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Glutathione

Parris M. Kidd, Ph.D.
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.

The tripeptide thiol glutathione (GSH) has facile electron-donating capacity, linked to its sulfhydryl (-SH) group. Glutathione is an important water-phase antioxidant and essential cofactor for antioxidant enzymes; it provides protection also for the mitochondria against endogenous oxygen radicals. Its high electron-donating capacity combined with its high intracellular concentration endows GSH with great reducing power, which is used to regulate a complex thiol-exchange system (-SH <---> -S-S-). This functions at all levels of cell activity, from the relatively simple (circulating cysteine/-SH thiols, ascorbate, other small molecules) to the most complex (cellular -SH proteins). 
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GSH depletion may be the ultimate factor determining vulnerability to oxidant attack. Oral ascorbate helps conserve GSH; cysteine is not a safe oral supplement, and of all the oral GSH precursors probably the least flawed and most cost-effective is NAC (N-acetylcysteine). 

Glutathione is Depleted by Exogenous Stressors 
Oxidative stress originating from outside the body is a feature of life in the modern world. First, the tens of thousands of confirmed toxic substances in our external environment are invariably sources of free radicals or related oxidants. Add to this substantial burden the many negative aspects of the modern, Westernized lifestyle and a picture emerges of the human organism burdened by chronic disease and threatened with a shorter lifespan than might otherwise be possible. The most important of the exogenous oxidative stressors are briefly discussed below. 

Many pharmaceutical products are oxidants capable of depleting GSH from the liver, kidneys, heart, and other tissues.29 The popular over-the-counter drug acetaminophen is a potent oxidant. It depletes GSH from the cells of the liver, and by so doing renders the liver more vulnerable to toxic damage. The anticancer drug Adriamycin has been used in animal experiments as a "model" for free radical-induced tissue damage; its foremost threat is to the heart.

Strenuous aerobic exercise can deplete antioxidants from the skeletal muscles, and sometimes also from the other organs. Exercise increases the body's oxidative burden by calling on the tissues to generate more energy. Making more ATP requires using more oxygen, and this in turn results in greater production of oxygen free radicals. Studies in humans and animals indicate GSH is depleted by exercise, and that for the habitual exerciser supplementation with GSH precursors may be a prudent policy.
Some of the other exogenous factors known to deplete tissue GSH include: 1.) Dietary deficiency of methionine, an essential amino acid and GSH precursor. The liver uses 70 percent of the total dietary intake.4 2.) Ionizing radiation, whether as X-rays or ultraviolet from sunlight.32 3.) Tissue injury, as from burns,33 ischemia and reperfusion,34,37 surgery,35 septic shock,4,36 or trauma.37 4.) Iron overload, as in hemochromatosis and transfusional iron excess.25 Surgery can cause iron release from damaged tissue, and unbound iron catalyzes free radical generation via several putative mechanisms. 5.) Bacterial or viral infections, including HIV-1.3,4 6.) Alcohol intake is toxic through a number of differing pathways, some of which are free radical/oxidative in character.38

Lifestyle choices can be fateful, because negative lifestyle factors (smoking, alcohol consumption, legal or illegal drug use, emotional stress and "life in the fast lane") can converge with environmental stressors to attack the body through related oxidative pathways. Sustained oxidative stress from a heavy cumulative burden of oxidants may deplete the body's GSH and other antioxidant reserves to a point of "distress," beyond which the individual's antioxidant defenses are overwhelmed.3 The resultant negative antioxidant balance, featuring an excess of free radical challenge over antioxidant defense capabilities, then begins to compromise life functions on a successively wider scale. The cellular consequences of GSH depletion that culminate in cell breakdown and functional failure are outlined in Fig. 5. 
The consequences of sustained GSH depletion are grim. As cellular GSH is depleted, first individual cells die in those areas most affected. Then zones of tissue damage begin to appear; those tissues with the highest content of polyunsaturated lipids and/or the most meager antioxidant defenses are generally the most vulnerable. Localized free-radical damage spreads across the tissue in an ever-widening, self-propagating wave. If this spreading wave of tissue degeneration is to be halted, the antioxidant defenses must be augmented. Repletion of glutathione appears to be central to intrinsic adaptive strategies for meeting the challenge of sustained (or acute) oxidative stress.


Glutathione As A Systemic Antitoxin:
P450 Conjugation In addition to being a potent free-radical scavenger and ubiquitous enzyme cofactor, GSH is a systemic antitoxin. Normally, GSH is abundant inside cells (at millimolar levels) and relatively lacking outside of cells. One exception is the high concentration of GSH in lower regions of the lungs, where it helps neutralize inhaled toxins (e.g., those from cigarette smoke) and free radicals produced by activated lung phagocytes.4,25 GSH may be especially important for those organs most directly exposed to exogenous toxins, such as the lungs, the intestines, the kidneys, and particularly the liver. 
The liver is the organ most involved with the detoxification of xenobiotics (substances foreign to the body), and also is the main storage locale for GSH (actually exporting GSH to the other organs). Glutathione reaches its highest intracellular concentrations (about 10 millimolar) in the parenchymal cells ("hepatocytes") of the healthy liver. The hepatocytes are highly specialized to synthesize GSH from its precursors or to recycle it from GSSG, as well as to utilize GSH against potential toxicants.41 
Liver GSH stores are sensitive to depletion by malnutrition or starvation,42 but in the normally functioning liver the major drain on GSH is the activity of the GSH transferase enzymes (GSTs).41 These are a large family of cytosolic isozymes with a collective broad specificity for endogenous "orthomolecules" (molecules orthodox to the body) as well as for xenobiotics. They are inducable, meaning they are synthesized in higher quantities in response to challenge. Exhibiting multiple forms, and differing in their developmental patterns and inducabilities, the GSTs constitute 10 percent of the extractable protein of rat liver. In classic toxicology, these are the "P450 Phase II" conjugating enzymes. 

The role of GSH in liver P450 conjugation activity normally is quite considerable, accounting for up to 60% of all the liver metabolites found in bile. But while GSH conjugation is unquestionably of net benefit to the organism, its outcome is not positive in every instance. Thus, several classes of xenobiotics induce or otherwise activate P450-type enzymes, which generate GSH conjugates that are then more potentially toxic than the parent xenobiotic.45 
Factors that deplete the liver pool of GSH can decrease conjugation and increase the toxicity of xenobiotics. As examples, experimental acetaminophen (Tylenol®) toxicity is markedly enhanced after a 48-hour fast, as is the toxicity of bromobenzene, a halogenated aromatic hydrocarbon.30 Both these xenobiotics have been used in animal experiments as model GSH depletors, being predictably transformed by the liver P450 system into free-radical metabolites. A "titration" type of experiment can be done with rats, in which liver GSH is depleted by exposure to acetaminophen or bromobenzene, and liver damage ensues. The damage can be ameliorated by increasing the liver's reserves of glutathione, and is made worse by prior depletion of the liver's GSH reserves (as by withholding food prior to conducting the experiment). Also, prior depletion of liver GSH by one xenobiotic can predispose the liver to damage by another GSH-depleting oxidant upon subsequent exposure. One well-documented example is concurrent dosing with alcohol and certain pharmaceuticals.38 
It is highly doubtful that the P450 activities of the liver evolved in order to metabolize the tens of thousands of petrochemical derivatives and other xenobiotics that are delivered to the human liver by the modern environment. Rather, the P450 system seems geared primarily to effect homeostatic control over circulating steroid hormones and other endogenous, fat-soluble substances. Under this scenario, despite GSH having the antioxidant versatility that it does, the enzyme-catalyzed, Phase II conjugation of xenobiotics with GSH does not guarantee freedom from toxic damage. 
To optimize nutritional support for the liver's detoxification functions, it is more rational to supply other nutrients in addition to GSH. A variety of oral antioxidants would be required for support of the entire antioxidant defense system (including its GSH branches), and non-antioxidant nutrients (phospha-tidylcholine, for example46 and B vitamins and minerals) would lend additional dimensions of support. Short of the total elimination of xenobiotics from the planetary environment, rational dietary supplementation is our best bet for coping with this exogenous oxidant stress. 

Glutathione, Immunity, and HIV Disease 
As with other cell types, the proliferation, growth, and differentiation of immune cells is dependent on GSH. Both the T and the B lymphocytes require adequate levels of intracellular GSH to differentiate, and healthy humans with relatively low lymphocyte GSH were found to have significantly lower CD4 counts.57 Intracellular GSH is also required for the T-cell proliferative response to mitogenic stimulation, for the activation of cytotoxic T "killer" cells,58 and for many specific T-cell functions, including DNA synthesis for cell replication, as well as for the metabolism of interleukin-2 which is important for the mitogenic response.59 
Experimental depletion of GSH inhibits immune cell functions, sometimes markedly,58,60 and in a number of different experimental systems the intracellular GSH of lymphocytes was shown to determine the magnitude of immunological capacity.58 These and other findings indicate that intracellular GSH status plays a central role in the functioning of immune cells. 
In the auto-immune diseases of systemic lupus erythematosis (SLE) and rheumatoid arthritis (RA), and as seen in aging, T lymphocytes demonstrate depressed responsiveness to antigens and mitogens, perhaps because of insufficient IL-2 production (see reference 60 for a review). Patients with RA had low blood sulfhydryl (-SH) status,60 as did patients with Type II diabetes or with ulcerative colitis.13,60 
Chronic viral infections may trigger GSH depletion in circulating immune cells or GSH/GSSG imbalance. Patients chronically infected with the hepatitis C virus were found to have low GSH in their circulating monocytes.13 Monocyte GSH levels were abnormal in early HIV-1 disease,61 then in patients with advanced disease the GSH levels normalized in monocytes but the GSH/GSSG ratio became abnormal. Significant decreases in the plasma levels of both cysteine and cystine also were documented in subjects with HIV-1 infection.61-63 Since cysteine is a rate-limiting precursor for GSH synthesis, an associated decrease of GSH in the lung ELF was highly suggestive of a systemic GSH insufficiency in these subjects.64 The most marked GSH decreases occurred in subjects who were asymptomatic but had CD-4 counts below 400. Both the abnormal cytokine expression and the progression to weight loss seen in HIV-1 disease may be linked (at least in part) to abnormalities in the uptake of GSH precursors by immune cells of HIV-1 subjects, and/or to abnormalities in their synthesis of GSH. 

Free-radical propagation and associated antioxidant depletion are involved in at least some types of degenerative tissue breakdown.25 Numerous studies link free-radical damage with degenerative brain conditions. 
The brain is particularly susceptible to free radical attack: it is highly oxygenated, which makes it vulnerable to endogenous oxygen radical production, and it has a high proportion of unsaturated lipid which makes it vulnerable to peroxidation. In addition, those brain regions that are rich in catecholamines are exceptionally vulnerable to free radical generation. The catecholamines adrenaline, noradrenaline, and dopamine can spontaneously break down (auto-oxidize) to free radicals, or become metabolized to radicals by the endogenous enzymes known as MAO Ñthe monoamine oxidases.65,66 One such region is the substantia nigra (SN), where a connection has been established between antioxidant depletion (including GSH) and tissue degeneration. 
Parkinson's Disease (PD) is based primarily in the SN. It is to date the most suggestive example of likely causality of oxidative stress in neural degeneration. Lipid peroxidation had been reported increased in this condition, although causality was not established;67 then studies found GSH levels were dramatically decreased in PD.68,69 Jenner et al69 suggested GSH depletion might have particular significance in PD, especially since such depletion often predates the emergence of clinical symptoms.
Several antioxidants have been measured decreased in PD tissue.4,69 Indicators such as the disappearance of melanin from the SN, the increase of total iron and ferric iron, the marked decrease of GSH in the SN, the decreases in antioxidant enzyme activities, and the substantial increases of lipid peroxidation indicators, all argue for oxidative stress playing a role in the initiation and/or progression of PD.69 In a study using high-dose antioxidants, Fahn70 found that a combination of vitamin E (3,200 IU per day) and vitamin C (3,000 mg per day) could slow PD progression. Further controlled studies are needed that involve GSH precursors, administered preferably in combination with other antioxidants.

Schizophrenia may have a component of free-radical overload. Lipid peroxides have been found elevated in the blood, and Phillips and co-workers found increased pentane gas, a marker for lipid peroxidation, in the breath of schizophrenics as compared with normal volunteers and with patients having other psychiatric illness.71 The enzyme SOD (superoxide dismutase, which metabolizes superoxide radicals) was found increased, possibly as an adaptive response to free radical overload. Studies of antioxidant treatment in schizophrenia have been few; two recent studies that examined only vitamin C yielded conflicting results.67 Especially since GSH peroxidase was also found to be reduced,72 future trials with antioxidants in schizophrenia should include selenium and GSH precursor nutrients. 

Alzheimer's Disease (AD), though almost certainly multifactorial in its etiology, has both direct and indirect indications of free radical involvement. Increased lipid peroxides have been reported from the temporal and cerebral cortex of patients with AD as compared with controls.67 Jenner69 reported that iron was raised and GSH was decreased in the cortical areas; and Richardson and co-investigators74 added iron to homogenates of frontal cortex from AD patients and found significantly higher lipid peroxide generation. Fibroblast cells cultured from patients with AD exhibited increased susceptibility to free-radical damage over controls; the sites of their increased vulnerability may be the mitochondria.67 Glutathione metabolism may also be abnormal in AD; Adams and co-investigators68 found GSH to be lower in the hippocampus, the primary site of short-term memory initiation, and Jenner69 found that GSH was decreased in the cortical areas. 

Glutathione, Atherosclerosis, and Prostaglandins 
The endothelial cells that line the blood vessel lumina are arranged in a single, attenuated layer, and are vulnerable to oxidative challenge. They are continually exposed both to exogenous oxidants that reach the circulation, and to endogenous sources of oxidative challenge such as hydrogen peroxide (produced from OxPhos fluxes) or activated phagocytic cells. Atherosclerosis appears linked to oxidative damage to the vessel wall. Increased lipid peroxides, decreased GSH peroxidase levels, and lowered levels of the protective eicosanoid prostacyclin (PGI2) have been documented in human and animal atherosclerotic arteries.75 Oxidative stress within atherosclerotic arteries depletes GSH and other antioxidants, and results in a shift in the so-called "prostaglandin" (more correctly, eicosanoid) balance from anti-inflammatory towards pro-inflammatory.76 
Both the GSH peroxidase enzymes and various GSH-S-transferases may be employed in the endothelia for "yin-yang" regulation of vascular tone and responsiveness, mainly through their influences on eicosanoid balance; the more active they are, the better the production of protective eicosanoids. GSH can produce coronary vasodilation when added to isolated, perfused rodent heart, very likely due to its normalizing effect on prostaglandin synthesis.77 
Platelets, like other tissues, contain millimolar levels of GSH. The main interactions studied to date between GSH, platelets, and the arterial wall have to do with the leukotriene and prostaglandin eicosanoids.78 Oxidative stressors tend to shift the platelet's eicosanoid balance away from PGI2 and toward thromboxane (TxA2), resulting in a proaggregatory state. Platelets from diabetics have lower GSH levels and make excess TxA2, thus having a lowered threshold for aggregation; this may contribute to the increased atherosclerosis seen in the diabetic population.75 Reduced levels of GSH peroxidase have been found in the platelets of patients with acute myocardial infarction, Glanzmann's thrombasthenia, and the Hermansky-Pudlak syndrome characterized by dysfunctional platelets.75 Exogenous GSH or combinations of antioxidants can be employed to raise the threshold for platelet aggregation, and so ultimately to protect the endothelium against further damage

Glutathione in Aging 
Studies on GSH status with advancing age have been few, but to date there does appear to be a correlation between age-associated GSH depletion and poor health. Lang and collaborators87 compared blood GSH concentrations between the healthy young and healthy elderly subjects. The 40 young subjects (20-39 years of age) had a blood GSH level 17% higher on average than the 60 elderly subjects (60-79 years). Julius et al88 measured GSH in 33 persons of ages 60-79 years. Higher GSH concentrations were associated with good health, regardless of age; subjects with chronic diseases had lower mean GSH concentrations than those free of disease. Further studies should clarify whether systemic GSH status is indeed a predictor of good health with advancing age.

Strategies for Repleting Cellular Glutathione 
Another dietary means for repleting GSH is the amino acid L-methionine. This is an essential amino acid, so it must be obtained from the diet. But methionine is metabolically upstream: it must first be converted to cysteine which itself is then available for synthesis into GSH. This pathway requires many cofactors and may be inactive in neonates and in certain adults, such as patients with liver disease.4 The "activated" methionine metabolite known as SAM (S-adenosyl methionine) is effective in raising red cell GSH and hepatic GSH when given orally at 1600 mg per day.4 SAM has proven clinical benefit against cirrhosis and cholestasis
Some GSH comes in with the diet (150 mg daily by rough estimate),4 but the majority of the body's GSH is made in the liver. Liver GSH synthesis is closely linked to overall protein synthesis, and also to intakes of sulfur amino acids from the diet.93 The body's other organs seem to draw on GSH exported from the liver, by way of the circulation as well as the bile. Hormones and other vasoactive substances increase GSH efflux into the bile, and this may contribute to the hepatic GSH loss noted under conditions of stress.41 About 80 percent of the GSH synthesized in the liver is exported from the hepatocytes, and most of this is utilized by the kidneys, which also carry a major toxic burden.41 Keeping the liver replete with GSH provides the body with a reservoir of GSH and sulfhydryl reducing power for its systemic detoxification needs, and makes for extra capacity to supply cysteine, taurine, and other sulfur amino acids as needed. It accomplishes all this while simultaneously conserving the essential amino acid methionine for other applications. 
With some cells of the body unable to directly utilize GSH, with cysteine's availability being the main factor limiting GSH synthesis in the cells, and with dietary L-cysteine known to be potentially toxic, N-acetyl cysteine (NAC) takes on important significance as a dietary GSH source. NAC is a cysteine precursor; it is well absorbed by the intestine, and becomes converted to circulating cysteine by de-acetylation. It seems not to raise GSH levels if they are already within the normal range, but it can raise abnormally low GSH levels back to normal. This is the basis for its use as an antidote to acetaminophen's liver toxicity.
A list of GSH precursors with known safety profiles would include NAC, as well as glycine, L-glutamine, L-taurine, L-methionine, and S-adenosyl methionine; L-cysteine should be avoided. 
The mitochondria may be the Achilles Heel of the aerobic cell, and mitochondrial breakdown could be the common etiologic thread in most (if not all) GSH deficiency states. The mitochondria are exposed to oxygen free radicals produced by the OxPhos processes, yet cannot make their own GSH for protection - they must expend energy to import it from the surrounding cellular cytosol. The mitochondria do have antioxidant protective enzymes that are inducable (including superoxide dismutase and catalase, but GSH peroxidase demands GSH as cofactor), but this adaptive capacity has its limits. Healthy mitochondria avidly conserve their GSH, but as cytosolic GSH levels decrease, mitochondrial GSH can fall below a critical threshold. The turning point is when, in the face of sustained oxidative challenge, the mitochondrial GSH becomes depleted. The membrane-associated enzymes that transport GSH into the mitochondria then sustain damage, and GSH import is dealt a fatal blow. As a consequence, the mitochondria become casualties of their own making, i.e., destroyed by their own endogenously-generated free radicals. 
The consistent findings of GSH depletion in many preclinical and clinical degenerative conditions beg the question of whether antioxidants should be universally employed - whether singly or in combination - in efforts to ameliorate functional degeneration and improve quality of life. Combinations of antioxidants given as dietary supplements seem to offer the most promise for achieving clinical breakthroughs. At times, the administration of massive amounts of ascorbate (orally or intravenously) or of sulfhydryls (GSH and NAC orally and intravenously) will be lifesaving. 

The Role of Glutathione in Eye Care
TYPICALLY the need for reading glasses comes on in the 40s or 50s. The common cause of this is a loss of flexibility in the eye's lens. We know several things about this process now, however. The fact that it is a common occurrence does not mean that it cannot be treated IF IT IS CAUGHT SOON ENOUGH. 

Equally important is that the process of decline is also associated with the development of cataracts and general declines in overall health, so one basic treatment helps the body's overall health. (Note that there might possibly be other problems, and consulting with a physician is always wise where critical health concerns are an issue). 
A shortage of the amino acid Glutathione is the primary culprit in the eye decline noted above. Glutathione slows down the breakdown of DNA within the lens. It protects certain proteins in the lens from oxidizing. It aids in the transport of calcium, potassium, and sodium into the lens. Declines in these are all contributors to the decline in the health of the lens, its increasing rigidity, and the development of cataracts. 
Supplementation of Glutathione will resolve the problem -- if done soon enough after the decline in vision is noted. Increasing the Glutathione level in the eye may actually restore some flexibility. However, if the lens is too rigid, reversing the damage is not possible. At least, though, further decline and development of cataracts may be prevented.

Be sure that you are also getting selenium (a trace mineral) since it is necessary for the successful operation of glutathione. 

Take at least 1000 mg. of vitamin C daily, since it helps in reducing (making the molecules smaller so they are easily absorbed Glutathione.  

Antioxidants May Reduce Harmful Complications Of Diabetes
SAN FRANCISCO, CA -- April 20, 1998 -- Duke University Medical Center researchers have found that the depletion of body chemicals called antioxidants may increase the risk of complications from the most common form of diabetes.
The scientists recommend that diabetics take antioxidant supplements, such as vitamin C or E, to help stave off or even forestall the hallmark complications of diabetes, including blindness, kidney failure, amputation and even death. 

Antioxidants neutralise oxygen free radicals, highly-reactive chemicals that are the potentially-destructive by-products of the body's process of turning food into energy. Normally, the body produces enough antioxidants of its own to keep the reactive oxygen from causing damage. 

"We were able to show that patients with poor control of their diabetes who were beginning to show signs of complications had depleted their store of antioxidants," said Duke researcher Dr. Emmanuel Opara. "Further, we found a significant correlation between high blood-sugar levels and depletion of antioxidants. It appears that this depletion is a major risk factor for developing complications and that antioxidant supplements could lower this risk." 

The results we've been seeing in our animal studies are now being borne out in humans,” Opara said. "I recommend that since the body has many antioxidants, diabetics should take a number of these agents, including vitamins C and E and N-acetylcysteine."

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). 
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 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

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).
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