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KEY POINTS 

• Nutritional antioxidants have enhancing nonspecific effects on both innate 
and adaptive immune responses, and appear to be essential for immune 
functions. 

• Nutritional antioxidants have effects on the immune system, that appear 
independent of their classical antioxidant functions. 

• There are synergistic effects of dietary antioxidants on immune function. 
• Simply measuring plasma antioxidant status may not parallel or be suffi

cient to predict immunological changes. 
• Low antioxidant status is linked to infection, certain cancers, and athero

sclerosis. 
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• Supplementation can increase resistance to certain viral, bacterial and 
parasitic infections (animal studies), cancers, and free radical-mediated 
pathologies. 

• Controlled trials are required to test whether the observed protective 
effects of nutritional antioxidant supplementation on infection in animals 
also apply to humans. 

• Outcome measures of a supplementation program may be influenced by 
the initial antioxidant status of a population, which could affect interstudy 
comparisons. 

• Under certain circumstances, nutritional antioxidants may be useful as less 
toxic alternatives to other nutrients/therapies for their immunopotentiating 
capacity. 

• Interactions with other nutrients such as polyunsaturated fats and sele
nium are important when studying antioxidants, immune functions, and 
disease. 

Introduction 

Many fundamental principles in nutritional immunology have emerged over 
the years and provide the basis for analysis of antioxidant nutrition and immu
nity. These include the following: 

1. Nutrition can affect innate immunity such as barriers to infection, mucosal 
surfaces, complement, natural killer (NK), and polymorphonuclear cell 
functions. 

2. Nutrients can also effect a decrease or increase and therefore imbalance in 
the ratio ofT- to B-cells, their subsets, e.g., CD4+ to CD8+ ratio, lympho
proliferation, cytokine balance, and antibody production and function. 

3. Lymphoid tissues and cells are particularly vulnerable to environmental 
(e.g., nutritional) insult during fetal and neonatal growth and differentia
tion (vulnerable period), which can have short- as well as longterm conse
quences. 

4. Pathological nutritional deficits can impact the immune response in both 
developed and developing countries. For example, infection can induce 
similar immunological changes to that observed under different nutritional 
states, and can induce metabolic effects on nutritional status, e.g., the 
effect of measles on vitamin A, Epstein-Barr virus infection (and HIV) on 
essential fatty acid status (J -3). 

5. The nutrition-immunity-infection model has been classically considered a 
more-or-Iess "one way" modeL but there is also evidence for reverse flow, 
that is, nutrients can affect genotype and virulence (4,5) and possibly ver
tical transmission of pathogens (6). The nutrition-immunity-infection 
model is, therefore, more complex than originally thought (see Fig 1). 
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Fig 1. Bi-cyclic models of nutrition, infection, and immunity interactions. 

Nutritional Biochemistry and Physiology of Dietary Antioxidants 

Free radicals are chemical species that contain one or more unpaired elec
trons, making them reactive. They are produced constantly in vivo under physi
ological conditions and can be further enhanced under pathological conditions. 
Free radicals can attack DNA (which has a repair system for such oxidative 
damage), proteins (which are degraded once damaged), and lipids (which 
results in lipid peroxidation products). Antioxidant defenses have, therefore, 
evolved to protect organisms against the damaging effects of free radicals. 
These defenses include endogenous gene-regulated antioxidant enzymes such 
as superoxide dismutase (SOD) enzymes that remove superoxide radicals O2.-, 

converting it to hydrogen peroxide (H20 2), which is mostly removed by other 
endogenous antioxidant enzymes, e.g., catalase and glutathione peroxidase 
(GSH). Glutathione is a tripeptide of y-glutamyl-cysteinyl-glycine present in 
all cells at millimolar concentrations, it exists in the thiol-reduced form (GSH) 
and disulphide oxidized form (GSSG). 

There are also molecules that remove free radicals by reacting directly with 
them in a noncatalytic way such as a-tocopherol (vitamin E), ~-carotene, ascor
bate, and reduced glutathione (GSH). The diet being a major source of many of 
these "free radical scavengers." The trace metals, manganese, copper, and zinc, 
are important components of SOD as is selenium for GSH. Thus, it is not unex
pected that these associated nutrients are also linked in some of their biological 
effects to the nutritional antioxidants. Indeed, some authors characterize them 
as nutritional antioxidants. 

There is also a demonstrable critical interaction between polyunsaturated 
fatty acids and antioxidants, e.g., vitamin E, particularly in relation to omega-
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3 polyunsaturated fatty acids, where vitamin E often reverses their immuno
logic effects (7); and selenium and vitamin E, which may spare one another's 
effects (4,8). The latter differences in "sparing" probably reflects the action of 
vitamin E in lipid membranes of the cell, which is inaccessible to the selenium 
containing cytoplasmic glutathione and visa versa. It is important to be mind
ful of these additional interacting nutritional factors when investigating 
antioxidants, immune functions, and infection whether in the field or the labo
ratory. In recent years measurements of total antioxidant status have become 
popular e.g., total radical-trapping antioxidant parameter (TRAP) or oxygen
radical absorbing capacity (ORAC). This approach could be applicable to the 
field situation as an initial screen to assess the "general antioxidant status" of 
populations and individuals using small volumes of body fluids, e.g., microli
ter amounts of plasma or saliva. The methods of analysis are relatively simple, 
sensitive, and reliable, e.g., chemiluminescent assays, and can also be auto
mated. This initial screen could then, if necessary or possible, be followed by 
more refined biochemical investigations to identify any individual antioxidant 
problem. 

Fruits and vegetables are the major dietary sources of the antioxidants ascor
bate, tocopherols (saturated side chains), tocotrienols (unsaturated side chains), 
and carotenoids, e.g., lycopene, lutein, cryptoxanthin, and canthaxanthin (see 

Fig. 2) and other important antioxidant compounds such as polyphenolic anti
oxidants, e.g., flavonoids (more than 4000 have been identified in plants). The 
full biological significance of most of these compounds is, at present, poorly 
understood or unknown. Moreover, in relation to the previously mentioned 
measurement of total antioxidant status, flavonoids may mask the effects of 
the classical antioxidants and some appear to have opposing functions, e.g., 
quercetin has antiproliferative effects; thus, despite being antioxidants, they 
may have different effects on immune functions. Not unexpectedly, there are 
large differences between and within popUlations in blood levels of these 
dietary antioxidants. Doyle et al. (9) reported that school children in East Lon
don had a high percentage of marginal to deficient blood levels of vitamin E 
and ~-carotene. Furthermore, seasonal (e.g., rainy vs dry), changes in dietary 
antioxidants have been observed in the Gambia and Cuba (10,11). These find
ings demonstrate that populations can vary in their antioxidant nutrient status 
that may influence the clinical, immunological, and biochemical outcome mea
sures of a nutritional intervention program. 

Antioxidants and Immune Functions 

Experimental studies have demonstrated that high vitamin E intakes (10-50 
times the normal intake) in laboratory rodents enhance antibody responses (par
ticularly, immunoglobins [Ig]G2), NK cell activity, B- and T-cell mitogenic 
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Fig 2. Some commonly occurring dietary antioxidants and their food sources. 

responses, T -helper (Th) activity, and phagocytic functions ( 12.13). However, 
very high intakes of vitamin E have been reported to suppress some of these 
functions and to be toxic ( 12). Increased activation of macrophages induced by 
vitamin E feeding is a result of the production of macrophage activating factor 
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(MAF) (13); the principle MAF produced by T-helper cells (Thl cells) is inter
feron (IFN)-y. Consistent with the above studies, aged mice (aging is associ
ated with a decrease in immune functions) show enhanced T- and B-cell 
mitogenic responses, interleukin (IL)-2 production, and improved delayed-type 
hypersensitivity (DTH) response with increased vitamin E intake (20 times the 
normal intake) (14). Human studies are also consistent with the foregoing 
experimental animal findings. Consumption of a carotenoid-rich diet in man 
(40 mg lycopene/d, 1.5 mg p-carotene/d) resulted in increased secretion of 
IL-2 (Thl-like) and IL-4 (Th2-like) by Con A stimulated peripheral blood 
mononuclear cells (PBMCs) compared with a low carotenoid diet (15). Fur
thermore, the low carotenoid diet had lower T-cell proliferative responses (15). 
Important! y, the plasma carotenoid concentrations were not correlated with the 
above changes in T-cell functions (15) and indicate that simply measuring 
plasma antioxidant status cannot be used as a proxy for prediction of certain 
immune function changes. Some of these immunological effects of nutritional 
antioxidants may be linked to increased peripheral blood CD4+ T cells. to be 
described later in this chapter. 

Increasing the intake of p-carotene has been reported by Watson et al. (16) 
to be associated with an increase in lymphocyte surface receptor expression 
IL-2R and CD71 (transferrin receptor). Furthermore, supplementing the diet of 
healthy volunteers with a dietary achievable level of p-carotene demonstrated 
significant increases in the percentage of monocytes expressing HLA-DR 
(MHC class II molecule), and adhesion molecules ICAM-I and LFA-3 (17). In 
both animal and human studies, vitamin E deficiency is associated with 
impaired NK cell activity, and oral administration of tocopherol increases the 
activity of NK cells as measured in tumorolytic assays; this has also been rep
licated in vitro (18). Interestingly. tocotrienol increases NK cell activity, but at 
much lower doses than tocopherol (18). 

Healthy adult volunteers supplemented with vitamin C (1 g/d) and E (400 
mg/d) for 28 d had synergistic effects, increasing the in vitro PBMC produc
tion of IL-l p and TNF-a (19) compared with vitamin E or vitamins C alone. 
Synergistic effects have also been reported with vitamin C (400 mg/d) and 
vitamin E (100 mg/d) on IgG and complement C3 levels in healthy elderly 
women (20). Utilizing a high dose of vitamin E, Meydani et al. (21) observed 
increased plasma vitamin E levels, mitogenic responses (Con A), IL-2 produc
tion, and DTH in healthy elderly men and women supplemented with 800 mg 
dL-a-tocopherol for 30 d. 

One explanation for some of the above immune-enhancing effects of anti
oxidants is that neutrophils and macrophages inhibit lymphocyte functions 
through production of reactive oxygen intermediates, prostaglandin E2, and 
nitric oxide production (7), but this inhibitory effect is lost when antioxidant 
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levels are increased. There are, however, other possibilities including a spe
cific effect on lymphopoiesis. Studies with vitamin E and B-carotene, as well 
as antioxidant mixtures in humans, have shown increases in the CD4+ T-cell 
count (22-24). Consistent with this observation intracellular glutathione, 
another antioxidant, correlates with both CD4+ and CD8+ T-cell numbers and 
oral ingestion of cysteine (as N-acetyl-cysteine), a substrate for glutathione 
biosynthesis, can increase the CD4+ T-cell number in humans (25). There is a 
high rate of renewal of CD4 + T -cells (about 5 % of thc CD4 + cell population per 
day). Thus, there are several possibilities for the specific effect of these anti
oxidants on CD4+ T-cells. For example, there may be stimulation of the 
production of CD4+ T -cells from primary lymphoid sites, e.g., thymus, a delay 
in the rate at which aged CD4+ T-cells are cleared and/or a high level of sensi
tivity of CD4+ T-cells to apoptotic activity induced by oxidative stress. In rela
tion to the previously mentioned association of glutathione with CD4+ T-cells, 
lymphocyte GSH and GSSG levels are important for immune cell function and 
a moderate depletion of GSH has important consequences particularly for 
lymphocyte function (26). For example, the proliferative response of lympho
cytes and the induction of several immune responses appear to be dependent 
on a relatively high intracellular GSH level (27). The concentration of GSH 
and ascorbic acid in lymphocytes of healthy adults are correlated (r = 0.62, P < 
0.001; n = 240) suggesting a reciprocal sparing effect of these two antioxidants 
(28). Furthermore, ascorbic acid supplementation (500 mg/d) of healthy 
individuals with low plasma ascorbate status significantly increases lympho
cyte GSH (29). 

Taken together, the above findings demonstrate that nutritional antioxi
dants, particularly when consumed in combination, as would be the case in the 
natural food chain where a range of antioxidants would be found, enhance both 
adaptive and innate immunity. They can increase the CD4+ T-cell count, 
enhance lymphoproliferative, Th 1 and Th2 cytokine and antibody responses, 
NK cell, and phagocytic functions. It could be argued, therefore, that dietary 
antioxidants are an essential requirement for the normal functioning of the 
immune system. Figure 3 illustrates schematically the potential effects of nu
tritional antioxidants on immune functions. 

Antioxidants and Infection 

Robert Tengerdy, Rollin Heinzerling, Cheryl Nockels, and their co-work
ers, were the first to show protective effects of vitamin E against infection. 
They found that Vitamin E protected chicks against experimental Escherichia 
coli (E. coli) infection using three and six times the normal dietary intake. 
Futuremore, these observations were associated with increased antibody titer 
to E. coli antigen (30,31). Increased resistance to infection by supplemental 
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vitamin E was later found experimentally for Eimeria tene/la and Histamonas 
meleacridis in chicks and turkeys, Chlamydia in sheep and lambs, E. coli and 
Treponema hyodysenteriae in pigs, and Diplococcus pneumoniae and Myco
plasma pulmonis in rodents (32.33). Many of these studies showed that 
increased vitamin E intake enhanced the antibody response (lgG and IgA) and 
the phagocytic function of polymorphonuclear cells (33). Vitamin E has also 
been shown to markedly enhance antigen-specific antibody responses in field 
trials with Brucella ovis and Clostridium perfringens vaccines in sheep (33). 
Protection of livestock against certain infections, for example, RNA viruses, is 
not only important for the supply of dietary protein, but also because livestock 
are a reservoir of potential infection for man (zoonosis) and the emergence of 
new viral strains (subtypes) that can have important consequences for human 
popUlations. The latter can be a serious global problem, as seen with the recent 
severe acute respiratory syndrome (SARS) virus. However, the factors that 
influence the emergence of these new viral subtypes are not well understood. 
Antioxidant status is thought to be one important factor in this phenomenon. 

Beck et al. (4) have shown that selenium-deficient mice inoculated with 
avirulent Coxsackievirus B3 develop myocardial lesions (4). Moreover, 
Coxsackievirus B3 recovered from the hearts of selenium-deficient mice when 
transferred to adequately fed mice causes significant heart pathology owing to 
virus nucleotide changes and, therefore, mutation to a virulent strain (4). Sele
nium acts as an antioxidant and deficiency produces a prooxidant state in the 
host, and it is by this means that the nutritionally induced genetic changes are 
thought to occur (5). These findings may be important in relation to a cardi
omyopathy in humans known as Keshan disease, which is associated with sele
nium deficiency and Coxsackievirus infection. Similar findings have also been 
reported for an enterovirus-like virus in humans (5). 

There can be increased pathological damage during infection with concomi
tant vitamin E deficiency. Mice fed a vitamin E-deficient diet develop myo
carditis when infected with the normally avirulent Coxsackievirus B3 strain, 
which is consistent with the previously described findings for selenium defi
ciency (5). In contrast, vitamin E is known to reduce the protective effects of 
fish oil in malaria although the mechanisms are not well understood (7). Oral 
treatment with N-acetyl-cysteine (NAC), a substrate for glutathione biosynthe
sis, improved histopathological lesions in a murine model of Leishmaniasis 
(34). This protective effect of NAC in Leishmaniasis was associated with an 
increased frequency of TNF-a- and IFN -y-producing cells (Th I-like response), 
which are factors known to be important in the resistance to the parasite. The 
authors concluded that NAC can induce changes in the cytokine microenviron
ment that can allow for a more efficient control of parasite replication at the 
site of infection. In murine AIDS, vitamin E has been shown to restore IL-2 



196 Harbige and Gershwin 

and IFN-yproduction, lymphoproliferation, and NK cell activity, which is nor
mally suppressed by the retrovirus infection (35 J. 

Many human studies have reported the effects of infections such as malaria 
and influenza virus on plasma antioxidant status, e.g., vitamins E and C dem
onstrating a reduction (36). This effect appears indirect and linked to changes 
in lipoproteins and the acute phase response (36). There are few reports on the 
effects of supplemental antioxidants such as vitamin E and ~-carotene on 
infection in humans. Nevertheless, these studies do indicate that beneficial 
effects are likely. Clausen (37) demonstrated that children given ~-carotene
rich foods had increased resistance to bacterial infections; although the author 
concluded that the effect was caused by vitamin A rather than the provitamin 
~-carotene. In a large trial conducted in Nepal, maternal deaths resulting from 
infection were found to be fewer with ~-carotene supplementation compared 
with vitamin A or placebo treatment (38). Futhermore, in a retrospective study 
in an elderly population, Chavance et al. (39) found that vitamin E was nega
tively associated to the number of infections. However, it could be argued that 
the infections may have influenced the vitamin E status rather than the other 
way around. A better understanding of antioxidants in relation to immunity 
and infection has come from the increased research impetus brought about by 
the global HIY / AIDS problem. 

Antioxidants and HIV Infection 

Epidemiological research on the association between dietary nutrient intake 
and the progression of HIY to AIDS suggests that increased levels of intake 
(both from food and supplements) of riboflain (B 2), thiamin (B l ), iron, and 
vitamins C and E are associated with a significantly decreased progression rate 
to AIDS (40,41). In addition, studies by Tang et al. (42) have shown that the 
serum levels of vitamin E may be associated with a slower HIY disease pro
gression. These findings may well indicate that some nutrients decrease pro
gression of HIY disease and others enhance it but, conversely, disease 
progression may influence the nutrient status. Decreased plasma levels of vita
mins C and B12 , carotenes, pyridoxine, copper, and selenium occur in early and 
early asymptomatic HIY+ patients (43-45). Futhermore, despite higher intake 
of pyridoxine, vitamins BIZ, A, and E, and zinc in early HIY+ compared with 
HIY- homosexual men, the former had similar if not lower plasma levels of 
these nutrients (46). HIY+ individuals who had had opportunistic infections, 
neoplasms, chronic diarrhea, and wasting syndrome also had decreased blood 
nutrient levels, particularly vitamins A, pyridoxine, C, D, carotene, and glu
tathione (47,48). Both in early HIY-infection and in patients without diarrhea, 
the low serum carotene levels may therefore indicate fat malabsorption (49). 
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Many of the latter studies indicate that early on in HIY-infection disturbance 
of nutrient status exists, but whether this predates HIY -infection and/or can 
adversely affect disease course is not clear. There was a weak correlation 
between percentage CD4+ cells, CD4+ count, and CD4+/CD8+ ratio with serum 
carotene concentration in a clinically heterogenous group of HIY+ subjects 
(49). Trials to test the efficacy of /3-carotene to increase CD4 + counts and other 
leukocyte markers in HIY+ subjects have been undertaken (50,51). In the first 
trial, no changes in total lymphocyte count or in the proportion of cells 
expressing CDll+, CD8+, or CD4+ markers were recorded (50). However, in 
the second trial treatment with /3-carotene resulted in significant increases in 
total white blood cell counts, the CD4+/CD8+ ratio, and increased percentage 
CD4+ cells, B cells (although not significant), and CD4+ count (51). Important 
differences in the dosage (60 mg/d vs 180 mg/d) and scheduling (4 mo vs 4 wk) 
of treatment are apparent between the two trials, and the magnitude of change 
in serum /3-carotene was lower in asymptomatic HIY+ patients (51) compared 
with healthy subjects with the same dose and timing of treatment (22), which 
suggests a higher (> 180 mg/d) /3-carotene dosage maybe required in HIY. More 
recent studies by Silverman et al. (52) and Nimmagadda et al. (53), using 
60-120 mg/d of /3-carotene and 180 mg/d of /3-carotene, respectively, in HIY 
infected individuals have reported no benefit on CD4+, CD8+, plasma HIY 
RNA titers, and chronic candidiasis. Total antioxidant capacity is reduced in 
HIY infection (54) and a positive correlation between CD4+ T-cell counts and 
the SOD activities of plasma and mononuclear cells have been recorded (45). 
Furthermore, a reduced viral load and oxidative stress has been reported in a 
study where HIY -infected subjects were supplemented with vitamins E and C 
(55). There are a number of oxidative stress and disease situations that are 
associated with reduced levels of total GSH+GSSG, or GSH, or a decreased 
ratio of GSH:GSSG. HIY infection, in particular, is associated with reduced 
blood GSH, including reduced concentrations in peripheral blood mononuclear 
cells; T -, B-, and NK-cells; and monocytes, the reduction increasing with 
severity of the disease (26,27,56,57). Furthermore, the extent of reduction is 
predictive of survival (58-61). Consistent with the latter, Aukrust et al. (62) 
found a marked and specific increase in oxidized glutathione and decreased 
ratio of reduced to total glutathione in the CD4 +CD45RA + and CD8+CD45RA + 
subsets in patients with HIY infection. Furthermore, it was the CD4+CD45RA + 
subset that was preferentially depleted. CD4+ T-cells, which play such a cen
tral and critical role in immunoregulation, have a high proportion of membrane 
arachidonic acid (7). In contrast, HIY-patient CD4+ T-cells have depleted mem
brane arachidonic acid levels (63), which may be linked to low antioxidant 
status and loss of immunoregulation. 
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HIY infection is associated with catabolism of cysteine to sulphate and the 
high ratio of loss of sulphur to nitrogen in the urine indicates a loss of cysteine 
from GSH (mainly from muscle cells) rather than from muscle protein (64). In 
addition to loss of cysteine and GSH in HIY+ individuals, there is also a 
decrease in synthesis of GSH (65). Dietary supply of cystine, methionine, or 
N-acetyl-cysteine (NAC) can restore cellular GSH concentrations and increase 
synthesis (65). Dietary NAC increased blood GSH in HIY -positive subjects 
and prolonged survival during the period of supplementation (59). In two other 
trials, supplementation with NAC reversed the impairment of immune func
tions caused by HIY infection, significantly improving T-cell response and 
NK cell activity (66). De Rosa et al. (67) reported, in an 8-wk double-blind 
study, that NAC increased blood and CD4+ and CD8+ T-cell GSH of HIY+ 
subjects. However, no effect was found on CD4+ T-cell count or viral load. In 
an open extension of the latter trial to 24 wk, NAC increased survival. Muller 
et al. (68) examined a very high dose of NAC over 6 d (3 d continuous intrave
nous infusion at 300 mg/kg W/24 h followed by 5 g perorally every 6 h) in 
conjunction with a high dose of vitamin C in eight HIY+ subjects and found an 
increased CD4+ T-cell count and reduced viral load in the five patients with the 
most advanced disease (CD4 counts less than 200 x 106/L). However, NAC 
may have dose-limiting toxic profiles, significant side effects, and only short
term effects in raising GSH levels, thus any approach that can increase cystine 
supply might be useful. One particularly good source of cysteine and methion
ine, i.e., 2.7 g/lOO g protein and 2.5 g/lOO g protein, respectively (the total 
sulphur amino acids being 5.2% of protein), is whey protein isolate. Whey 
protein is also an excellent source of all essential amino acids. A daily supply 
of 45 g could meet all the essential amino acid requirements of the adult with 
smaller amounts meeting the requirements of infants and children, which in 
relation to HIY infection in women, infants, and during pregnancy and poor 
nutrition in many African countries is important. Supplementing the diet of 
normal healthy adults with 20 g/d of whey protein isolate for 3 mo resulted in 
a 35% increase in lymphocyte GSH and giving whey protein isolate to HIY+ 
patients has been shown to increase GSH levels (69-71). Furthermore, Bounos 
et al. (69), also reported improved body weight in some of the study HIY+ 
subjects, but Micke et al. (71) reported no change in body weight or 
T-cell count. 

Despite the present lack of controlled human studies on nutritional antioxi
dants in relation to infection, except for HIY infection, the evidence for a ben
eficial effect on infection in experimental animals and the enhancing effects on 
immune functions in humans suggests strongly that there is a potentially ben
eficial impact of antioxidant supplementation on reducing infection in man. 
Well controlled studies using different dietary antioxidant regimes and cock-
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Table 1 
Range of Infectious Organisms in Animals Where Antioxidants are Beneficial 

Bacterial 

Escherichia coli 
Clostridium perfringens 
Streptococci sp 
Staphylococci sp 
Treponema hyodysenteriae 
Pseudomonas aeruginosa 
Diplococcus pneumoniae 
Chlamydia sp 
Mycoplasma pulmonis 

Viral Parasitic 

Influenza Eimeria tenella 
Rhinotracheitis virus Leishmania sp 
Coxsackievirus Histamonas meleacridis 
Retrovirus 

Sources: Bendich 1990 (32), Han and Meydani 1999 (106). 

tails are needed to test the effects of nutritional antioxidants on infection in 
humans. The range of different infectious organisms known to be affected by 
dietary antioxidants is summarized in Table 1. 

Antioxidant Nutrition and Developmental Immunology 

Lymphoid organs and tissues have a relatively fast and high degree of 
growth, expansion, and both pre- and postnatal development (72), which in 
man continues until around 10 yr of age (see Fig. 4). In gestation, lactation, and 
infancy, various cell types proliferate and differentiate during the formation 
of lymphoid tissues. In this period, lymphoid tissues and cells are vulnerable 
to nutritional effects (perhaps analogous to nutritional effects on brain 
development, for which there is a good deal of evidence), which appear to have 
longer lasting consequences. Recent studies in mice have shown that the anti
oxidants ~-carotene and lycopene can affect the development of the immune 
system during these "critical developmental periods" (73). Garcia et al. (73) 
found that dietary ~-carotene and lycopene increased the T - and B-cell num
bers and that ~-carotene had a specific enhancing effect on serum IgG level in 
neonate mice (73). These findings are important because they demonstrate an 
effect of antioxidant nutrition on early immune development (boosting or 
accelerating lymphocyte numbers and immunoglobulin levels), which has 
wider implications to human immune system development. There is also evi
dence that breastfeeding, compared with feeding cow's or formula milk, in
creases the absorption and bioavailability of antioxidants such as vitamin E 
(74). Detailed studies in low-birth-weight (LBW), and premature babies have 
shown multiple micronutrient deficiencies, particularly vitamins A and E and 
copper (74). In a large randomized trial designed to examine the effects of 
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Fig 4. Growth curves for human lymphoid tissue, reproductive, brain, and 
whole body shown as a percentage of total gain from birth to 20 yr. Note the 
growth of lymphoid tissue up until 10 yr. 

vitamin supplementation on pregnancy outcomes and T-cell counts in HIV
infected women in Tanzania, multivitamin supplementation (vitamins E and 
C, B I, Bz, B6, niacin, Bib and folic acid) decreased the risk of LBW and pre
mature birth and increased the CD4+, CD8+, and CD3+ counts, whereas vitamin 
A alone had no effect (75). These Tanzania findings are, or are likely to be, 
linked to LBW, prematurity, and intrauterine growth retardation and the caus
ally associated effects of maternal nutrient deficits and infection. Infants born 
small are known to exhibit thymus atrophy and functional defects in innate and 
adaptive cellular and humoral immunity (76-80). Thus, they are born with a 
very limited structural and functional, i.e., immature, immune system. Improv-
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ing both the immune system and the response through maternal nutritional 
interventions (including lactation), which might also result in longer gestation 
times, would ensure the integrity of the neonate immune system at birth and 
early postnatally. This may be the causal pathway in the recently reported ben
eficial clinical outcomes reported by Fawzi et al. (81). Clearly, nutrients other 
than antioxidants are critical in this interaction and must also be taken into 
account. 

Accumulated pre- and postnatal nutrient deficits may have longer term con
sequences on the immune system and immunity. For example, there is evi
dence from the Gambia to suggest that poor nutrition during fetal development 
can permanently affect the immune system causing a higher mortality rate from 
infectious disease in later life (82). Similar observations in relation to immune 
function and zinc have also been found in experimental animals by Beach, 
Gershwin, and Hurley (83). From an immunological and nutritional perspec
tive the pre- and postnatal period is uniquely vulnerable and complicated by 
the interplay of several factors. Transfer of nutrients and immunity from the 
mother is taking place, and the demand for nutrients is high owing to rapid 
growth and development of fetal tissues, including those of the immune sys
tem. Thus, the maternal nutritional state and the ability to transfer immunity 
are critical. Even without the burden of nutritional and immunological deficits 
transferred from the mother (or further deficits following birth), the newborn is 
immunologically susceptible because there is a decline in maternal antibodies, 
which is not fully compensated for by the infant antibodies for about 3-6 mo. 
The effect of maternal nutrition and nutrition intervention on the duration of 
this hypogammaglobulinaemia and the transfer of maternal regulatory and 
effector cells in infants is not known and requires investigation. It is probable 
that, like the central nervous system, there is a window of opportunity where 
nutritional intervention is effective in reversing immune system deficits, but 
once passed the damage is irreversible leading to adverse long-term conse
quences. Research is needed to identify precisely the vulnerable period and the 
window of opportunity. 

Antioxidants and Autoimmune Disease 
Autoimmunity and autoimmune disease are closely connected with infec

tious disease as it is thought that the immune system recognizes self-determi
nants through "molecular mimicry" with microbial antigens (84). The resultant 
immune-effector systems deployed during infection is counterproductive in 
autoimmune disease. However, this is only one of several mechanisms put for
ward to account for autoimmune disease. There are limited data on the effects 
of nutritional antioxidants in experimental autoimmune disease. However, 
vitamin E plus fish oil has been found to have a synergistic effect in delaying 
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the onset of disease in MRL/lpr mice (85). Plasma levels of vitamin E have 
been reported to be low in some but not all patients with rheumatoid arthritis 
(RA) (86) and multiple sclerosis (MS) (87). A decreased glutathione peroxi
dase (GSH-Px) activity has been documented by Jensen et al. (88) and Shukla 
et al. (89) in the erythrocytes and leucocytes of Danish MS patients. Interest
ingly, Jensen and Clausen (90) were able to correct these GSH-Px abnormali
ties with antioxidant treatment in the form of supplemental vitamins E, C, and 
sodium selenite. However, other investigators have not found such changes in 
GSH-Px in different MS popUlations (91,92). The plasma concentration of 
selenium in RA has been observed to be low in a number of studies (93), and 
epidemiological studies appear to support this finding (94), although the full 
significance of these observations are unclear. 

Dietary Antioxidants, Cancer, and Atherosclerosis 
Many epidemiological studies have noted a strong and consistent link 

between lower risk of cancer (particularly gastrointestinal cancers) in people 
whose diets include a relatively large amount of vegetables and fruits (95). 
Among the many compounds in fruit and vegetables that might possess 
anticarcinogenic properties, the carotenoids, a group of highly pigmented, fat
soluble antioxidants (see Fig. 2), have received much interest. ~-carotene, in 
particular, received attention since Peto et al. (96) highlighted the possibility 
that it might be a potent anticancer agent. ~-carotene was shown to be particu
larly effective in preventing experimentally induced cancer in animals; this 
may be linked, at least in part, to ~-carotene's effect on enhancing immune cell 
activity. The Carotene and Retinol Efficacy Trial (CARET), however, found 
that a combination of ~-carotene and vitamin A had no benefit and may, in 
fact, have had an adverse effect on the incidence of lung cancer and death (97), 
indicating that the single-nutrient approach to antioxidant nutrition (rather than 
food) must be approached far more cautiously for cancer. Low plasma antioxi
dant concentrations are associated with cardiovascular disease and a wealth of 
evidence exists to show that oxidative modification of apo-lipoprotein B 100 
plays a key role in the recognition of low-density lipoprotein (LDL) and that 
oxidized LDL uptake by scavenger receptors (CD36) on macrophages leads 
to foam-cell formation and atherosclerotic plaques (98-100). In addition, there 
is an early immunologic (possibly autoimmune) involvement in atherosclerosis 
and an association with infection (99-102), both of which can be influenced by 
antioxidant nutrition as outlined in this overview. Research linking the above 
immunologic and infection factors in atherosclerosis with antioxidants is 
clearly warranted. 
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Sources of Dietary Antioxidants 
How to provide nutritional antioxidants both in developing and developed 

countries is clearly an important issue. This can involve advice to eat more 
fruit and vegetables, fortification of staple foods and milk formula, genetically 
engineered foods (e.g., staple cereals or grains, pharamaceutical), supplemen
tation, or introduction of new foods. In developing countries, important and 
practical sources of specific and mixed antioxidants such as carotenes and 
tocopherols include indigenous fruits and vegetables, tomato paste, dried 
tomato constitute, palm oil, spirulina and carotino oil, whereas whey and soya 
proteins can provide nutritional precursors for GSH. Vitamin A, but not 
~-carotene, is toxic at pharmacologically high doses (150,000-300,000 IU) 
(103), and toxicity can be avoided through low intakes of ~-carotene. By 
including the provitamin ~-carotene within a nutritional antioxidant supple
ment (to avoid vitamin A insufficiency), we would suggest consideration be 
given to the use of such regimes in developing countries (given that the appro
priate research be undertaken) and that under certain circumstances, it be used 
as an alternative to the WHO/UNICEF (104) recommendation to use vitamin 
A (100,000-200,000 IU) alone as an adjunct therapy for measles, vaccination, 
and thus avoid any potential toxicity and possible lack of seroconversion (105). 
Furthermore, as with vitamin A, nutritional antioxidant intervention could lead 
to a reduction in the number of vaccine failures that occur in developing coun
tries. Research is clearly needed to establish the efficacy of using antioxidant 
supplements as adjunct therapy in relation to the common child morbidities. 

Conclusions and Perspectives 
Nutritional antioxidants generally stimulate innate and adaptive immunity. 

Studies in humans and other animals have shown that dietary antioxidants can 
increase the CD4 + T-cell count, MHC class II and adhesion molecule 
expression, enhance lympho-proliferative, Th I and Th2 cytokine and antibody 
responses, NK cell, and phagocytic functions, and appear to be an essential 
requirement for the normal functioning of the immune system. Antioxidants 
synergistically effect immune functions, but data are limited at present and 
increased research in this area is clearly warranted. Moreover, the synergistic 
effects of nutritional antioxidants demonstrate the importance of interactions 
and interdependence among nutrients during digestion, absorption, and 
metabolism and, therefore, caution must be exercised when adopting the single 
nutrient approach. There are demonstrable interactions between vitamin E and 
selenium, as well as polyunsaturated fatty acids and vitamin E in relation to 
immunity and infection. In addition to the classical view that antioxidant 
mechanisms underlie the effects of dietary antioxidants on the immune system, 
some nutritional antioxidants appear to have an important role in lymphopoie-
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sis. Many of the observations made on the effects of nutritional antioxidants on 
immune functions in health are relevant to the effects of these antioxidant 
nutrients on infection. Much evidence exists demonstrating protective effects 
against a range of viral, bacterial, and parasitic infections in experimental 
animals, which is consistent with the general immunopotentiating effects of 
nutritional antioxidants. However, human studies on the effects of nutritional 
antioxidants on infection are lacking and further work is clearly needed in this 
area before recommendations can be made. 

Poor antioxidant status can also lead to the emergence of new virulent viral 
subtypes, but the importance in human viral infections such as influenza and 
HIV is unclear. In relation to HIV infection, a good deal of evidence exists for 
reduced antioxidant capacity within the immune system that impacts on 
immune functions. Trials of antioxidant supplementation to correct these defi
cits in HIV infection have been generally disappointing. However, these stud
ies have been limited in their approach and further studies are needed using 
higher dosages and different antioxidant cocktails. Studies on whey protein 
isolate, presumably acting by providing the necessary precursors for GSH syn
thesis, appear promising and more nutritional and immunological research is 
required in this area. Dietary antioxidants in relation to developmental immu
nology appear to be important and may have important implications for low 
birth weight and prematurity and immune development. Nutritional antioxi
dant effects on immune functions in relation to the pathogenesis of cancer and 
atherosclerosis deserves increased research effort, given their effect on mortal
ity and morbidity. Clearly both developed and developing countries will ben
efit from increased research in the field of antioxidant nutrition and 
immunology. 
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