghe & Patrick J.D. Bouic, Ph.D. 

· "Glutathione has potent anti-viral properties - if tissue and serum glutathione levels are significantly increased, the replication of most pathogens are slowed or stopped. Conversely, glutathione deficiency produces a pro-viral effect." Paul Cheney, M.D., Ph.D. and expert in the treatment of Chronic Fatigue Syndrome. Transcribed from a workshop presentation on the clinical management of Chronic Fatigue Syndrome 

· Lymphocytes, cells vital for effective immune function, depend on GSH for their proper function and replication.
IMMUNOLOGY 61: 503-508 1987 

· As we age, there is a precipitous drop in GSH levels. Lower glutathione levels have been implicated in many diseases associated with aging.
Journal of Clinical Epidemiology 47: 1021-28 1994 

· Antioxidants are well documented to play vital roles in health maintenance and disease prevention. GSH is your cells' own major antioxidant.
Biochemical Pharmacology 47: 2113-2123 1994 

· GSH plays a role in eliminating many carcinogens as well as maintaining immune function.
Cancer Letters 57: 91-94 1991 

· Strong muscular activity, such as that experienced by athletes, generates oxyradicals [free radicals] leading to muscle fatigue and poorer performance. GSH neutralizes these radicals. 
Sport Medicine 21: 213-238, 1996 

· GSH detoxifies many pollutants, carcinogens, and poisons, including many in fuel exhaust and cigarette smoke. It retards damage from radiation such as seen with loss of the ozone.
Annual Reviews of Biochemistry 52: 711-780 1983 

What is Glutathione (GSH)?
Glutathione, or GSH, is a naturally occurring protein that protects every cell, tissue, and organ from toxic free radicals and disease. It is a tripeptide of three amino acids - glycine, glutamate (glutamic acid), and cysteine. These precursors are necessary for the manufacture of glutathione within the cells. 

Find Out More About Glutathione 
Scientific and Research information on Immunocal® 
The Clinical Management of Chronic Fatigue Syndrome (CFS, CFIDS) - transcript of a workshop by Paul Cheney, M.D., one of the leading authorities on Chronic Fatigue Syndrome and Fibromyalgia in the U.S., and founder/director of the Cheney Clinic, Feb. 1999. This study emphasized the central role of glutathione deficiency in the symptomology of Chronic Fatigue Syndrome.

CFS Radio Program - Feb. 28, 1999, Roger G. Mazlen M.D., Host, with Dr. Paul Cheney, discussing Dr. Cheney's CFS research.

The famous Louis Pasteur Institute for Research issues a book every year which goes to all the major medical schools in Europe, Canada, and the U.S.A. This book is entitled Oxidative Stress in Cancer, Aids and Neurodegenerative Diseases, co-authored by Luc Montagnier, co-discoverer of the AIDS virus. Chapter 42 of this book is entirely devoted to a discussion of Immunocal®. It reads, "Nutriceutical Modulation of Glutathione with a Humanized Native Milk Serum Protein Isolate, Immunocal: Application in Cancer and AIDS".

Montreal Children's Hospital: Dr. Larry Lands just presented results from a double-blind study in the area of Cystic Fibrosis and muscle performance in healthy young adults. He presented his findings at the American Lung Association's Symposium in San Diego, April 26th, 1999. Dr. Lands showed that Immunocal® raised the cellular levels of glutathione in young athletes on the product by 35%, and improved muscle performance by up to 13%. 

"Whey proteins in cancer prevention.", Bounous G, Batist G, Gold P Montreal General Hospital, McGill University, Quebec, Canada. "We and others have demonstrated that whey protein diets result in increased glutathione (GSH) concentration in a number of tissues, and that some of the beneficial effects of whey protein intake are abrogated by inhibition of GSH synthesis. Whey protein is particularly rich in substrates for GSH synthesis. We suggest that whey protein may be exerting its effect on carcinogenesis by enhancing GSH concentration." 
The Effect of Immunocal, Commercial Whey Protein, and Casein on Immune Response
Bounous G, Batist G. Immunoenhancing property of dietary whey protein in mice:
Role of glutathione. Clin Invest Med 12:154-61, 1989.
Graph showing Optimization of the immune response in animals fed the Patented Whey Protein Concentrate (WPC)--Immunocal® occured because of significantly greater glutathione production (>120%) in their lymphocytes (immune cells or white blood cells) than those animals fed Commercial WPC or Casein. This increased glutathione production following Immunocal® supplementation was attributed to the abundance of known glutathione dietary precursors including serum albumin, alpha lactalbumin, and lactoferrin. Commercial whey protein contains significantly less of these precursors of glutathione. Additionally, the immunosustaining effect of Immunocal® Patented WPC was significantly greater than that of soy protein isolate in a study conducted by Bounous et al in Canada.

"The use of a whey protein concentrate in the treatment of patients with metastatic carcinoma: a phase I-II clinical study.", Kennedy RS, Konok GP, Bounous G, Baruchel S, Lee TD Department of Surgery, Dalhousie University, Halifax, Nova Scotia, Canada. "These results indicate that whey protein concentrate might deplete tumour cells of GSH and render them more vulnerable to chemotherapy." 
Graph showing results of Immunocal® supplementation in mice and rats previously exposed to potent carcinogens (cancer-causing agents) resulted in a remarkably lower tumor mass than in those animals supplemented with casein, standard feed, or meat.
Bounous G., et al. Clin Invest Med 11:213, 1988.
This study was conducted with mice and rats exposed to (by feeding) potent carcinogens (cancer-causing agents). These animals were subsequently placed on protein diets of similar nutritional efficiency (Protein Efficiency Ratios, or PER), but from the three different protein sources. The COLON TUMOR MASS in animals fed the patented Whey Protein Concentrate (WPC) Immunocal® was LOWER than the tumor mass in animals fed casein protein, standard feed, or meat, suggesting a protective effect associated with Immunocal® supplementation. The immune stimulating effect of Immunocal® Patented WPC was significantly greater than that of commercial Whey Protein Concentrate and Casein Protein in a separate study conducted by Bounous et al in Canada. Additionally, the immunosustaining effect of Immunocal® Patented WPC was significantly greater than that of soy protein isolate in a study conducted by Bounous et al in Canada.

"Whey proteins as a food supplement in HIV-seropositive individuals.", Bounous G, Baruchel S, Falutz J, Gold P Department of Surgery, Montreal General Hospital, Quebec. "In conclusion, these preliminary data indicate that, in patients who maintain an adequate total caloric intake, the addition of "bioactive" whey protein concentrate as a significant portion of total protein intake increases body weight and shows elevation of glutathione (GSH) content of mononuclear cells toward normal levels."

"The biological activity of undenatured dietary whey proteins: role of glutathione." , Bounous G, Gold P Department of Surgery, Montreal General Hospital Research Institute, Quebec. "The presence in the serum albumin fraction of glutamylcysteine groups (rare in food protein) and the specific intramolecular bond as related to the undenatured conformation of the molecule are considered to be key factors in the glutathione-promoting activity of the protein mixture."

"The influence of dietary whey protein on tissue glutathione and the diseases of aging", Bounous G, Gervais F, Amer V, Batist G, Gold P Montreal General Hospital Research Institute, Quebec. "Hence a whey protein diet appears to enhance the liver and heart glutathione concentration in aging mice and to increase longevity over a 6.3 month observation period. "

"The immunoenhancing property of dietary whey protein concentrate.", Bounous G, Kongshavn PA, Gold P Montreal General Hospital Research Institute, Quebec, Canada."Mixing lactalbumin with either casein or soy protein in a 20 g protein/100 g diet formula significantly enhanced the immune response in comparison to that of mice fed diets containing 20% soy protein or casein."

"Immunoenhancing property of dietary whey protein in mice: role of glutathione.", Bounous G, Batist G, Gold P Montreal General Hospital, Quebec. "This is further evidence of the important role of glutathione in the immunoenhancing effect of dietary whey protein." 

Whey Proteins are Different
Graph showing Superior Immunosustaining effect of Immunocal® Patented WPC versus Casein and Isolated Soy Protein
Bounous G. et al. J Nutr. 113:1415, 1983
The immune response in animals fed the patented Whey Protein Concentrate (WPC) Immunocal® was up to 400% greater than the immune response in animals fed casein or isolated soy proteins. Peak antibody production by speen lymphocytes (number of plaque forming cells) was measured after antigen challenge in mice fed protein diets of similar nutritional efficiency (Protein Efficiency Ratios, or PER), but from the three different protein sources. Similarly, the immune stimulating effect of Immunocal® Patented WPC was significantly greater than that of commercial Whey Protein Concentrate in a separate study conducted by Bounous et al in Canada.

	Glutathione is actually a tripeptide made up the amino acids gamma-glutamic acid, cysteine, and glycine. The primary biological function of glutathione is to act as a non-enzymatic reducing agent to help keep cysteine thiol side chains in a reduced state on the surface of proteins. Glutathione is also used to prevent oxidative stress in most cells and helps to trap free radicals that can damage DNA and RNA. There is a direct correlation with the speed of aging and the reduction of glutathione concentrations in intracellular fluids. As individuals grow older, glutathione levels drop, and the ability to detoxify free radicals decreases.


"Effect of supplementation with a cysteine donor on muscular performance." Lands LC, Grey VL, Smountas AA Division of Respiratory Medicine, McGill University Health Centre-Montreal Children's Hospital, Montreal, Quebec, Canada. "This is the first study to demonstrate that prolonged supplementation with a product designed to augment antioxidant defenses resulted in improved volitional performance. "

Glutathione

Also indexed as: GSH

What does it do? Glutathione is a small protein composed of three amino acids: cysteine, glutamic acid, and glycine. Glutathione is involved in detoxification—it binds to fat-soluble toxins, such as heavy metals, solvents, and pesticides, and transforms them into a water-soluble form that can be excreted in urine. Glutathione is also an important antioxidant. In preliminary research, dietary glutathione intake from fruit and raw vegetables has been associated with protection against some forms of cancer.1 2 Glutathione has also inhibited cancer in test tube3 and animal studies.4 In preliminary research, higher glutathione levels have also been associated with good health in older adults.5
Glutathione supplements appear to be efficiently absorbed in rats.6 7 However, the same may not be true for glutathione supplements in humans. For example, when seven healthy subjects were given a single dose of up to 3,000 mg of glutathione, there was no increase in blood glutathione levels.8 The authors of the study concluded “it is not feasible to increase circulating glutathione to a clinically beneficial extent by the oral administrating of a single dose of 3,000 mg of glutathione.” Absorption of glutathione may be better in rats because unlike the gastrointestinal tract of rats, the human gastrointestinal tract contains significant amounts of an enzyme (gamma-glutamyltranspeptidase) that breaks down glutathione. Very preliminary evidence has suggested that absorption of glutathione can occur in the mouth when glutathione tablets are placed between the teeth and the inner cheek.9
Some researchers believe that supplements other than oral glutathione may be more effective in raising blood levels of glutathione. For example, in one trial, blood glutathione levels rose nearly 50% in healthy individuals taking 500 mg of vitamin C for only two weeks.10 Vitamin C raises glutathione by helping the body manufacture it. In addition to vitamin C, other nutritional compounds that may, according to preliminary research, help increase glutathione levels include alpha-lipoic acid,11 glutamine,12 methionine,13 S-adenosyl methionine (SAMe),14 and whey protein.15 Vitamin B6, riboflavin, and selenium are required in the manufacture of glutathione. The extent to which any of these nutrients effectively increases glutathione levels in humans remains unclear.

Studies using intravenous or intramuscular glutathione have found it to be useful for preventing clot formation during operations;16 reducing the side effects and increasing the efficacy of chemotherapy drugs (particularly cisplatin in women with ovarian cancer);17 18 treating Parkinson’s disease;19 reducing blood pressure in diabetics with high blood pressure;20 and increasing sperm counts in men with low sperm counts.21 22 A glutathione nasal spray has also reduced symptoms in people with chronic rhinitis.23 Whether oral preparations are also effective is unknown at this time. A small study in eight patients with liver cancer using oral glutathione showed modest effects in women but not in men when given in a daily amount of 5,000 mg.24  

An unpublished preliminary study of eight colon cancer patients also found that oral glutathione appeared to have anticancer activity.25 Nonetheless, because questions exist about the extent to which oral glutathione can absorb, some doctors remain concerned that oral preparations may be either less effective than other forms or not effective at all.

Where is it found? Dietary glutathione is found in fresh and frozen fruits and vegetables, fish, and meat.26 Asparagus, avocado, and walnuts are particularly rich dietary sources of glutathione.

Glutathione has been used in connection with the following conditions (refer to the individual health concern for complete information):

	Ranking
	Health Concerns

	Other
	Rhinitis (nasal spray) 

Cancer risk reduction (gastrointestinal)


Who is likely to be deficient? A deficiency can be the result of diseases that increase the need for glutathione, deficiencies of the amino acids needed for synthesis, or diseases that inhibit glutathione formation.27 Examples of some health conditions that are associated with glutathione deficiency include diabetes, low sperm counts, liver disease, cataracts, and HIV infection, respiratory distress syndrome, cancer, and idiopathic pulmonary fibrosis. Cigarette smoking is also associated with low glutathione levels because it increases the rate of utilization of glutathione.

Glutathione: Scientific Abstracts
Glutathione and its function in the lens-an overview
Reddy VN. Exp Eye Res 1990;50:771-778

This paper presents an overview of the current state of our knowledge concerning the metabolism and function of glutathione (GSH) in the lens, with particular reference to the contributions of Dr Jin H. Kinoshita to this field. Glutathione in the lens is synthesized from its constituent amino acids and degraded by mechanisms involving transpeptidation and hydrolysis. The turnover of GSH in the lens is due to its catabolism rather than transport of GSSG as is the case in red blood cells and some other tissues. Three aspects of the functional role of GSH in cataract formation are considered. First, GSH may be important in maintaining protein thiols in the reduced state, thus preventing the formation of high molecular weight protein aggregates which are the basis for light scattering and lens opacification. A second function may be to protect membrane -SH groups that are important in cation transport and permeability. A third functional role is to detoxify hydrogen peroxide and other organoperoxides. The glutathione redox cycle is intimately involved in the detoxification of H2O2 which is normally present in the aqueous humor.

 

Glutathione and glutathione-related enzymes in human cataractous lenses
Xie PY, Kanai A, Nakajima A, Kitahara S, Ohtsu A, Fujii K. Ophthalmic Res 1995;23:133-140

Glutathione and its related enzymes were measured for normal and cataractous human lenses. Glutathione decreased progressively with the development of cataracts. This decrease was more pronounced in the nucleus than in the capsule-epithelia of cataractous lenses. Glutathione reductase in nuclear extracts was relatively unchanged during cataract progress, while glutathione synthetase was significantly low in the advanced stages of cataracts. gamma-Glutamylcysteine synthetase was not measurable in the nuclei of cataractous lenses.

 

Glutathione levels of the human crystalline lens in aging and its antioxidant effect against the oxidation of lens proteins
Kamei A. Biol Pharm Bull 1993;16:870-875

This paper reports the role of glutathione (GSH) in the crystalline lens as an antioxidant against the oxidation of lens protein. GSH levels in normal lenses decreased gradually with increasing age, from approximately 5 mumol per g lens (wet weight) to 3 mumol per g lens (wet weight). On the other hand, levels of oxidized GSH in the lenses increased until the age of 40. After that, it remained almost constant at the level of approximately 0.9 mumol per g lens. Protein-bound GSH levels in both soluble and insoluble lens proteins dropped noticeably in the 50-year and older age groups, although there were significant differences in levels between both fractions. A decrease of tryptophan and tyrosine residues in lens proteins was proportional to a decrease in GSH levels in the lens as a result of aging. Those residue levels in the cataractous lenses were approximately half those in the normal lens proteins, and GSH levels in such lenses were almost one-tenth that in the normal lens. This study revealed that GSH may play an important role in preventing the oxidation of lens proteins from various oxidants. Furthermore, it is conceivable that these normal changes in GSH levels in the lenses increase the vulnerability of the lens to senile cataractogenesis.

	

	
	Glutathione Deficiency and Clinically Relevant Glutathione Dependent Drug Interactions.
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     Glutathione (GSH) plays a major role in the metabolism and in vivo detoxification of drugs and toxins and thus its depletion may be clinically significant.  Mechanisms have been singularly reported implicating depleted GSH levels in drug-drug interactions and as exacerbating drug-induced organ damage and certain pathological diseases.  In principle, simultaneous exposure to multiple pathways that decreased GSH concentrations can compile to trigger pathological conditions related to glutathione deficiency.  It is our purpose in this review to summarize risk factors and possible mechanisms such as GSH synthesis and decomposition, GSH dependent enzyme deficiencies, common diseases, medications and therapies which reduce GSH. Furthermore, in an effort to survey common medications with increased glutathione depletion capabilities, we have calculated a glutathione depletion potential (GDP) reported in our reference table as a function of % GSH metabolized. 
	
	


Glutathione

Also indexed as: GSH

How does it work?

Glutathione is a small protein composed of three amino acids: cysteine, glutamic acid, and glycine.

· Glutathione is involved in detoxification—it binds to toxins, such as heavy metals, solvents, and pesticides, and transforms them into forms that can be excreted in urine or bile. 

· Glutathione is also an important antioxidant. In preliminary research, dietary glutathione intake from fruit and raw vegetables has been associated with protection against some forms of cancer. Glutathione has also inhibited cancer in test tube and animal studies. 

· In preliminary research, higher glutathione levels have also been associated with good health in older adults. 

Studies using intravenous or intramuscular glutathione have found it to be useful for

· Preventing clot formation during operations 

· Reducing the side effects and increasing the efficacy of chemotherapy drugs (particularly cisplatin in women with ovarian cancer) 

· Treating Parkinson’s disease 

· Reducing blood pressure in diabetics with high blood pressure 

· Increasing sperm counts in men with low sperm counts. 

Whether oral preparations are also effective is unknown at this time.

An unpublished preliminary study of eight colon cancer patients also found that oral glutathione appeared to have anti-cancer activity. Nonetheless, because questions exist about the extent to which oral glutathione can be absorbed, some doctors are concerned that oral preparations may be either less effective than other forms or not effective at all.

Key uses for oral glutathione

· None 

Other potential uses for oral glutathione

· Rhinitis: A glutathione nasal spray has reduced symptoms in people with chronic rhinitis. 

· Liver cancer: A small study featuring eight patients with liver cancer using oral glutathione showed modest benefits in women, but not in men, when given a daily amount of 5,000 mg. 

· Reduction of chemotherapy toxicity 

Where is it found?

· Dietary glutathione is found in fresh and frozen fruits and vegetables, fish, and meat. 

· Asparagus, avocado, and walnuts are particularly rich dietary sources of glutathione. 

How much is usually taken?

· There is very little evidence that taking oral glutathione supplements provides any benefit, despite promising evidence about the effects of aerosol, intravenous, and intramuscular glutathione for people with a wide variety of conditions. People who have a proven glutathione deficiency, which may require administration of glutathione intravenously, intramuscularly, or by aerosol, should be treated by a healthcare professional. 

· Cancer patients currently taking cisplatin, bleomycin, cyclophosphamide or a combination of these should discuss using intravenous glutathione with a healthcare professional. Endometrial cancer patients receiving radiation therapy should do so as well. 

Are there any side effects or precautions?

· No side effects are known with oral administration of glutathione. 

· Intravenous glutathione has been used successfully to reduce the toxicity of some chemotherapy drugs without impairing their therapeutic effect. It is not known if oral glutathione supplementation would have a similar effect. 

Potential adverse drug interactions

· None reported 

Glutathione-What You Do Not Know Does Hurt You!

	You have probably said it-most of us have- "What I don't know won't hurt me." Ignorance is not bliss when your body is affected. When your back hurts, you may take a pill or go see a doctor. If you have a headache or a stomach ache, your body is trying to tell you something.
So what does this have to do with Glutathione? Glutathione, also called GSH, was discovered more than a century ago, yet its function in the body was relatively unknown until the last five years. Glutathione "is the master antioxidant," according to Dr. John T. Pinto of the Sloan Kettering Cancer Center, NY. Jean Carper in her book Stop Aging Now! says, "You must get your levels of GSH up if you want to keep your youth and live longer. High levels of GSH predict good health and a long life. Low levels predict early disease and death." Dr. Earl Mindel in his book What You Should Know About The Super Antioxidant Miracle says "We literally cannot survive without this miracle antioxidant."
Dr Gustavo Bounous, a leading researcher in GSH says, "In view of existing scientific data, all we can expect from the environment is continued pollution, ozone depletion and increased virulence. I think that enhanced GSH levels will allow for a better quality of life."
GSH is a tripeptide (small protein) consisting of 3 amino acids-glycine, glutamate, and most importantly, cysteine (pronounced sis-teh-een). GSH occurs in every cell of the body. Each cell synthesizes (produces) its own GSH. GSH production is limited by the availability of cysteine, in the bioactive form of cystine, in the diet. GSH functioning is limited by the availability of selenium in the diet. Most people in North America do not get enough of either in their diets.
 High levels of Vitamin C (over 1000mg per day) actually deplete Glutathione levels. All antioxidants are dependant on Glutathione for their functioning. 
	Taking antioxidants without boosting GSH levels actually depletes what little GSH we may have and in the long term may make you more vulnerable to disease than before.
Low levels of Glutathione are implicated in such diseases as Cancer, Parkinson's, Alzheimer's, Diabetes, Arteriosclerosis, Hepatitis, AIDS, MS and many more, as well as aging (including such things as cataracts and macular degeneration). GSH detoxifies tobacco and many other cancer causing substances. Low GSH levels is even implicated in Allergies, Environmental Illness as well as other auto immune diseases.
We need to raise our GSH levels in order to prevent or help combat these diseases. Through research pioneered by Dr. Bounous a whey protein concentrate, called HMS 90TM (ImmunocalTM in the United States), has been clinically proven to boost and sustain GSH levels when taken on a daily basis (twice daily for compromised immune systems). HMS 90TM is a natural health product which in 20 years of research has not demonstrated any known negative side effects. Even those who are lactose intolerant can use this product. Combined with an overall healthy diet it is a great boost to the human immune system.
For more information on Glutathione read the excellent books: Breakthrough In Cell Defence: How to Benefit from the Real Glutathione Revolution by Dr. Allan C. Somersall, PhD, MD with Dr. Gustavo Bounous, MD, FRCSC available from bookstores like Chapters or Coles, and Glutathione/GSH Your Body's Most Powerful Healing Agent by Dr. Jimmy Gutman, MD, FACEP available through local distributors or by e-mail @ bfwhite@sprint.ca. You may ask for more information about HMS 90TM/ ImmunocalTM.
by Dr. Jimmy Gutman, MD, FACEP available through local distributors or by e-mail @ bfwhite@sprint.ca. You may ask for more information about HMS 90TM/ImmunocalTM


 GLUTATHIONE
See also: Milk Thistle, N-acetylcysteine, whey protein concentrate, bovine thymic protein, vitamin C.
Glutathione is a powerful antioxidant that is produced in the liver. The largest store of glutathione are found in the liver, where it detoxifies harmful compounds so that they cab be excreted through the bile. Supplemental glutathione is expensive and the
effectiveness of oral formulas is questionable. (3) 
A better way to raise glutathione levels is to supply the body with the raw materials it uses to make this compound: cysteine, glutamic acid, and glycine. The N-acetyl form of cysteine (N-acetylcysteine) is
considered particularly effective for this purpose.(3) 
The goal is to raise "tissue glutathione levels". Glutathione pays a critical role in the defense against free-radical damage. 
A deficiency of intracellular glutathione has been identified in a number of clinical conditions including cancer, alcohol-induced liver disease, and AIDS. (2) A patient with hepatitis may want to ask their doctor if they are deficient of glutathione or whether their form of hepatitis is identified as having this deficiency. 
Question: Do glutathione or N-acytlcysteine supplements elevate and maintain good tissue glutathione levels?
Here is what Michael T. Murray N.D. has written on the subject, 
"Studies indicate that vitamin C can decrease cellular damage in patients with hereditary glutathione deficiency and is more effective and less expensive than N-acetylcysteine (NAC). Vitamin C may offer the benefits attributed to NAC at only a slightly reduced cost. Over the past 5 to 10 years, the use of NAC and glutathione products as antioxidants has become increasingly popular among nutritionally oriented physicians and the public. Some biochemists believe that NAC acts as a precursor for glutathione and that taking extra glutathione should raise tissue glutathione levels. While supplementing the diet with high does of NAC may be beneficial in cases of extreme oxidative stress (e.g., AIDs), it may be an unwise proactive in healthy individuals. 
One study indicated ... a dose of 1.2 grams per day... actually increased oxidative damage by acting as a pro-oxidant. Intravenous glutathione shows some promise in increasing intracellular glutathione concentrations; however, the question of oral absorption remains in doubt. A daily dosage of 500 milligrams of vitamin C may be sufficient to elevate good tissue glutathione levels. 
Consumers and physicians... may want to use vitamin c instead of higher priced 'super antioxidants'." 
Some sources indicate that Hepatitis C patients have a systemic depletion of glutathione, especially in the liver and they believe this factor may be underlying the resistance to interferon therapy. Thus it is believed by some that supplements such as NAC and glutathione can be adjuvant or assisting therapies to interferon. 
Other alternative solutions/supplements that have been reported to boost glutathione levels are: Whey protein isolate concentrate powder, garlic, selenium, alpha lipoic acid, cysteine. 
Many experts say that HCV patients have "severely depressed" levels of glutathione. Although some reports are not conclusive. Matthew Dolan sums it up, 
" Whether of not HCV patients are consistently deficient in glutathione, and therefore generally indicated for supplementation, is a question that has yet to be satisfactorily answered." 
Even though it is not clear that HCV patients are consistently deficient, raising glutathione levels seems that it would be a favorable objective considering the benefits this substance is reported to have within the liver. It is considered to be an intracellular damage limiting agent which plays a major role in the detoxification process. It is speculated that it also performs as in immunomodulator which activates killer lymphocytes (important in the immune system). 
This topic, obviously should be discussed with your doctor. You would first want to determine whether or not you fall into the category of glutathione deficiency. Then you would want to discuss the available options for increasing your glutathione levels. 
But glutathione does not work alone! The other antioxidants in the cell's glutathione cycle need to assist glutathione remain in it's active (reduced) chemical form. The vitamins A, C, and E, plus selenium are required to allow glutathione to function effectively and continuously to maintain the cellular antioxidant defenses in the war against free radicals and the damage they cause.

Thione™ International's Thione Complex™ contains the necessary antioxidants in the proper combination and dosages to provide the maximum advantages of glutathione. Thione Complex is available in 

Unbound iron clearly plays an important role in the free radical mediated damage of dopamine producing cells of these substantia nigra. Because EDTA has such a strong affinity for unbound iron, we routinely utilize a program of EDTA chelation therapy in the treatment of our Parkinson’s disease patients.

In experimental animals, Gingko biloba extract has been demonstrated to protect the brain against the damaging effects of the Parkinson’s inducing chemical MPTP. We feel Gingko biloba therefore has a useful role in our patients.

Summary: Our therapeutic protocol for Parkinson’s disease patients includes: 

1. Assessment of hepatic detoxification competence (Great Smokies Diagnostic Laboratory - Detoxification Profile).

2. UltraClear Plus  - 88 grams per day for two weeks followed by 44 grams each day (especially for patients with demonstrated abnormalities of hepatic detoxification or age of onset of symptoms less than 50 years).

3. Gingo biloba extract 60 mg twice each day. 

4. EDTA Chelation therapy.

5. Vitamin C - 4000mg per day.

6. Vitamin E ( d-alpha tocopherol ) 800 units per day.

Conclusion: New and exciting research now demonstrates that the etiology of Parkinson’s disease, although not clearly defined, quite likely involves an environmentally induced manifestation of a genetic predisposition. Thus, individuals with specific genetic defects causing hepatic detoxification enzyme dysfunction may develop Parkinson’s disease as a result of exposure to certain environmental xenobiotic chemicals proving neurotoxic. We hypothesize that defects in fully detoxifying xenobiotics may allow damage to specific carrier systems for iron allowing increased concentration of unbound iron in the substantia nigra leading to enhanced free radical damage to dopamine producing cells.

	 

 

ALPHA LIPOIC ACID

 

Though there is no such thing as the "ideal" antioxidant, alpha lipoic acid may be about as close as they come.

"Supplemental antioxidants are useful to keep free radicals in check and to maintain good health," writes Beth M. Ley, author of The Potato Antioxidant: Alpha Lipoic Acid. "Although there is no one, single, perfect antioxidant," she says, "alpha lipoic acid is a candidate which approaches the ideal."

"Discovered in the 1930s and extracted in 1957, alpha lipoic acid is a unique free radical protector for all cells because it is the only such nutrient which is both fat and water-soluble," explains Life Services News. Therefore, the editors continue, "alpha lipoic acid has excellent bio-availability and can easily travel across cell membranes to fight free radicals both inside and outside the cell."

"This is unlike many other antioxidants," says Ley. As she explains in her book, "most antioxidants like vitamins C and E are too large to pass through the cell membrane and thus offer protection only on the outside of the cell." Alpha lipoic acid, on the other hand, is a very small molecule which can easily pass through the cell membrane, providing free radical protection both inside and out. "Because alpha lipoic acid works both inside the cell and at the membrane level," says Hans Larsen, MSS, in "Alpha Lipoic Acid: The Universal Antioxidant" (alive #184), "any free radicals that make it past the first line of protection are combated right in the cell itself."

Furthermore, Ley notes that "most antioxidant substances can act as antioxidants only in their reduced forms," whereas alpha lipoic acid possesses antioxidant properties in both its original and reduced form, dihydrolipoic acid (DHLA)---"which itself is even more aggressive in its antioxidant potency," adds Larsen.

"But of particular importance to antioxidant researchers," Life Services News reports, "is alpha lipoic acid's apparent ability to regenerate and actually prolong antioxidant activity of such important nutrients as vitamins C and E and glutathione, offering enhanced protection. "In fact," assert the editors, "many of the beneficial effects of alpha lipoic acid may be due to its ability to regenerate glutathione, a potent amino acid antioxidant which, in turn, is a powerful immune enhancer, liver protector and heavy metal detoxifier."

But according to Ley, alpha lipoic acid's benefits expand far beyond its antioxidant activities. Most notably, she explains, "alpha lipoic acid is first a coenzyme in the metabolic process and is necessary for the conversion of glucose to energy (ATP). "

Furthermore, the editors of Life Services News explain, "because it is a sulphur compound, alpha lipoic acid can bind and help eliminate heavy metals such as copper, iron, mercury and calcium; risk factors for a wide range of degenerative diseases."

For example, says Ley, "alpha lipoic acid has been used throughout Europe to treat and prevent complications associated with diabetes including neuropathy, macular degeneration and cataracts."

As Life Services News (Vol. 9, No. 2) explains, "more than 60 studies on alpha lipoic acid demontrate that it significantly reduces the risks of many diseases including cancer and Alzheimer's."

According to Larsen, "oxidative stress plays a major role in the development of neuro degenerative diseases such as Alzheimer's and Parkinson's. Animal experiments show that alpha lipoic acid can reverse age-related memory loss," he says, "and there is some evidence that it may be useful in the treatment of epilepsy."

And, says Ley, "an abundance of promising research has also shown the ability of alpha lipoic acid to inhibit the replication of HIV and other viruses, protect the liver and other organs, remove heavy metals and also prevent damage from radiation." Not to mention, she adds, its usefulness in any situation in the body involving free radicals, such as heart disease and even aging.

"According to professor Lester Packer, of the University of California at Berkeley," notes Life Services News, alpha lipoic acid "'is probably the most potent naturally occurring antioxidant known to man."'

"Research into the beneficial effects of alpha lipoic acid is receiving increasing attention," says Larsen, "and there is already substantial experimental and clinical evidence to the effect that it may be useful in the prevention and treatment of such diverse conditions as diabetes, heart attack, HIV and neurodegenerative diseases."

"Outside of the body," writes Ley, "alpha lipoic acid is found in the leaves of plants containing mitochondria and in non-photosynthetic plant tissues, such as potatoes, carrots, yams and sweet potatoes," as well as in red meats and yeast. Still, for those of you not getting enough from the foods you eat, alpha lipoic acid is available in supplement form as well.
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ABSTRACT 

Metabolism, like other aspects of life, involves trade-offs. Oxidant by-products of normal metabolism cause extensive damage to DNA, protein, and lipid. We argue that this damage (the same as that produced by radiation) is a major contributor to aging and to degenerative diseases of aging such as cancer, cardiovascular disease, immune system decline, brain dysfunction and cataracts. Antioxidant defenses against this damage include ascorbate, tocopherol and carotenoids. Fruits and vegetables are the principal source of ascorbate and carotenoids and are one source of tocopherol. Low dietary intake of fruits and vegetables doubles the risk of most types of cancer as compared to high intake and also markedly increases the risk of heart disease and cataracts. Since only 9% of Americans eat the recommended five servings of fruits and vegetables per day the opportunity for improving health by improving diet is great. 

The degenerative diseases associated with aging include cancer, cardiovascular disease, immune system decline, brain dysfunction, and cataracts. The functional degeneration of somatic cells during aging appears, in good part, to contribute to these diseases. The relationship between cancer and age in various mammalian species illustrates this point. Cancer increases with about the fifth power of age in both short-lived species, such as rats, and in long-lived species, such as humans. Thus a marked decrease in age-specific cancer rates has accompanied the marked increase in life span that has occurred in 60 million years of mammalian evolution: i.e., cancer rates are high in a two year old rat, but low in a two year old human. One important factor in longevity appears to be basal metabolic rate, which is about seven times higher in a rat than a human and which could markedly affect the level of endogenous oxidants and other mutagens produced as by-products of metabolism. The level of oxidative DNA damage appears to be roughly related to metabolic rate in a number of mammalian species (1-3). 

Oxidation and Damage to DNA, Protein, and Lipids 

Oxidative damage to DNA, proteins and other macromolecules accumulates with age and has been postulated to be a major, but not the only, type of endogenous damage leading to aging (4-9). Superoxide(O2.-), hydrogen peroxide (H2O2), and hydroxyl radical (.OH), which are mutagens produced by radiation, are also by-products of normal metabolism (10-12). Lipid peroxidation gives rise to mutagenic lipid epoxides, lipid hydroperoxides, lipid alkoxyl and peroxyl radicals, and enals ([[alpha]], ß-unsaturated aldehydes) (13, 14). Singlet oxygen, a high energy and mutagenic form of oxygen, can be produced by transfer of energy from light, the respiratory burst from neutrophils, or lipid peroxidation (15). 

Animals have numerous antioxidant defenses, but since these defenses are not perfect, some DNA is oxidized. Oxidatively damaged DNA is repaired by enzymes that excise the lesions, which are then excreted in the urine. We have developed methods to assay several of these excised damaged bases in the urine of rodents and humans (1, 16), almost all of which appear as the free base from repair by glycosylases. We estimate that the number of oxidative hits to DNA per cell per day is about l00,000 in the rat and about l0,000 in the human. DNA repair enzymes efficiently remove most, but not all, of the lesions formed (4). Oxidative lesions in DNA accumulate with age, so that by the time a rat is old (2 years) it has about two million DNA lesions per cell, which is about twice that in a young rat. Mutations also accumulate with age (17, 18). For example, the somatic mutation frequency in human lymphocytes, of which the contribution of oxidative DNA lesions is unknown, is about nine times greater in elderly people than in neonates (17). The importance of oxidative DNA lesions in cancer and aging is underscored by the existence of specific repair glycosylases that excise these lesions from DNA. In the case of 8-hydroxy-2'-deoxyguanosine, a lesion formed from oxidative damage to guanine residues in DNA, loss of a specific glycosylase activity leads to an appreciable increase in the spontaneous mutation rate (19), indicating the intrinsic mutagenic potential of this DNA lesion. Many other oxidative DNA lesions are likely to be important as well (10). 

Mitochondrial DNA (mtDNA) from rat liver has more than ten times the level of oxidative DNA damage than does nuclear DNA from the same tissue (20). This increase may be due to a lack of mtDNA repair enzymes, lack of histones protecting mtDNA, and the proximity of mtDNA to oxidants generated during oxidative phosphorylation. The cell defends itself against this high rate of damage by a constant turnover of mitochondria, thus presumably removing those damaged mitochondria that produce increased oxidants. Despite this turnover, oxidative lesions appear to accumulate with age in mtDNA at a higher rate than in nuclear DNA (Figure 1). Oxidative damage could also account for the mutations in mtDNA that accumulate with age (21, 22). 

Endogenous oxidants also damage proteins. Stadtman and his colleagues (7, 23, 24) have shown that the proteolytic enzymes that hydrolyze oxidized proteins are not sufficient to prevent an age-associated accumulation of oxidized proteins. In two human diseases associated with premature aging, Werner's syndrome and progeria, oxidized proteins accumulate at a much higher rate than is normal (7). Fluorescent age pigments, which are thought to be due in part to cross-links between protein and lipid peroxidation products, also accumulate with age (14, 25). 

Sources and Effects of Oxidants 

Four endogenous sources appear to account for most of the oxidants produced by cells: 1) As a consequence of normal aerobic respiration, mitochondria consume molecular oxygen, reducing it by sequential steps to produce H20 (Figure 2). Inevitable by-products of this process, as stated above, are O2.-, H202, and .OH. About l012 oxygen molecules are processed by each rat cell daily, and the leakage of partially reduced oxygen molecules is about 2%, yielding about 2x1010 superoxide and hydrogen peroxide molecules per cell per day (26). 2) Phagocytic cells destroy bacteria or virus-infected cells with an oxidative burst of NO, O2.-, H2O2, and [[macron]]OCl. Chronic infection by viruses, bacteria, or parasites, results in a chronic phagocytic activity and consequent chronic inflammation, which is a major risk factor for cancer. Chronic infections are particularly prevalent in third world countries (see below). 3) Peroxisomes, which are organelles responsible for degrading fatty acids and other molecules, produce H202 as a byproduct, which is then degraded by catalase. Evidence suggests that, under certain conditions, some of the peroxide escapes degradation, resulting in its release into other compartments of the cell and in increased oxidative DNA damage (27). 4) Cytochrome P450 enzymes in animals constitute one of the primary defense systems against natural toxic chemicals from plants, the major source of dietary toxins. The induction of these enzymes, prevent acute toxic effects from foreign chemicals, but also results in oxidant by-products that damage DNA (Park, J.-Y. K. and Ames, B.N., unpublished). 

Three exogenous sources may significantly increase the large endogenous oxidant load. 1) The oxides of nitrogen (NOx) in cigarette smoke (about 1000 ppm) cause oxidation of macromolecules (28-31), and deplete antioxidant levels (32-34). This is likely to contribute significantly to the pathology of smoking (see below). Smoking is a risk factor for heart disease as well as a wide variety of cancers in addition to lung cancer (35-38). 2) Iron (and copper) salts promote the generation of oxidizing radicals from peroxides (Fenton chemistry). Men who absorb significantly more than normal amounts of dietary iron due to a genetic defect (hemochromatosis disease) are at an increased risk for both cancer and heart disease (39). It has therefore been argued that too much dietary copper or iron, particularly heme iron (which is high in meat), is a risk factor for cardiovascular disease and cancer in normal men (39-42). 3) Normal diets contain plant food with large amounts of natural phenolic compounds, such as chlorogenic and caffeic acid, that may generate oxidants by redox cycling (43, 44). 

Chronic infection, inflammation and cancer. Leucocytes and other phagocytic cells combat bacteria, parasites, and virus-infected cells by destroying them with NO, O2.[[macron]], H2O2 and [[macron]]OCl: a powerful oxidant mixture (45, 46). These oxidants protect humans from immediate death from infection, but cause oxidative damage to DNA and mutation (47, 48), thereby contributing to the carcinogenic process. Antioxidants appear to inhibit some of the pathology of chronic inflammation (see below) (49-55). 

Chronic infections contribute to about one-third of the world's cancer. Hepatitis B and C viruses infect about 500 million people, mainly in Asia and Africa, and are a major cause of hepatocellular carcinoma (56-58). Another major chronic infection is schistosomiasis, which is caused by a parasitic worm that is widespread in China and Egypt. The Chinese worm lays its eggs in the colon, producing inflammation that often leads to colon cancer (59). The Egyptian worm lays eggs in the bladder, promoting bladder cancer (60). Opisthorchis viverrini and Chlonorchis sinensis are liver flukes that infect millions of people in China, Thailand, Laos, and Malaysia. These worms cause chronic inflammation of the biliary tract and markedly increase the risk for developing cholangiocarcinoma (61, 62). Helicobacter pylori bacteria, which infect the stomachs of over one-third the world population, appear to be the major cause of stomach cancer, ulcers, and gastritis (53-54, 63-65). In wealthy countries the disease is usually asymptomatic, which indicates that the effects of inflammation are at least partially suppressed, possibly in part, by adequate levels of dietary antioxidants (66). 

Chronic inflammation resulting from noninfectious sources also to various pathological conditions leading to cancer. For example, chronic inflammation due to asbestos exposure may be in good part the reason it is a significant risk factor for cancer of the lung (51, 52). 

Tobacco, cancer, and heart disease. Smoking, which we and others argue is a major oxidative stress in addition to a source of mutagens, contributes to about one-third of U.S. cancer, about one-quarter of U.S. heart disease and, about 400,000 premature deaths per year in the U.S. (38). Tobacco is a major global cause of cancer, but it causes even more deaths by other diseases. Tobacco will cause about 3 million deaths per year worldwide in the l990s and will, at present rates of smoking, cause about l0 million deaths per year a few decades from now (38). 

Aging and Dietary Restriction 

Evolutionary biologists have argued that aging is inevitable because of several tradeoffs (67-70). One tradeoff is that a considerable proportion of an animal's resources is devoted to reproduction at a cost to maintenance, which means that the maintenance of somatic tissues is less than that required for indefinite survival. Of the vast array of maintenance processes that are necessary to sustain normal function in somatic cells, those that defend the cell against metabolism derived oxidants are likely to play an important role. Metabolism has costs: oxidant by-products of normal energy metabolism extensively damage DNA, proteins, and other molecules in the cell, and this damage accumulates with age (4-7). Another tradeoff is that nature selects for many genes that have immediate survival value, but that may have long term deleterious consequences. The oxidative burst from phagocytic cells, for example, protects against death from bacterial and viral infections, but contributes to DNA damage, mutation, and cancer (71, 72). 

Aging is slowed by calorie or protein restriction. In rodents a calorie restricted diet, significantly increases lifespan, decreases reproduction, and markedly decreases cancer rates (73-76). It has been suggested that Darwinian fitness in animals is increased by the delay of reproductive function during periods of low food availability (77) and that the saved resources are invested in maintenance of the body until food resources are available for successful reproduction (78). Protein restriction appears to have the same effects on rodents as calorie restriction, though it is less well-studied (79). An understanding of mechanisms for this marked effect on aging and cancer is becoming clearer and may in good part be due to reduced oxidative damage. The suggestion that maintenance functions are enhanced in calorie-restricted rats thus resulting in less oxidative damage is supported by the findings of more efficient DNA repair, better coupled mitochondrial respiration and a delay in the age-dependent decline of antioxidant defenses (80-82). The higher level of antioxidant defenses could also account for the enhanced immune response in restricted animals (83). We have recently shown that either calorie or protein restriction decreases the rate of accumulation of oxidized protein that accompanies aging in rats (79) and preliminary results suggest a decrease in preneoplastic foci and oxidative lesions in DNA as well. Thus, the overall effect of these enhanced maintenance activities appears to be a reduction in oxidative damage to DNA and protein, a decrease in DNA and protein lesions, and a decrease in somatic mutations. Markedly lower mitotic rates are observed in a variety of tissues in calorie restricted compared to ad libitum fed rodents (84, 85), which may also contribute to the decrease in tumor incidence as discussed below.* 

*Dietary restriction activates the pituitary adrenocorticotropic axis resulting in a decrease in the release of reproductive and mitogenic hormones. Decreases in mitogenic hormones such as insulin, TSH, growth hormone, estrogen, and prolactin decrease the likelihood of hormone-induced cancers, as has been shown in various animal studies (86). This is consistent with suppression of mitogenic hormones and decreased proto-oncogene expression (87). The lowered incidence of mammary tumors observed in calorie-restricted rats has been attributed to reduced circulating levels of the mammotropic hormones estrogen and prolactin (88). 

Antioxidants Protect Against Disease 

Many defense mechanisms within the organism have evolved to limit the levels of reactive oxidants and the damage they inflict (89). Among the defenses are enzymes such as superoxide dismutase, catalase, and glutathione peroxidase. The glutathione S-transferases inactivate reactive electrophilic mutagens, including the aldehyde products of lipid peroxidation. There are also many structural defenses such as sequestering H202 generating enzymes in peroxisomes and chelating any free iron or copper salts in transferrin and ferritin or ceruloplasmin to avoid Fenton chemistry. Superoxide, however, can release iron from ferritin (90). 

Oxidized DNA is repaired by a series of glycosylases that are specific for particular oxidized bases and possibly by non-specific excision repair enzymes. In the absence of cell division these oxidative lesions are removed from DNA quite effectively and the mutation rate is kept to a minimum. Oxidized proteins are degraded by proteases. Lipid hydroperoxides are destroyed by glutathione peroxidase. Almost all of these defenses appear to be inducible, as are most other types of defenses, i.e., the amounts increase in response to damage. There is a large literature showing that cells respond to low levels of radiation, an oxidative mutagen, by inducing antioxidant defenses that help to protect them against mutation by high levels of radiation (91, 92). There is a tradeoff however, since the induction of these defenses makes the cell more sensitive to alkylating mutagens (92). 

In addition to the protective effects of endogenous enzymatic antioxidant defenses, consumption of dietary antioxidants appears to be of great importance. Fruits and vegetables, the main source of antioxidants in the diet, are associated with a lowered risk of degenerative diseases. Block and her colleagues have recently reviewed 172 studies in the epidemiological literature that relate, with great consistency, the lack of adequate consumption of fruits and vegetables to cancer incidence (93) (Table 1). The quarter of the population with low dietary intake of fruits and vegetables compared to the quarter with high intake has double the cancer rate for most types of cancer (lung, larynx, oral cavity, esophagus, stomach, colon and rectum, bladder, pancreas, cervix, and ovary). Data on the types of cancer known to be associated with hormone levels are not as consistent and show less protection by fruits and vegetables: for breast cancer the protective effect was about 30% (93, 94). There is also literature on the protective effect of fruit and vegetable consumption on heart disease and stroke (95, 96). Only 9% of Americans eat five servings of fruits and vegetables per day, the intake recommended by the National Cancer Insitute and the National Research Council (93, 97). European countries with low fruit and vegetable intake (e.g., Scotland) are generally in poorer health and have higher rates of heart disease and cancer than countries with high intake (e.g., Greece) (98). 

The cost of fruits and vegetables is an important factor in discouraging consumption. Poorer people spend a higher percentage of their income on food, eat less fruits and vegetables (99), and have shorter life expectancy than wealthier people. A major contributor to health in this century was synthetic pesticides which markedly decreased the cost of food production and ensured that most of the crops planted would be eaten by humans rather than insects (100). Synthetic pesticide residues do not appear to be a significant cause of cancer (44). 

Dietary antioxidants. The effect of dietary intake of the antioxidants ascorbate, tocopherol, and carotenoids is difficult to disentangle by epidemiological studies from other important vitamins and ingredients in fruits and vegetables (93, 101). Nevertheless, several arguments suggest that the antioxidant content of fruits and vegetables is a major contributor to their protective effect. 1) Biochemical data, discussed above shows that oxidative damage is massive and is likely to be the major endogenous damage to DNA, proteins, and lipids. 2) Studies showing that oxidative damage to sperm DNA is increased when dietary ascorbate is insufficient (see below). 3) Epidemiological studies and intervention trials on prevention of cancer and heart disease in people taking antioxidant supplements are suggestive, though larger studies need to be done (95,102). Clinical trials using antioxidants will be the critical test for many of the ideas discussed here. 4) Studies on oxidative mechanisms and epidemiology on antioxidant protection for individual degenerative diseases are discussed below. 

Small molecule dietary antioxidants such as Vitamin C (ascorbate), Vitamin E (tocopherol), and carotenoids have generated particular interest as anticarcinogens and as defenses against degenerative diseases (103-106). Most carotenoids have antioxidant activity, particularly against singlet oxygen and many, including ß-carotene, can be metabolized to Vitamin A (retinal) (107-110). We have called attention to a number of previously neglected physiological antioxidants including urate, bilirubin, carnosine, and ubiquinol (111-114). Ubiquinone (CoQ10), for example, is the critical small molecule for transporting electrons in mitochondria for the generation of energy. Its reduced form, ubiquinol, is an effective antioxidant in membranes (112, 115-117). Optimal levels of dietary ubiquinone/ubiquinol could be of importance in many of the degenerative diseases. 

Antioxidants and cancer. A critical factor in mutagenesis is cell division (72, 118, 119). When the cell divides, an unrepaired DNA lesion can give rise to a mutation. Thus an important factor in mutagenesis, and therefore carcinogenesis, is the cell division rate in the precursors of tumor cells. Stem cells are important as precursor cells in cancer because they are not on their way to being discarded. Increasing their cell division rate would increase mutation. As expected, there is little cancer in non-dividing cells. Such diverse agents as chronic infection (see above), high levels of particular hormones (120) , or chemicals at doses that cause cell death (72, 119, 121, 122) result in increased cell division and therefore an increased risk for cancer. 

Oxidants form one important class of agents that stimulate cell division (123, 124). This may be related to the stimulation of cell division that occurs during the inflammatory process accompanying wound healing (72). Antioxidants therefore can decrease mutagenesis, and thus carcinogenesis, in two ways: by decreasing oxidative DNA damage and by decreasing cell division. Of great interest is the understanding of mechanisms by which tocopherol and carotenoids can prevent cell division (125-128). 

There is an increasing literature on the protective role of dietary tocopherol, ascorbate, and ß-carotene in lowering the incidence of a wide variety of human cancer (129-132) (see also Table 1). Antioxidants can counteract the induction of cancer in rodents by a variety of carcinogens (133-135). Two of the major causes of cancer, cigarette smoke and chronic inflammation, both appear to involve oxidants in their mechanism of action. Almost all of the epidemiological studies that examined the relation between antioxidant levels and cigarette-induced lung cancer showed a statistically significant protective effect of antioxidants (93, 129, 131). Antioxidants inhibit much of the pathology of cigarette smoke in rodents (136, 137). Inflammatory reactions release large amounts of NO, a radical, nitrosating agent, and indirect mutagenic oxidant (55, 138, 139). Ascorbate inhibits nitrosation under physiological conditions (140). Antioxidants help to protect against the carcinogenic effects of chronic inflammation, as discussed above. 

Antioxidants and cardiovascular disease. A major development in cardiovascular disease research is the finding that oxidation reactions play a central role in atherogenesis (141) and that in epidemiological studies (reviewed in 95, 96) cardiovascular disease is associated with low plasma concentrations of ascorbate, tocopherol and ß-carotene (95, 130, 142-148). A wealth of evidence suggests that oxidative modification of apolipoprotein B100 plays a key role in LDL recognition and that LDL uptake by scavenger receptors in macrophages leads to foam cell formation and atheroschlerotic plaques (40, 141, 149-154 and reviewed in 155). Apolipoprotein B100 can be altered by reactive products of lipid peroxidation that causes a net decrease in positive charge, a modification that leads to its recognition by the scavenger receptors. The beneficial effects of dietary antioxidants is also strengthened by animal (156 and reviewed in 96) and biochemical studies (103, 115, 155, 157-160). 

Antioxidants, and the immune system. The proliferation of T and B cells, natural killer cells, and lymphokine activated killer cells that are required to mount an effective defense against pathogens and tumor cells appear to be inhibited markedly with age (161) and upon exposure to oxidants (162, 163). These effects can, in part, be counteracted in elderly individuals by dietary antioxidant supplementation (164-166). While the endogenous sources of oxidants that lead to the suppression of lymphocyte dependent immunity are not known, in vitro studies have demonstrated that polymorphonuclear leucocytes and macrophages, both can inhibit proliferation of various lymphocyte subpopulations through the production of reactive oxygen intermediates and the prostaglandin metabolite PGE2 (167) as well as from nitric oxide (168). This suggests that conditions that involve infiltration of polymorphonuclear leucocytes and macrophages (i.e., chronic inflammatory diseases), could result in compromised lymphocyte function. The suppressive effects of macrophages on mitogen induced lymphocyte proliferation can be reversed partially by thiol reagents (169), catalase or indomethacin (167), or by NG-monomethyl-L-arginine, a competitive inhibitor of nitric oxide synthesis (170). The age associated decrease in cell mediated immunity may be due to a decreased level of certain small molecule antioxidants and antioxidant enzymes that accompany the aging process. Calorie restriction, a dietary regimen that increases maximal lifespan in rodents also enhances T lymphocyte responsiveness (171) possibly by slowing the rate of thymus involution and by boosting the level of cellular antioxidant defenses (82). 

Antioxidants and cataracts. Cataract removal is the most common operation in the U.S. (1.2 million per year) with costs of over 3 billion dollars. Taylor (172) has recently reviewed the impressive evidence that cataracts have an oxidative etiology and that dietary antioxidants can prevent their formation in humans. Five epidemiological studies that have examined the effect of dietary antioxidants on cataracts show strong preventative effects of ascorbate, tocopherol, and carotenoids (173-177). Those individuals taking daily supplements of ascorbate or tocopherol had about one-third the risk. Smoking, a severe oxidative stress, is a major risk factor for cataracts and radiation, an oxidative mutagen, is well-known to cause cataracts (178, 179). Eye proteins show an increased level of methionine sulfoxide with age and proteins in human cataracts have over 60 percent of their methionine residues oxidized (180). Pregnant mice depleted of glutathione, the main sulfhydryl antioxidant in cells, produce offspring with cataracts (181). The most promising preventative strategy against cataracts appears to be to increase dietary antioxidants and to decrease smoking (172). 

Antioxidants and brain dysfunction. Biochemical studies suggest that oxidation may be important in a number of brain pathologies (182-188). The few epidemiological studies are consistent with a protective effect of fruits and vegetables or antioxidants (104, 105, 189) in a number of neurological pathologies, including brain ischemia, Parkinsons disease (PD), and familial amyotrophic lateral sclerosis (FALS), a degenerative disorder of motor neurons (190, 191). Ischemic episodes liberate iron, an important catalyst in oxygen radical forming reactions; iron chelators reduce neuron loss following this trauma (192). In individuals suffering from Parkinson's disease, oxidative DNA damaged is elevated within brain regions rich in dopaminergic neurons (E. Övervik, J. Sanchez-Ramos and B. Ames, unpublished). The most convincing evidence so far for a link between neurological disorders and oxygen radical formation is the strong association found between FALS and mutations in the Cu/Zn superoxide dismutase gene, suggesting that oxygen radicals might be responsible for the selective degeneration of motor neurons occurring in this fatal disease (191). The protective role of superoxide dismutase against brain injury due to ischemia is supported by the finding that its overproduction is protective in a transgenic mouse model (193). Based on the similar protective effects against ischemia induced brain injury by inhibition of nitric oxide formation, and the recent evidence implicating these two radical species in cytotoxicity of neuronal cells (194, 195), it would appear that peroxynitrite, a powerful oxidant formed from the combination of superoxide anion radical and nitric oxide (196), plays an important role in neuronal injury following ischemia and reperfusion (197). 

Oxidant stress, birth defects, and childhood cancer. Oxidative lesions in sperm DNA are increased 250% when levels of dietary ascorbate is insufficient to keep seminal fluid ascorbate to an adequate level (198) (Figure 3). A sizable percentage of the U.S. population ingest inadequate levels of dietary ascorbate, particularly single males, the poor, and smokers (199). The oxidants in cigarette smoke deplete the antioxidants in plasma. Smokers must eat two to three times more ascorbate than non-smokers to achieve the same level of ascorbate in blood (32-34), but they rarely do. In a comparison of sperm from smokers and nonsmokers Viczian (200, 201) found that the number of sperm and the percent of mobile sperm decrease significantly in smokers, and this decrease is dependent on the dose and duration of smoking. Paternal smoking, in particular, appears to increase the risk of birth defects and childhood cancer in their offspring (200, 202-211). One expects, and finds, a much larger contribution to the germ line mutation rate from the father than the mother, age of the father being an important risk factor (212). Thus, inadequate diets (and smoking) of fathers appear to result not only in damage to their own DNA but to the DNA of their sperm, an effect that may reverberate down future generations. 

The optimum level of antioxidants. The epidemiological evidence and the guidelines of the National Cancer Institute and the National Research Council/National Academy of Sciences suggest that at least two fruits and three vegetables per day is a desirable intake. Since ascorbate, tocopherol, and ß-carotene supplements are inexpensive and high doses are remarkably non-toxic, there is a school that believes that supplements, in addition to a diet containing recommended levels of fruits and vegetables, are desirable. There is suggestive, but inadequate epidemiological and biochemical evidence bearing on the question (102, 130, 146, 147). What is clear is that fruits and vegetables contain many necessary micronutrients in addition to antioxidants, some of which also can prevent mutations. Folic acid, for example, is required for the synthesis of the nucleotides in DNA. Inadequate intake has been shown to cause chromosome breaks and increased cancer and birth defects (104, 213). Folate deficiency may be a risk factor for myocardial infarction as well (214). Niacin is required for making poly (ADP-ribose), a component of DNA repair. Other micronutrients are also likely to be part of our defense systems. 

The U.S. Recommended Daily Allowances (RDAs) for ascorbate and tocopherol intake--there is no guideline for [[beta]]-carotene independent of its provitamin A activity--are not adequate for several reasons: 1) The amount recommended, e.g., 60 mg/day for ascorbate, is primarily for avoiding an observable deficiency syndrome, e.g., scurvy, and is not necessarily the amount for optimum lifetime health, which is usually not known. 2) A recommended blood level of each antioxidant, e.g., 60 uM ascorbate, would be a more desirable standard. People vary considerably in the intake required to keep their blood level adequate. A smoker, for example, needs to take in several times as much ascorbate as a non-smoker to keep the blood level the same. Infections may also cause an oxidative stress that leads to antioxidant depletion by activating phagocytic cells. The observation that antioxidant inadequacy is associated with oxidative damage to DNA of the germ line as well as somatic cells, emphasizes the urgency of defining adequate blood levels (198). 

Since only 9% of Americans, and fewer in most other countries, are eating five fruits and vegetables per day, there is a great opportunity to improve health by increasing consumption.
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There is significant evidence that the pathogenesis of several neurodegenerative diseases, including Parkinson's disease, Alzheimer's disease, Friedreich's ataxia and amyotrophic lateral sclerosis, may involve the generation of reactive oxygen species and mitochondrial dysfunction. Here, we review the evidence for a disturbance of glutathione homeostasis that may either lead to or result from oxidative stress in neurodegenerative disorders. Glutathione is an important intracellular antioxidant that protects against a variety of different antioxidant species. An important role for glutathione was proposed for the pathogenesis of Parkinson's disease, because a decrease in total glutathione concentrations in the substantia nigra has been observed in preclinical stages, at a time at which other biochemical changes are not yet detectable. Because glutathione does not cross the blood–brain barrier other treatment options to increase brain concentrations of glutathione including glutathione analogs, mimetics or precursors are discussed.

The etiology of neuronal death in neurodegenerative diseases remains mysterious. These illnesses are insidious and subtle in onset and run a gradually progressive, inexorable course. They are exemplified by illnesses such as Alzheimer's disease (AD), Huntington's disease (HD), Parkinson's disease (PD), amyotrophic lateral sclerosis (ALS), hereditary spastic paraplegia and cerebellar degeneration. Recent advances in both molecular genetics and neurochemistry have improved our knowledge of the fundamental processes involved in cell death, including oxidative stress and mitochondrial dysfunction. Both processes may interfere with each other.

In this issue, Dringen and colleagues [1] review the potential of the antioxidant glutathione to detoxify reactive oxygen species (ROS) with special emphasis on its metabolism in neurons and glia. In this review we focus on the evidence that oxidative stress is involved in the pathogenesis of neurodegenerative disease and discuss the specific role of glutathione. Of all neurodegenerative diseases, evidence for a dysfunction of glutathione metabolism based on post mortem examinations, animal and cell culture models is strongest in PD.
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Fig. 1. Balance of ROS generation and antioxidative systems. An imbalance of both systems ... 
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Fig. 2. Evidence for progressive oxidative stress in the pathogenesis of Parkison's ... 
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Fig. 3. Hypothesized mechanisms for GSH and its metabolites in dopaminergic neurons. The ... 
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Table 1. Production of ROS with specific emphasis on PD. Mao, monoamine oxidase. SOD, ... 

	The observation that biomolecules, which consist primarily of carbon, hydrogen, oxygen, nitrogen and sulfur, are disrupted by the presence of oxygen (O2) is an evolutionary paradox for aerobic life [2]. A wide variety of ROS can be found in biological systems. These ROS differ in their site of formation, their physiological function, their reactivity and their biological half-life. Mitochondria, nitric oxide synthase, arachidonic acid metabolism, xanthine oxidase, monoamine oxidase and P450 enzymes are sources of ROS in the brain. The high metabolic rate of neurons implies a high baseline ROS production. Correspondingly, healthy brain cells possess high concentrations of both enzymatic and small molecule antioxidant defenses (Fig. 1). The enzymes include CuZn-superoxie dismutase and Mn-superoxide dismutase, GSH peroxidase and catalase, as well as the small molecules glutathione, ascorbic acid, vitamin E and a number of dietary flavonoids. Under normal physiological conditions cells thereby cope with the flux of ROS. Oxidative stress describes a condition in which cellular antioxidant defenses are insufficient to keep the levels of ROS below a toxic threshold. This may be either due to excessive production of ROS, loss of antioxidant defenses or both (Fig. 1).
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Loss of glutathione and oxidative damage have been suggested to constitute early, possibly signaling events in apoptotic cell death [3,4]. In thymocytes, a decrease of GSH and disruption of the mitochondrial transmembrane potential preceded the onset of apoptosis [5,6]. A rapid loss of GSH was found recently in IL3 withdrawal-induced apoptosis of FL5.12 cells. Efflux of GSH constitutes a step of Fas-induced apoptosis [7,8].

Strong evidence that glutathione depletion causes cell death comes from cell culture studies by Li and colleagues [9]. Using immature cortical neurons and a neuronal cell line, they showed that a decrease in GSH triggers the activation of neuronal 12-lipoxygenase which leads to the production of peroxides, the influx of Ca2+ and ultimately cell death. Along the same lines, using cerebellar granule neurons and PC12 cells, we recently showed that direct depletion of mitochondrial and cytoplasmic GSH resulted in increased generation of ROS, disruption of the mitochondrial transmembrane potential and rapid loss of mitochondrial function [10,11]. In contrast, during inhibition of GSH synthesis, mitochondrial GSH was relatively maintained, no ROS were detected and the mitochondrial transmembrane potential was unchanged. Although cell death could be blocked by protein synthesis inhibitors, suggesting an active type of cell death, dying cells did not display features of apoptosis, indicating that although loss of GSH has been reported in a number of paradigms of apoptotic cell death, loss of GSH per se does not necessarily result in apoptotic cell death.
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The most reliable and robust risk factor for neurodegenerative diseases is normal aging. There is substantial evidence that mitochondrial function declines with age. Direct evidence for age-dependent increase in oxidative damage to mitochondrial DNA comes from measurements of 8-hydroxy-2-deoxyguanosine (8OH2dG), which is an oxidized form of deoxyguanosine that occurs following attack by a variety of free radicals [12]. Therefore, antioxidant defenses may play a major role during normal aging.

An age-related decline in GSH has been observed in a number of senescent organisms including mosquitoes, adult houseflies, fruit flies, mice, rats and humans [13]. Glutathione concentrations in the cerebral spinal fluid (CSF) of humans decrease during aging [14]. Enforced ectopic expression of GSH prolongs the life span [13]. Such studies suggest that age-related decreases in GSH may represent a key factor in the aging process and may underlie a number of changes occurring in normal aging and the onset of various diseases.
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Pathologically, the hallmark of idiopathic Parkinson's disease (PD) is loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc), leading to the major clinical and pharmacological abnormalities that characterize the disease. The cause of neuronal loss in SNpc is not known. However, recent advances have been made in defining morphological and biochemical events in the pathogenesis of the disease. Inhibition of oxidative phosphorylation, excitotoxicity and generation of ROS are considered important mediators of neuronal death in PD [15].

Oxidative stress
The concept that oxidative stress occurs in PD derives primarily from the fact that the metabolism of dopamine, by chemical or enzymatic means, can generate free radicals and other ROS (Table 1). Auto-oxidation of dopamine leads to the formation of neuromelanin and can generate quinone and semiquinone species and other ROS. Perhaps more importantly, enzymatic oxidation of dopamine catalyzed by monoamine oxidase leads to the formation of hydrogen peroxide (H2O2) as well as its deaminated metabolites 3,4-dihydroxybenzoic acid (DOPAC) and homovanillic acid (HVA). Normally, H2O2 is inactivated by catalase or by glutathione peroxidase in a reaction in which GSH is used as a cosubstrate. Because catalase is compartmentalized into peroxisomes the detoxification of cytosolic and mitochondrial peroxides depends predominantly on glutathione peroxidase. H2O2 can react with Fe2+ and forms the highly reactive and cytotoxic hydroxyl radical (·OH) via the Fenton reaction. The situation is likely to be self-perpetuating because dopamine depletion caused by a decrease in dopamine neurons leads to a compensatory increase in dopamine turnover, with increased formation of H2O2 and increased demands on the glutathione system in the remaining neurons. This hypothesis is supported by experimental studies demonstrating that enhanced dopamine turnover is associated with increased formation of oxidized glutathione (GSSG) which, in turn, can be prevented by inhibitors of dopamine metabolism [16]. A variety of critical biomolecules, including lipids, proteins and DNA, can be damaged by ROS, thereby potentially leading to neurodegeneration.

Depletion of GSH
Oxidative stress may be initiated by a decline in the antioxidative defense system or oxidative stress caused by other factors may decrease the concentrations of antioxidants. Alterations of antioxidant defenses support the hypothesis that oxidative stress may play an important role in the pathophysiology of PD. The most robust and significant alteration in the antioxidant defense is a decrease in GSH concentration. Initially, a complete absence of GSH in the presence of high GSSG concentrations was reported [17–19]. However, these studies were criticized for methodological reasons, suggesting post mortem artifacts or inappropriate analytical techniques [20]. More recently, total glutathione levels were reported to be decreased in SNpc and the degree of disease severity correlated with the extent of GSH loss [21]. Although a decrease in GSH concentrations of 30–40% was detected, there was no corresponding increase in the level of GSSG [22,23]. These results are specific for SNpc of PD patients, because GSH levels are not reduced in other brain areas in PD patients or in patients with other neurodegenerative diseases that also affect dopaminergic neurons. GSH is decreased to almost the same degree in patients with incidental Lewy body disease, that is considered a preclinical, still asymptomatic form of PD. At that time point other biochemical markers that are altered later during the disease, e.g. the activity of complex I of the electron transport chain, are still normal [24] arguing for an important and early role of GSH in the pathogenesis of PD (Fig. 2). However, it remains unclear whether GSH is depleted in the cytosol or/and in mitochondria. Although GSH tends to be conserved preferentially in mitochondria, the concentration of GSH in mitochondria may be most relevant for the disposal of ROS and cell fate [10,11,25]. In PD patients reduced immunostaining of GSH is observed in dopaminergic neurons [26]. However, in the brain most of the GSH is localized in glia [27,28]. To account for a 40% decrease in GSH concentration in SNpc of PD, GSH is probably decreased not only decreased in dopaminergic neurons, which only make up 1–2% of the total cell population, but also in glial cells. Depletion of glial GSH is critical for the survival of dopaminergic neurons in culture [29,30]. Reasons may include glial production of NO and cytokines [30] or an insufficient supply of GSH precursors to neurons by astrocytes [1].

Insights into the pathogenesis of PD have been achieved experimentally using the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP). MPTP produces irreversible clinical, biochemical and neuropathological effects which closely mimic those observed in idiopathic PD [31]. This meperidine analog is metabolized to 1-methyl-4-phenylpyridinium (MPP+) by the enzyme monoamine oxidase B. MPP+ is subsequently selectively taken up by dopaminergic terminals and concentrated in neuronal mitochondria in the substantia nigra. MPP+ binds to and inhibits complex I of the mitochondrial electron transport chain [32], thereby producing the same biochemical defect as detected in SNpc of PD patients.

In animals, a chronic, experimentally induced decrease in GSH concentration in the brain does not lead directly to reduced viability of dopaminergic neurons in SNpc or to a decrease in the number of dopaminergic terminals in the striatum [33], but increases the susceptibility of dopaminergic neurons against specific neurotoxins. The degree of striatal dopamine depletion and the loss of nigral tyrosine hydroxylase-immune responsive cells produced by 6-hydroxydopamine (6-OHDA) or MPTP/MPP+ is enhanced by prior depletion of GSH with buthionine sulfoximine (BSO) administration [34–36]. The importance of the glutathione system in MPTP toxicity was further studied using GSH peroxidase-deficient mice [37]. In these mice, administration of MPTP resulted in greater depletions of dopamime, DOPAC and HVA than those seen in wild-type control mice. That GSH peroxidase may play an important role is further supported by studies showing that excitotoxic lesions induce glutathione peroxidase in activated microglia [38].

The reason for GSH depletion in PD is not clear. Because there is no corresponding increase in GSSG it may not be explained solely by oxidative stress. However, there is no failure of GSH synthesis, because the activity of -glutamylcysteine synthetase in the substantia nigra is normal in PD [22]. Interestingly, there is an increase in the activity of -glutamyltranspeptidase (GT) in PD [22]. GT is a membranous ectoenzyme that catalyzes the transfer of the -glutamyl moiety from GSH or a glutathione conjugate onto an acceptor molecule [1]. Extracellular GSH serves as a substrate for the astroglial ectoenzyme GT. The product of the GT reaction, the dipeptide cysteinylglycine, is hydrolyzed to cysteine and glycine, which can be taken up and used by neurons in the synthesis of GSH (Fig. 3, left). Because neurons cannot take up GSH directly, an increase in GT activity may reflect a compensatory up-regulation to provide dipeptide precursors for neurons to generate more GSH. Alternatively, the release of GSH from nigral glia and the increased activity of GT may be the initial step in the pathogenesis of PD (Fig. 3, right). If cysteine is not used for the synthesis of glutathione, it may react with the dopamine-o-quinone, which results from nonenzymatic oxidation of dopamine, to form 5-S-cysteinyldopamine [39]. In the substantia nigra of PD patients cysteinyl adducts of 3,4-dihydroxyphenylalanine (L-Dopa), dopamine and DOPAC are increased compared with controls. Importantly, these conjugates can be subsequently converted to highly cytotoxic dihydrobenzothiazine derivates, which may act as irreversible inhibitors of complex I [40–42].

Glutathione transferases
Glutathione transferases are an ubiquitous group of detoxification enzymes involved in the metabolism of pesticides and other toxins. Glutathione transferases have direct antioxidant activity and are involved in the metabolism of dopamine. The activity of glutathione transferase has been reported to be normal in the brains of PD patients. Although there is no association between idiopathic PD and glutathione transferase polymorphism, the distribution of the glutathione transferase 1 genotype differed significantly between patients and controls who had been exposed to pesticides [43]. Therefore, glutathione transferase 1, which is expressed in the blood–brain barrier, may influence response to neurotoxins and may explain the susceptibility of some people to the parkinsonism-inducing effects of pesticides, however, it is unlikely to explain the decrease of GSH concentrations in SNpc of PD patients.

Defect of oxidative phosphorylation
Another consistent finding in PD patients is a defect in oxidative phosphorylation, in particular, a selective and specific decrease in complex I activity of the electron transport chain in the substantia nigra [44]. It remians controversial whether a decrease in GSH precedes the defect of oxidative phosphorylation or vice versa. Studies on patients with incidental Lewy body disease suggest that a decrease in GSH concentrations may precede the impairment of oxidative phosphorylation (Fig. 2)   [24]. Depletion of mitochondrial GSH but not cytosolic GSH in PC12 cells results in the generation of ROS and inhibition of oxidative phosphorylation [11]. Furthermore, inhibition of complex I using MPP+ does not lead to the generation of ROS directly but affects glutathione homeostasis [45]. In contrast, depletion of GSH by BSO produces enlargement and degeneration of mitochondria in neonatal rats [25] and a decrease in the activity of complexes I and IV in weaning rats [46], arguing for a sequence of primary disturbance of glutathione homeostasis and secondary inhibition of oxidative phosphorylation in the pathogenesis of PD.
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Strong evidence that oxidative stress is involved in the pathogenesis of AD comes from a clinical study showing that oral vitamin E intake delayed progression in patients with moderately severe impairment from AD [47]. A role of oxidative stress in AD is further supported by increased levels of thiobarbituric acid-reactive substances, a measure of lipid peroxidation [48,49]. However, studies reporting a disturbance of glutathione homeostasis are less clear. The total brain levels of GSH appeared to be unaffected in AD [50], whereas GSH peroxidase and GSSG reductase were found to be elevated in different brain regions [48] or unchanged [49]. Transcription of GSH peroxidase and GSSG reductase was elevated in hippocampus and inferior parietal lobule, but not in cerebellum of AD patients, which may reflect the protective gene response to the increased peroxidation in the brain regions showing severe AD pathology [51]. 4-Hydroxynonenal (HNE), one marker of lipid peroxidation, is neurotoxic in neuronal culture and in vivo and is elevated in AD brain and CSF. The levels of glutathione transferase, a protective enzyme against aldehydes and especially HNE were decreased in the brain and ventricular CSF of autopsied AD and normal control subjects [52]. Together these data imply that oxidative stress plays an important role in the pathogenic process but that alterations in the glutathione system are secondary to other events leading to neurodegeneration.
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The discovery that some families with autosomal-dominant ALS have mutations in the CuZn superoxide dismutase gene has suggested that oxidative stress may play an important role in the pathogenesis of ALS [53]. Animal studies have shown that transgenic expression of mutated superoxide dismutase leads to an ALS phenotype despite normal or increased superoxide dismutase activity [54]. Although mutations in the superoxide dismutase gene may not lead directly to the generation of ROS by a failure to detoxify superoxide, the gain of function mutations are likely to cause oxidative stress, e.g. by the formation of peroxynitrite. 3-Nitrotyrosine, a marker of peroxynitrite formation, is increased in cortex, spinal cord and CSF of patients with autosomal dominant or sporadic ALS, as well as in transgenic animals [55–57]. In addition, other markers of oxidative damage, e.g. protein carbonyl and nuclear DNA 8OH2dG levels are increased in the motor cortex of sporadic ALS patients [53]. Furthermore, increased modification of proteins by HNE was found in the lumbar spinal cord of ALS patients vs. that of neurologically normal controls [58]. HNE concentrations were increased in the CSF of ALS patients [59].

Although the evidence for oxidative stress is strong in ALS, the role of altered glutathione metabolism is less clear. Because there is strong evidence that elevated extracellular levels of glutamate in ALS cause excitotoxicity and contribute to cell death of motoneurons, alterations of glutathione metabolism would not only point to enhanced generation of ROS but, in the case of increased GSH hydrolysis by GT, also implicate increased concentrations of glutamate. However, there are no convincing reports of GSH concentrations in the cortex or spinal cord of ALS patients. The increase of GSH-binding sites in the spinal cord of ALS patients [60,61] may be interpreted as an up-regulation caused by a deficiency of GSH. Results of studies on GSH peroxidase activity in ALS are controversial. Reduced GSH peroxidase activities in red blood cells of sporadic ALS patients were reported in some studies [62,63], but others found this association only when patients were treated with insulin-like growth factor-1 [64]. In spinal cord or cerebral cortex of ALS patients either no detectable [65], reduced [66] or normal GSH peroxidase activities were found [67].


Glutathione in schizophrenia

Glutathione, oxidative stress and neurodegeneration - Intracellular sources of reactive oxygen species - Oxidative stress and the shape of cell death - Glutathione and aging - Glutathione in parkinson's disease - Glutathione in alzheimer's disease - Glutathione in amyotrophic lateral sclerosis - Glutathione in schizophrenia - Therapeutic approaches for neurodegenerative diseases - References 

Home   -   Top 

A 27% decrease in GSH has been reported in the CSF of drug-free schizophrenic patients [68]. In contrast, concentrations of dopamine, serotonin and their metabolites were not different from controls. These results were confirmed by in vivo proton magnetic resonance spectroscopy which showed a 52% decrease in GSH in the frontal cortex of schizophrenic patients compared with controls. The authors argue that a primary decrease of GSH may explain both the glutamate hypofunction and the dopamine dysfunction hypothesis.
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If alterations in glutathione metabolism play an important role in the pathogenesis of the neurodegenerative diseases discussed, treatments that lead to enhanced synthesis of GSH or that inhibit its degradation may result in a slowing of disease progression. Because GSH itself penetrates the blood–brain barrier only poorly and cannot be taken up by neurons directly, treatments with GSH monoethyl ester, glutathione precursors or other glutathione analogs have been used in patients or animal models.

The GSH analog YM 737 provides protection against cerebral ischemia in rats by inhibiting lipid peroxidation [69]. Because glutathione synthesis in neurons is limited by the availability of cysteine [1], compounds that can be metabolized to cysteine could be used as pro-drugs to increase neuronal GSH concentrations. In the murine mutant wobbler, treatment with the glutathione precursor N-acetyl-L-cysteine resulted in a significant reduction of motor neuron loss and elevated glutathione peroxidase levels within the cervical spinal cord [70]. Treatment with L-2-oxothiazolidine-4-carboxylate, a cysteine precursor, stimulates growth and normalizes tissue glutathione concentrations in rats fed a sulfur amino acid deficient diet [71]. However, L-2-oxothiazolidine-4-carboxylate is only converted to cysteine by cells expressing 5-oxoprolinase. Because cultured neurons are not able to use L-2-oxothiazolidine-4-carboxylate as a GSH precursor [72] the observed increase of brain GSH may be due to metabolism in glial cells. Unfortunately, the therapeutic window for treatment with substances that increase brain cysteine may be narrow, because cysteine is potentially toxic for neurons [73]. Alternatively, GSH in brain can be increased by intracerebroventricular administration of the dipeptide -glutamylcysteine [74]. Neurons can utilize either -glutamylcysteine or cysteinylglycine for the synthesis of GSH [75].

In 13 subjects with ALS, the safety and pharmacokinetic properties of procysteine, a cysteine prodrug that increases levels of intracellular glutathione was found. Procysteine entered the CSF after both intravenous and oral dosing and accumulated to significant levels in CSF [14]. However, no increase of CSF glutathione concentrations were found at 4 h after i.v. infusion of procysteine.

Although a disturbance of glutathione homeostasis has been implicated in the pathogenesis of several neurodegenerative diseases it remains open to debate whether: at least in some illnesses, this is a primary defect or only a consequence of ROS generation; brain glutathione can be increased safely using different treatment strategies; and an increase of brain glutathione will result in clinical benefit and/or neuroprotection in animal models or in human diseases.
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	Fig 1. Balance of ROS generation and antioxidant systems. An imbalance of both systems due to either excessive production of ROS (left) or reduced antioxidant defense (right) leads to oxidative stress.   Home   -   Top 
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	Fig 2. Evidence for progressive oxidative stress in the pathogenesis of Parkinson's disease. In advanced clinically detectable Parkinson's disease different biochemical alterations occur as depicted in the right column. Of these only a loss of total glutathione is detectable in presymptomatic Parkinson's disease and this appears to be an early event in the pathogeneses of PD. Modified from Jenner [76].   Home   -   Top 
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	Fig 3. Hypothesized mechanisms for GSH and its metabolites in dopaminergic neurons. The uptake of the GSH metabolite cysteine may lead to neuroprotection (left) or neurodegeneration (right), depending on whether GSH or 5-S-cysteinyldopamine (5-S-Cys-DA) is formed in dopaminergic cells.   Home   -   Top 


	


	Table 1.

	1. O2 + 1e ·O2 

2. Quinone + ·O2 + H+  Semiquinone + O2 

3. Semiquinone + O2  Quinone + ·O2 + H+ 

4. Catecholamine + · O2 + H+  Semiquinone + H2O2   (MAO) 

5. R-CH2NH2 + H+ + O2 + H2O  R-CHO + NH4+ + H2O2   (SOD) 

6. O2 + ·O2 + 2H+  H2O2 + O2 

7. Fe2+ + ·O2 + 2H+  Fe3+ + H2O2 

8. Fe2+ + H2O2  Fe3+ ·OH + OH 

9. Fe3+ + ·O2  Fe2+ + O2 

10. Fe3+ + Catecholamine  Fe2+ + Semiquinone 

11. O2   +   NO·  ONNOH ·OH + ONO· 

	Table 1. Production of ROS with specific emphasis on PD.   Mao, monoamine oxidase. SOD, superoxide dismutase. Reactions that result in the generation of ROS: Generation of (1,3) superoxide (·O2); (2,4,10) a semiquinone radical; (4,5,6,7) hydrogen peroxide (H2O2) (8,11) hydroxyl radicals (·OH), or (11) peroxynitrite (ONOOH).   [ Home ]   -   [ Top ] 
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