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ABSTRACT Zinc is known to play a central role in the zinc exerts its ubiquitous effects on immune function, disease
immune system, and zinc-deficient persons experience increaseelsistance, and general health. Analysis of animal and human
susceptibility to a variety of pathogens. The immunologic mechstudies examining the in vivo effects of nutritional zinc defi-
anisms whereby zinc modulates increased susceptibility to infe@iency and supplementation on immune cells and their function
tion have been studied for several decades. It is clear that zinmderscores the essential role of zinc in normal development and
affects multiple aspects of the immune system, from the barriefunction of many key tissues, cells, and effectors of immunity. In
of the skin to gene regulation within lymphocytes. Zinc is crucialvitro studies have elucidated the role of zinc at the cellular level,
for normal development and function of cells mediating nonspeand recent advances in molecular biology and cell biology have
cific immunity such as neutrophils and natural killer cells. Zincbegun to clarify the role of zinc in gene expression, mitosis, and
deficiency also affects development of acquired immunity byapoptosis of lymphoid cells. From these studies, many of which
preventing both the outgrowth and certain functions of T lym-are reviewed herein, it is clear that even mild zinc deficiency can
phocytes such as activation,ITcytokine production, and B lym- impair multiple mediators of host immunity ranging from the
phocyte help. Likewise, B lymphocyte development and antiphysical barrier of the skin to acquired cellular and humoral
body production, particularly immunoglobulin G, is compro- immunity (4-10). This article represents a synthesis and expan-
mised. The macrophage, a pivotal cell in many immunologicsion of 2 previous reviews examining the role of zinc on health
functions, is adversely affected by zinc deficiency, which canand immune function (9, 10). Two figures are presented that inte-
dysregulate intracellular killing, cytokine production, and grate the concepts relating zinc to development and function of
phagocytosis. The effects of zinc on these key immunologiémmune cells Figure 1) and the role of zinc in the cellular
mediators is rooted in the myriad roles for zinc in basic cellulaprocesses of activation and proliferatidtigure 2).
functions such as DNA replication, RNA transcription, cell divi-
sion, and cell activation. Apoptosis is potentiated by zinc defi-
ciency. Zinc also functions as an antioxidant and can stabiliz€INC DEFICIENCY
membranes. This review explores these aspects of zinc biology In persons suffering from marginal zinc deficiency, clinical
of the immune system and attempts to provide a biological bassigns are depressed immunity, impaired taste and smell, onset of
for the altered host resistance to infections observed during zindght blindness, impairment of memory, and decreased sper-
deficiency and supplementation. Am J Clin Nutr 1998; matogenesis in males (9, 10). Severe zinc deficiency is charac-
68(suppl):447S-63S. terized by severely depressed immune function, frequent infec-
tions, bullous pustular dermatitis, diarrhea, alopecia, and mental
KEY WORDS Zinc, zinc deficiency, immunity, infection, disturbances (3, 9). Similar effects of mild and severe zinciepfly
micronutrients, ontogeny, apoptosis
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arise in zinc-deficient laboratory animals (9-11). A rare geneticdance by >35% (39). Zinc supplementation also reduced the fre-
disorder, known as acrodermatitis enteropathica, occurs in cattiguency of recurrent boils in hospital patients (40). Furthermore,
and humans, resulting in decreased zinc absorption accompaniddcreasedS. mansoniegg counts were observed in children
by characteristic hyperpigmented skin lesions, poor growth, andiven zinc supplements compared with those given a placebo
low plasma zinc concentrations (12, 13). (41). Humans suffering from acrodermatitis enteropathica also
had fewer infections when given supranormal concentrations of
zinc (42), and plasma zinc concentrations were substantially

ZINC STATUS AND SUSCEPTIBILITY TO INFECTIOUS lower in patients with diffuse lepromatous leprosy compared
DISEASES with those with the more limited bacillary form (43).

Zinc supplements also have beneficial effects when adminis-
tered during infection. Zinc lozenges were shown to decrease the

Numerous animal and human studies indicate that zinc defiduration of the common cold (44, 45), and studies in preschool
ciency decreases resistance to infectious diseases. Zinc-deficiattildren showed that zinc supplementation during a diarrheal
animals have suppressed immune responses and are more seisode reduced duration of sickness up to 30% (33).
ceptible to a diverse range of infectious agents incluieges In patients with HIV, zinc deficiency is frequently seen and
simplexvirus (14) and Semliki forest virus (15); bacteria such asdisease progression is accompanied by decreased serum zinc con-
Francisella tularensis(16), Listeria monocytogenegl7, 18), centrations and depressed phytohemagglutinin (PHA) mitogenic
Salmonella enteritidis(19), and Mycobacterium tuberculosis responses (46, 47). These changes are partially reversible by zinc
(20); the protozoan parasitéBlypanosoma cruzi21), Try- supplementation (48). Likewise, in the murine model of AIDS the
panosoma muscu(R2), Toxoplasma gondif23), andPlasmod- amount of zinc in multiple tissues, including the spleen, was
ium yoelii (24); eukaryotes such #&andida albicang15, 25); depressed (49). In contrast, recent dietary analysis of a large
and the helminthbkleligmosomoides polygyr26, 27),Strongy-  cohort of AIDS patients indicated that high zinc intake was asso-
loides ratti (28), Trichinella spiralis (29), Fasciola hepatica ciated with more rapid progression of the disease (50). The actual
(30), andSchistosoma manso(81). effect of zinc supplementation on the progression of AIDS or the

A selective overview of these studies illustrates the broad rolgeneral health of AIDS patients remains to be evaluated.
of zinc during infection. Zinc-deficient mice infected wilh
musculiharbored >3 times as many parasites as control micé?
and this was associated with delay in production of protective In general, it is not clear to what extent the availability of zinc
antibodies (22). Likewise, 40% of moderately zinc-deficientaffects in vivo growth of infectious agents themselves. Most
mice succumbed t®. yoelii 17XNL malaria, a normally non- microorganisms require zinc in some amount for basic cellular
lethal infection (24). Again, this was accompanied by delayedgrocesses. For example, yeast (FL)alciparum(52), and HIV-
appearance of protective immunoglobulin (Ig) G antibodiesl (53) require zinc for replication and other functions. During
With respect toC. albicans genetically susceptible strains of the acute phase response zinc is redistributed from plasma to the
mice were rendered resistant when fed zinc-enriched diets diver and to lymphocytes (54). It has been suggested that this is
when zinc was administered intraperitoneally (15, 25), and noran adaptive response intended to deprive invading pathogens of
mally resistant mice became susceptible when maintained onzinc (54-56). However, lowered plasma zinc concentrations
low-zinc diet (25). For the helminth infections, zinc-deficient resulting from the acute phase response are generally well above
animals either harbored more worms or had prolonged expulsiaiie concentrations at which the growth of most pathogens is
times. FoH. polygyrus marginal zinc deficiency had little effect affected (51, 52, 55). Still, highly localized suppression of extra-
(27), although severe zinc deficiency did increase worm burdencellular zinc to microbiostatic concentrations may be created by
(26). In murineS. mansonizinc deficiency resulted in decreased the acute phase response in conjunction with calprotectin, a zinc
pathology with no change in worm burdens (31). Eisteria, binding protein produced by polymorphonuclear leukocytes (51,
delayed hypersensitivity response, a measure of T lymphocyt&7). In contrast, it is also true that very high zinc concentrations
activation, was reduced but actual bacterial clearance did natan be microbicidal. For example, the relatively low frequency
change substantially (17, 18). In naturally occurring bovine acroef urinary tract infections in men may be due, in part, to the very
dermatitis enteropathica, calves had impaired resistance toigh microbicidal zinc concentration in semen (58). Moreover,
viruses, fungi, and bacteria. This condition was corrected byhe effect of zinc on the common cold may be due to the

Influence of zinc on experimental infections in animals

irect effects of zinc on infectious agents

increased dietary zinc intakes (32). increased zinc concentrations in the nasal mucosa, which may
. ) ) ) . alter the conformation of the binding site between the virus and

Influence of zinc on infectious diseases in human ICAM-1 (59).

populations

The balance between zinc availability or deficiency for host
Several studies have demonstrated the benefits of zinc suppleamunity and the invading pathogen is affected by multiple fac-
mentation on infectious diseases in human populations. Doublé¢ers. It appears, however, that in most cases any benefit to the
blind, placebo-controlled trials of daily zinc supplementationpathogen of zinc availability is well compensated for by the con-

showed that zinc reduces the incidence and duration of acute andmitant improvement in host immune function.

chronic diarrhea by 25-30% (33—-35) and can reduce the inci-

dence of acute lower respiratory infections by 45% (36). Some

studies implied that zinc may reduce clinical disease caused ByFFECTS OF ZINC ON OVERALL IMMUNE FUNCTION
Plasmodium falciparuni37, 38), and it was recently shown ina Zinc is a potent mediator of host resistance to infection.
controlled trial carried out in Papua New Guinea that zinc supBecause susceptibility to a broad range of pathogenic agents is
plements could reduce malaria attributable to health center atteaffected by zinc, it is likely that multiple immunologic effectors
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are involved. The general effects of zinc on innate or nonspecifiamount of lipid peroxidation in the livers of mice infected with
and adaptive or specific immunity are presented below as BRlasmodium berghg4).
framework for the more detailed discussions of zinc and specific Studies in humans concerning excess zinc intake on the
immunologic effectors presented later. immune system are few. One study reported that 11 men receiv-
ing 300 mg Zn/d, 20 times the recommended dietary allowance
(RDA) (9), for 6 wk experienced decreased proliferative
Evaluation of the effects of zinc on host immunity must beginresponses of lymphocytes to PHA and reductions in chemotaxis
with the effect of zinc on components of innate immunity. Zincand phagocytosis of circulating polymorphonuclear leukocytes
deficiency damages epidermal cells, resulting in the characteri¢85). Additional studies suggest that very high zinc intakes in
tic skin lesions of acrodermatitis enteropathica or severe zinadults and children can result in copper deficiency, anemia,
deficiency (42, 60). Damage to the linings of the gastrointestinagirowth retardation, and immunodepression (86—88). One recent
and pulmonary tracts is also observed during zinc deficiency (tudy of nutritional rehabilitation in marasmic children sug-
61). As detailed below, zinc deficiency affects other mediators ofested that zinc down-regulated certain monocyte functions (89).
nonspecific immunity, such as polymorphonuclear leukocytdmportantly, other larger and longer-term controlled trials of
function (6, 42, 62-64), natural killer cell function (6, 65-67), high-dose zinc supplementation in adults did not induce
and complement activity (68). immunosuppression (90-92). Moreover, deleterious immuno-
logic effects were not observed in trials in which clinically
healthy and otherwise normal children received daily zinc sup-
Lymphopenia is common in zinc-deficient humans and aniplementation up to 2 times the RDA. Therefore, short-term
mals and occurs in both the central and peripheral lymphoid tisntake of zinc several-fold above the RDA is generally consid-
sues (9, 10, 69). Adult mice fed zinc-deficient diets for 2 wk hadered safe in preschool children and adults (82, 93, 94). It should,
reduced numbers of T and B lymphocytes in peripheral bloodhowever, be mentioned that high-dose zinc supplements given to
and spleen tissue (69). Peripheral blood lymphocyte and macrorouse pups during the perinatal period reduced PFC responses
phage concentrations were eventually reduced by >50% (6, 69)95), and high doses may also have adverse health effects in
Importantly, even marginal zinc deficiency substantially sup-human neonates (94). As for any nutritional supplement, caution
pressed peripheral blood lymphoid cell concentrations in micenust be exercised in taking excessive doses of zinc for prolonged
and humans (61, 69-71). periods of time.
Zinc deficiency results not only in decreased lymphocyte con-
centrations, but in depressed T and B lymphocyte function (69,
72-76). In general, murine T and B lymphocyte proliferative EFFECTS OF FETAL ZINC DEFICIENCY ON
responses to mitogens were greatly depressed in zinc-deficieWIMUNOLOGIC DEVELOPMENT
compared with pair-fed animals (77—-79). Suppression ranged Gestational zinc deficiency in mice and nonhuman primates has
from 5% to 50% with a tendency for greater suppression irshort- and long-term deleterious effects on the offspring (96-100).
T lymphocytes. Substantial reductions are seen in lymphoid organ size and gamma
Some reports in rat and murine systems, however, docuglobulin concentrations in pups born to marginally zinc-deficient
mented no effect of zinc deficiency on mitogenic responses ahice. In rhesus monkeys, prenatal zinc deficiency led to hypogam-
lymphocytes (80, 81). Indeed, some data suggest that the priraglobulinemia, reductions in mitogenesis of peripheral blood
mary effect of zinc deficiency is deletion of T and B lympho- lymphocytes, and reduced neutrophil function (101).
cytes with little loss of function in the surviving cells. This is  Additional murine studies showed that many of the immunod-
based on plague-forming cell (PFC) assays measuring antiboaficiencies observed at birth persisted into adulthood even
production in vitro in which data were expressed as PFC pahough the pups were fed a diet containing normal amounts of
viable splenocytes rather than PFC per whole spleen (81). Thegac after weaning. At 6 wk of age, serum IgM concentrations
findings notwithstanding, it is difficult to explain the effects of were only 1% of normal and IgGand IgA concentrations
zinc on immunity solely on the grounds of changing cell num-remained 40-60% below normal (96-98). As expected, the PFC
bers. Given the ubiquitous involvement of zinc in cellular eventsresponse to T-dependent and T-independent antigens was
ranging from gene expression to membrane stability (9, 10, 82)narkedly reduced (96-98). Indirect evidence for such effects in
one would expect multiple metabolic and structural defects ihumans is also available. Intrauterine growth retardation, which
the surviving lymphocytes in zinc-deficient hosts. has been linked to maternal zinc deficiency (102), results in
depressed cellular immunity that can persist for years (103, 104).
Furthermore, nutritional deficiencies occurring up to 1 y of age
have resulted in permanent reductions in thymus size (105).
Elevated zinc intake has been shown in some cases to potenti-The observation that prenatal zinc deficiency in mice results
ate immune function above basal levels. In rats, PHA-induceéh long-term suppression of IgM, IgA, and Ig&oncentrations
mitogen responses were increased in animals fed a rich 10068uggests that a transient prenatal window may exist for the
ppm Zn diet for 14 d compared with a 40-ppm control diet (83)development of cells producing these antibodies. Indeed, during
Likewise, mice fed a high-zinc diet had increased numbers ofmmunologic ontogeny, groups of certain B lymphocytes emerge
splenic PFC in response to T lymphocyte—dependent antigens sequential waves, with each wave being idiotypically distinct,
(25). Additional murine studies confirmed increased T lympho-thereby recognizing specific predefined antigenic determinants
cyte and macrophage function with supplemental doses of zin@ 06, 107). Many of these cells produce antibodies of the IgM
(15). Interestingly, the mice were more also more resistant tand IgA isotypes that recognize capsular polysaccharides of bacte-
endotoxin shock (15). A high-zinc diet also diminished theria and other common pathogens (106). These so-called natural

Effects of zinc on barrier and nonspecific immunity

Overview of effects of zinc on specific immunity

Effects of high-dose zinc supplementation on immune
function
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antibodies are believed to provide an early line of defense for theyte cytokine interleukin (IL)-2, and suppressed activity of thy-
immunologically naive neonate against invasive pathogens. Naturatulin, a thymic hormone (4, 70, 114, 115). Zinc supplementa-
antibodies also influence the developing antibody repertoire of thiéon restored these immunologic indexes to near normal (69,
immune system. Postnatally, the bone marrow undergoes developi6). Likewise, in patients with Down syndrome, zinc supple-
mental maturation and loses the potential to generate cells secratents restored immediate hypersensitivity, normalized in vitro
ing these antibodies (108). Thus, if gestational zinc deficiencassays of lymphocyte function and neutrophil chemotaxis (117),
influences the development of cells producing such antibodies, ttend increased resistance to infection (118). Zinc supplements
antibody repertoire to bacterial antigens would be permanentlgiso restored delayed hypersensitivity in alcoholics (119) and
altered in adults having experienced transient gestational zingtimulated cell-mediated and humoral immunity in humans and
deprivation. mice with hypogammaglobulinemia (25, 120).

To test this hypothesis, we examined the antibody responses to In elderly humans and animals, impairments in wound heal-
the common bacterial antigens1,3-dextran and phosphoryl- ing and resistance to infection were corrected by zinc supple-
choline in adult mice whose mothers had been moderately deprivedentation (121-124), suggesting that immunodeficiency in the
of zinc during late gestation. Adult mice who had been subjected telderly is due in part to zinc deficiency. Low plasma zinc con-
transient fetal zinc deficiency in utero had similar concentrations ofentrations in elderly patients were associated with peripheral
total serum IgM, but more than 2-fold greater IgM responses tblood lymphopenia, although not with depressed serum IgA
phosphorylcholine and up to 50% lower responses1 dextran  concentrations or delayed hypersensitivity responses (125).
compared with control animals (AH Shankar, unpublished obserZinc supplementation restored normal lymphocyte and neu-
vations, 1998). The data suggest that transient zinc deficiency mmophil zinc concentrations, increased concentrations of circu-
utero permanently altered the response to certain bacterial antigeteting T lymphocytes, and improved delayed hypersensitivity
Moreover, whereas total IgM concentrations were similar in botrand 1gG antibody responses to tetanus toxoid. As might be
sets of animals, the findings indicate that antibody repertoire isxpected, increased resistance to infection was also observed
more sensitive to mild or transient zinc deficiency in utero. (122, 126-130).

The potential consequences of altered antibody diversity can be
seen in immune responses to 2 common childhood respiratory
pathogensStreptococcus pneumoniaad Haemophilus influenza EFFECTS OF ZINC ON SPECIFIC CELLS OF THE
During infection withS. pneumoniaehildren often mount a potent IMMUNE SYSTEM
antibody response. However, only certain antibodies are protective, As discussed above, zinc deficiency has multiple effects on
and their absence can result in severe infection or death (107, 10$he immune system. The reader is referred to Figure 1 as a guide
Likewise, in children it has been shown that among the antibodie® the various effects of zinc deficiency in the context of overall
produced againdtl. influenzathose of the Hib-id1 idiotype have immunologic development and function.
the greatest antibacterial activity (110).

Zinc status may also affect placental transport of antibodied lymphocytes
from the mother to the fetus during the last trimester of pregnancy.
In contrast with natural antibodies, these maternal antibodies rebevelopment of T lymphocytes
ognize a greater diversity of antigens with high specificity. How- Studies of zinc deficiency in bovine (131, 132), porcine (133,
ever, they are not replenished after birth and gradually decay to loh34), rat (135), and murine (5, 6, 73, 77, 136) systems, and in
values by 6 mo of age. In addition to providing early protectionseverely zinc-deficient children (7, 137-140), describe substan-
maternal antibodies also influence qualities of the emergingial reductions in the size of the thymus, the central organ for T
immune system in the child (108). Because zinc is important folymphocyte development. Mice maintained on a zinc-deficient
normal placental development (111, 112), deficiency may result idiet for as little as 2 wk showed moderate thymic involution.
impaired in utero acquisition of maternal antibodies by the child ag\fter 4 wk the thymus retained only 25% of its original size, and
well. The actual effect of gestational or perinatal zinc deficiency omt 6 wk only a few thymocytes remained in the thymic capsule
transfer of maternal antibodies to the child in utero or through6). The percentage of thymic atrophy exceeded that of other
breast milk in unknown. organs and the percentage of overall weight loss. The reduction in

Perhaps the most remarkable effects of gestational zinc defihymic size and cellularity was observed mostly in the thymic
ciency is the demonstration in mice that some immunodeficienciesprtex, where immature thymocytes develop. Such changes were
particularly suppressed IgM concentrations, persisted to the senot observed in pair-fed animals, confirming that zinc was
ond- and third-generation offspring (96). This suggests that gestaesponsible for the effect (6, 73, 77). After only 1 wk of normal
tional zinc deficiency may have epigenetic effects (113). Given theinc intake, thymic size increased and the cortex was repopulated
potential short- and long-term immunologic consequences of evenith cells (73). In contrast with the effects of severe zinc restric-
moderate gestational zinc deficiency, a better understanding of iteon on thymic size in adult mice, moderate zinc restriction had
influence on public health is clearly needed. minimal effects on thymic size (5). However, marginal zinc defi-

ciency in the early postnatal period did result in substantial reduc-
tions in thymic size (77).

INFLUENCE OF ZINC ON IMMUNOSUPPRESSIVE In the peripheral lymphoid organs, T lymphocytes were pro-
CONDITIONS gressively depleted from the spleen, lymph nodes, and peripheral
Persons suffering from sickle cell anemia have depresseblood in zinc-deficient animals (6, 69, 73). Zinc-deficient chil-
peripheral T lymphocyte numbers, decreased COB8" T lym- dren with acrodermatitis enteropathica or patients receiving total

phocyte ratios, loss of delayed hypersensitivity, decreased naparenteral nutrition have reduced numbers of lymphocytes, par-
ural killer cell activity, decreased production of the T lympho-ticularly T lymphocytes in the blood and peripheral lymphoid tis-
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sues. Decreased CDEZD8" cell ratios are also seen. Recent cules, antigen type, and the overall milieu in which T lympho-
studies in an experimental human model showed that the pecyte activation occurs.
centage of CD&D73" T lymphocytes, precursors to cytotoxic
T lymphocytes, was decreased in zinc deficiency (141). Th
presence of the CD73 molecule on cytotoxic T lymphocytes is
required for antigen recognition, proliferation, and cytolysis Development of B lymphocytes
(141). These and the previously mentioned changes are reversedB lymphocyte development in bone marrow is adversely
with zinc supplementation (7, 32, 65, 138, 141-144). affected by zinc deficiency (160-162). When mice were fed a
marginally zinc-deficient diet for just 30 d, nucleated bone mar-
row cells were reduced by one third with preferential reduction
T lymphocyte responses such as delayed hypersensitivity and small nongranular cells. Total B lymphocytes and their pre-
cytotoxic activity are suppressed during zinc deficiency andtursors were reduced nearly 75%. Losses were predominantly in
reversed by zinc supplementation (6, 7, 32, 137, 142, 144, 145pre-B and immature B lymphocytes, which declined~850%
Suppressed delayed hypersensitivity responses in malnourishadd 25%, respectively. Mature B lymphocytes were less affected.
children are also restored after zinc supplementation (139, 14@his finding is consistent with the previously mentioned study
146, 147). In one study in children, synergism between zinc andherein spleen cells remaining in zinc-deficient mice appeared
vitamin A tended to potentiate the T-lymphocyte proliferativefunctionally normal (81) with typical markers of T and B lym-
response to tuberculin (145). Patients receiving total parenterghocyte maturation (163). Thus, zinc deficiency blocks develop-
nutrition devoid of zinc had reduced T lymphocyte PHA ment of B lymphocytes in the marrow, resulting in fewer B lym-
responses (65, 142, 143), which returned to normal after 20 d gfhocytes in the spleen.
zinc supplementation. The influence of zinc on T-dependent anti- .
body production and T lymphocyte cytokine production patternég lymphocyte function
are discussed below in the sections titled B lymphocytes and B lymphocyte antibody responses are inhibited by zinc defi-
cytokines, respectively. ciency (5, 73, 164, 165). As previously mentioned, gross effects
of zinc deficiency on B lymphocyte mitogen and plaque-form-
ing responses have been observed. Zinc is required for the
Several in vitro studies showed that zinc is required for T lym-B lymphocyte mitogenic and cytokine response to lipopolysac-
phocyte proliferation in response to IL-1 (148), PHA, con-charide (156, 166). In vitro antibody production, determined by
canavalin A, or IL-2 (149-152). Proliferation of human T lym- PFC assay, was strongly inhibited in splenic B lymphocytes
phocytes was enhanced by zinc when stimulated with mitogenifrom zinc-deficient mice (72).
concentrations of PHA, concanavalin A, or phorbol ester (153). Interestingly, T-dependent antibody responses are more
Moreover, the mitogen response of cells from zinc-deficientaffected by zinc deficiency than are T-independent ones. The
patients could be improved by addition of fLhol ZnCL/L in PFC responses to the T-dependent antigen sheep red blood
vitro. Zinc also restored proliferative T lymphocyte responses ircells and T-independent antigen dextran were reduced by 90%
the presence of high concanavalin A concentrationg.@énL, (72, 73) and 50% (69, 79, 167), respectively, in zinc-deficient
which are known to be suppressive. One murine study found nmice. Similar differences in effects were seen in moderately
effect when zinc chloride was added to spleen cell cultures coreinc-deficient animals (72, 73). In 1 study, mild zinc defi-
taining subactivating concentrations of PHA or concanavalin Aciency affected antibody responses to T-dependent antigens
(154). In contrast, zinc potentiated the suppression of T lymphobut not T-independent antigens (71). When zinc-deficient mice
cyte mitogenesis caused by phorbol ester pretreatment (155). \mere returned to a normal diet, IgM PFC activity recovered
another experimental system, zinc suppressed the allogeneic prnoithin 1 wk, although restoration of IgG PFC activity required
liferative response of human T lymphocytes to HelLa cells (153)1 mo, suggesting that greater perturbations in B or T lympho-
It was also shown that zinc can potentiate the response to sorogte functions are required for isotype switching (73, 164).
bacterial superantigens by facilitating binding between the superanfl- lymphocyte—mediated effects of zinc deficiency on B lym-
gen and class Il molecules on antigen-presenting cells (156, 157). Thbocyte activity were also shown by restoration of PFC
clinical significance of this phenomenon, including the role of zinc inresponses after infusion of normal thymocytes into zinc-defi-
the development of toxic shock during sepsis, requires further studgient mice (72). In zinc-deficient mice infected wih yoelii,
Lastly, there is also evidence that zinc addition in vitro alters th@ntiparasite IgM concentrations were not affected, although IgG
expression, function, or both, of lymphocyte surface molecules goveoncentrations were suppressed nearly 10-fold (AH Shankar,
erning cell—cell interactions. The addition of zinc chloridgrabl/L unpublished observations, 1998). These findings are consistent
levels enhanced the rosetting of peripheral blood T lymphocytes witiith the idea that T-dependent B lymphocyte functions are more
sheep erythrocytes. This effect was mediated at the T lymphocytdfected than T-independent ones. This is further supported by
level because pretreatment of the lymphocytes themselves, but not tiiee observation that B lymphocytes are less dependent on zinc
sheep erythrocytes, had the same effect (158). It was also reported tfat proliferation than are T lymphocytes (168, 169).
zinc enhanced the transcription and expression of the adhesion mole-It is also important to note that zinc-deficient mice had
cule ICAM-1 on the surface of lymphoid cells, but not on fibroblastsreduced antibody recall responses to T-dependent and T-inde-
(159). pendent antigens for which they had previously been immu-
The in vitro studies make apparent the many roles playethby nized (69, 164, 165, 170), implying that immunologic mem-
in T lymphocyte activation and proliferation. The effects of zincory is affected by zinc status. The potentially important
on T lymphocytes are modulated by factors such as the antigeaffect of thisfor maintenance of vaccine efficacy in humans
presenting cell type, adhesion molecules, co-stimulatory moleremains unexplored.

g lymphocytes

T lymphocyte function

In vitro effects of zinc on T lymphocytes
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FIGURE 1. The effects of zinc on the development and function of certain immunologic cells and cytokines. GM-CSF, granulocyte macrophage

colony stimulating factor; IG, immunoglobulin; IFN, interferon; IL, interleukin; IL-2R, interleukin-2 receptor; M-CSF, monocyte atimulating
factor; NK, natural killer; 0, zinc deficiency has little or no effect on the process or activity; TNF, tumor necrosis fa¢tereffgdt of zinc deficiency
on the particular process or activity is unkno@, zinc deficiency down-regulates or inhibits the process or acti#tyzinc deficiency enhances the
process or activity; *, zinc is needed for the structural integrity of the molecule.

In vitro effects of zinc on B lymphocytes However, exposure of natural killer cells to high concentrations
As for T lymphocytes, in vitro zinc-induced polyclonal activa- of zinc in vitro inhibited cytotoxicity by rendering target cells
tion of human B lymphocytes from blood, spleen, and lymph nodemore resistant to damage (66, 174). This and other reports of

was reported (171). These effects may, however, be secondary zinc-mediated inhibition (66) of natural killer cell activity may
zinc activation of helper T lymphocytes. In contrast with the effectde partially explained by the recent demonstration that the killer
on T lymphocytes, rosette formation between murinecell inhibitory receptor requires zinc (175). The zinc-induced
B lymphocytes and erythrocytes was inhibited when B lympho-down-regulation of CD16, one of the¥-antibody receptor sub-
cytes were precultured with zinc in the presence of zinc ionophorgypes on natural killer cells, may also be due to a zinc-dependent
indicating that receptor down-regulation had occurred (172). metalloprotease (176). Overall, the in vitro data are consistent
with the decreased natural killer cell activity seen in zinc-defi-
cient animals and humans (6, 61, 65).

Studies in humans and animals describe decreased natural )
killer cell activity in zinc deficient states (6, 65), although 1 Neutrophils
study reported increased natural killer cell activity (66). Natural Polymorphonuclear leukocyte function is altered in zinc-defi-
killer cell function was depressed after in vivo treatment of cellscient animals and patients with acrodermatitis enteropathica and
with 1,10-phenanthroline, a zinc chelator, and the depression wasther types of zinc deficiency. In most cases, absolute numbers
reversed by the readdition of zinc, but not of calcium or magneef peripheral polymorphonuclear leukocytes were not affected,
sium (65). Exogenous zinc also stimulated production of interbut chemotactic responses were impaired and were reversible by
ferony by human peripheral blood natural killer cells (67, 173).in vitro addition of zinc (42, 62, 63). In addition, in vitro addi-

Natural killer cells
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tion of zinc potentiated the polymorphonuclear leukocytesis, free radical production, antigen processing, antigen presen-
response against staphylococcal bacteria (177). One studstion, and cytokine production.
observed that exercise-induced potentiation of polymorphonu-
clear leukocyte microbicidal superoxide formation was attenu-
ated by zinc supplementation (64). Unfortunately, the effects oEFFECTS OF ZINC STATUS ON SOLUBLE MEDIATORS
zinc deficiency on microbicidal functions such as total oxygenOF IMMUNITY
production, phagocytosis, and extravasation remain to be ade- L
quately evaluated. Glucocorticoids
The release of glucocorticoid hormones from the adrenal glands
can result in certain physiologic changes, such as thymic atrophy,
Effects on monocyte and macrophage function have beethat are reminiscent of zinc-deficiency (191-193). Because zinc
observed during zinc deficiency (178-181). In humans, the chemaleficiency raises blood glucocorticoid concentrations (194-196),
tactic response of monocytes from acrodermatitis enteropathidghymic atrophy may be mediated, in part, by glucocorticoids.
patients is suppressed and can be restored after addition of zinclideed, when adrenalectomized mice were fed a zinc-deficient
vitro (42, 62). Monocytes from zinc-deficient mice have impaireddiet for up to 6 wk, changes in thymic weight were small or absent
killing of intracellular parasites, which is rapidly corrected in vitro (196). In addition, when adult mice were given a slow-release cor-
by addition of zinc (178). Reduced macrophage phagocytosis dicosteroid implant, thymus size was reduced >than 80% (161).
Candidahas also been observed in zinc-deficient animals (15, 255teroid-implanted mice also showed large reductions in pre-B and
In other studies, however, the ability of macrophages from zincimmature B lymphocytes in bone marrow (161, 197), suggesting
deficient rodents to phagocytose particles was either enhancddht the effects of zinc deficiency on early B lymphocyte develop-
(179, 182) and accompanied by greater numbers of cells bearimgent may also involve glucocorticoids.
Fcy and complement receptors (179), or remained unchanged The contribution of glucocorticoids to the effects of zinc defi-
(183). High concentrations of zinc in vitro inhibited macrophageciency must, however, be interpreted with caution. Zinc deficiency
activation, mobility, phagocytosis, and oxygen consumption (65has profound effects on human thymocytes, which are relatively
184, 185). When marasmic children were rehabilitated with a zincresistant to glucocorticoids (196). In addition, although the thy-
containing regimen, monocyte phagocytic and fungicidal activitymus of zinc-deficient adrenalectomized mice remained normal in
was suppressed (89). Because elevated zinc concentrations cpe, zinc-dependent decreases in the cortical to medullary area
inhibit complement activation (68), complement-mediated phagostill occurred (196). Likewise, in adrenalectomized mice, zinc
cytosis may be adversely affected by high zinc concentrationgleficiency reduced IgM and IgG PFC responses to sheep red blood
Additional studies are clearly needed for a better understanding otlls, 50% of the loss in T lymphocyte helper function in control
the conditions under which zinc affects monocyte and macrophagmimals occurred before detectable increases in plasma corticos-
phagocytosis. terone (196). Last, in marginally zinc-deficient mice, loss of lym-
There is much speculation regarding the role of zinc in the killingophocytes in the spleen, depressed immunity, and decreased IL-2
of pathogens by oxygen radicals produced by macrophages. With theoduction were observed despite the absence of thymic shrinkage
exception of 1 report (186), available data do not provide evidencer increased glucocorticoid concentrations (69, 72).
linking zinc status with macrophage production of oxygen radicals .
(21, 165, 180). Unfortunately, data regarding the effects of zinc on thEhymulin
production of other microbicidal radicals, ie, nitric oxide, are lacking. Thymulin is a 9-peptide hormone (Glu-Ala-Lys-Ser-GIn-Gly-
It was proposed that the product of NM&mpgene in mice, respon- Ser-Asn) secreted by thymic epithelial cells. Thymulin binds to
sible for resistance to mycobacteti@jshmania donovanandSal- high-affinity receptors on T lymphocytes and promotes T lym-
monella typhimuriun(187), may be a zinc transporter involved in phocyte maturation, cytotoxicity, and IL-2 production (198).
nitric oxide—mediated microbicidal activity of macrophages. InZinc is bound to thymulin in a 1:1 stoichiometry via the side
humans, monocyte production of cytokines B.-1L-6, interferona chains of asparagine and the hydroxyl groups of the 2 serines
(IFN-o)) and tumor necrosis factor (TNF-o), were stimulated by  (199). Thymulin activity, in vitro and in vivo in both animals and
addition of zinc in vitro (188-190). However, zinc deficiency humans, is dependent on plasma zinc concentrations such that
enhanced human monocyte-mediated cytotoxicity against target cellsiarginal changes in zinc intake or availability affect thymulin
which returned to normal after zinc supplementation (65). activity (32, 70, 120, 200-203). Thymulin is readily detectable in
Zinc deficiency suppressed macrophage support of mitogerihe serum of zinc-deficient patients, but is not active (70). The
induced T lymphocyte proliferation (181). Although inhibition of binding of zinc results in a conformational change that pro-
mitogenesis was due to effects on both macrophages and T lyrduces the active form of thymulin (200). The overall role of
phocytes, suppression of macrophage function occurred earlier thymulin on the immunologic lesions caused by zinc defi-
the onset of zinc deficiency. Moreover, macrophage activity wasiency has not been well studied. The use of thymulin as an
corrected within 30 min of incubation with zinc salts in vitro. Theindicator of zinc deficiency has been suggested, although thy-
rapid restoration of certain macrophage functions after zinc additiomulin concentration is also modulated by zinc-independent
suggests that rapid therapeutic effects of zinc supplementation dactors. Assays regarding zinc status and thymulin zinc satura-
diarrhea or the common cold may involve some aspects of macrtion may prove more useful, much as the index of transferrin
phage function. Moreover, there may be greater benefit of zinc sugaturation provides useful information regarding iron status.
plementation for infections in which specific macrophage functions .
are central to resistance. Unfortunatéhere is limited informa- Cytokines
tion concerning the effects of zinc on microbicidal or immuno- Cytokines, also known as interleukins, are key messengers of
logic functions of macrophages in humans, including phagocytoimmunologic cells that regulate multiple aspects of leukocyte

Monocytes and macrophages

Downl oaded from https://acadeni c. oup.conifajcn/article-abstract/68/2/447S/ 4648668

by guest

on 24 January 2018



454S SHANKAR AND PRASAD

biology. Their effects are mediated through correspondingnultiple mechanisms, including receptors for zinc-transferrin,
receptors on target cells. Production or biological activity ofalbumin,a2-macroglobulin, and metallothionein, the major zinc
multiple cytokines (IL-1, IL-2, IL-3, IL-4, IL-6, IFNy, IFN-«, binding protein of the body (9, 149, 212-214)

TNF-«, and migration inhibitory factor) influencing the devel-  Zinc uptake also involves other less well characterized mecha-
opment and function of T lymphocytes, B lymphocytes, macro-nisms such as anionic channels or transporters (215). Recently,
phages, and natural killer cells is affected by zinc deficiencyzinc transporters and channels mediating both the inward and out-
The cytokines IL-1 (204), IL-2 (71, 76, 204), IL-4 (26, 188), ward movement of zinc were isolated from mammalian cells
and IFN+y (67) have been reported to be suppressed during zin@16, 217). The continued study of these transporters and chan-
deficiency. A decline in IL-2 receptor expression has beemels will help elucidate the mechanisms of zinc homeostasis
observed in some (76, 152), but not all (71), studies. The aminwithin cells. In rats, a system for transport of zinc into the nucleus
acid sequence of IL-3 contains an active zinc binding site that is suggested by the rapid appearancé®f in the nucleus of
important for activity (205). Further studies are needed to deterspleen cells within 2 h of intragastric feeding Witdn (218).

mine the in vivo role of zinc in modulating IL-3 activity. Zinc
also plays a critical role in the dimerization of IleNsecessary
for its activity (206). Confirming the general inhibitory effects =~ When lymphocytes were treated with PHA or concanavalin A,
of zinc deficiency on cytokine production in vivo, in vitro addi- within several hours there was a rapid increase in cellular zinc
tion of 1,10-phenanthroline reversibly inhibited antigen-stimu-(10, 219-221). These findings are consistent with studies indi-
lated production of migration inhibitory factor from lympho- cating a requirement for zinc during mid to late G1 phase in pro-
cytes (20, 25, 207). As previously mentioned, monocytemotion of thymidine kinase expression (222), and in another less
production of cytokines ILf, IL-6, IFN-a, and TNFe was  well defined step involved in cell transition to S phase (223). The
stimulated by the addition of zinc in vitro (188-190, 204). zinc-dependent activity of DNA polymerase may account in part

T helper cells can be categorized as Thl and Th2 cells, accortbr the influence of zinc during S phase (224). Zinc may also
ing to their functions in cell-mediated (Th1) and antibody-medi-play a role in transition to the G2 and M phases. A greater pro-
ated (Th2) immunity. These subsets are well characterized in thgortion of S compared with G2 phase cells were observed in
murine immune system, where IL-2, IFN-and TNFe are con-  PHA-stimulated lymphocytes from mildly zinc-deficient patients
sidered products of Thl cells, and IL-4, IL-5, IL-6, IL-10, and IL- suffering from sickle cell anemia (116). The ratio returned to
13 are products of Th2 cells (208). Although not as clear cut imormal after a period of zinc supplementation (116). The M
humans, segregated T lymphocyte production of cytokines hashase of the cell cycle may also be affected by zinc deficiency
been observed (208). Th1l cell-associated cytokines are known because defective tubulin polymerization is seen in tissues from
promote macrophage activation and production of cytophilic Ig&inc-deficient animals (225, 226), and zinc is known to bind the
isotypes. Th2 cell-associated cytokines tend to suppress macramino-terminal of tubulin, thereby stabilizing microtubule for-
phage function and cell-mediated immunity while promoting pro-mation (225, 226).
duction of the noncytophilic 1gG isotypes and IgE (208).

In an experimental human model, we showed recently that th
production of IFNy was decreased whereas the production of IL-4, Zinc influences the activity of multiple enzymes at the basic
IL-6, and IL-10 was not affected during zinc deficiency (209). Eardevels of replication and transcription, as shown in Figure 2.
lier studies in experimental human model subjects and in patienfhese include DNA polymerase, thymidine kinase, DNA-depen-
with sickle cell disease and head and neck cancer showed a signdient RNA polymerase, terminal deoxyribonucleotidyl transferase
cant effect of zinc deficiency on IL-2 activity (70, 210). In summary,and aminoacyl transfer RNA synthetase (220, 222, 227-231), and
the studies showed that even mild zinc deficiency in humans may Iltlee family of transcriptional regulators known as zinc finger DNA
accompanied by an imbalance of Thl cell and Th2 cell functionbinding proteins (232, 233). In addition, zinc forms the active
resulting in dysregulated resistance to infection. enzymatic sites of many metalloproteases (232, 233).

The activity of the major enzyme regulating DNA replication,
DNA polymerase, is zinc dependent. It is inhibited by zinc defi-
CELL BIOLOGY OF ZINC IN THE IMMUNE SYSTEM ciency and zinc chelators and is enhanced by addition of low
concentrations of zinc in vitro (229). Thymidine kinase, crucial
for phosphorylated pyrimidines, is also very sensitive to dietary

Zinc is present in the body almost exclusively ag*Zound  zinc depletion (219, 229). Zinc is, in fact, required for expression
to cellular proteins. Zinc has a high affinity for electrons, of multiple genes regulating mitosis, including thymidine kinase,
enabling interactions with several amino acid side chains. Intemrnithine decarboxylase, an@MYC (219, 234, 235). As men-
actions, especially with sulfur and nitrogen atoms in the amindioned, several transcription factors, such axM#(236), met-
acids cysteine and histidine, respectively, enable zinc to crossllothionein transcription factor 1 (237), and RING (238), con-
link remote regions within and between polypeptides to modifytain zinc finger—like domains that are influenced by changes in
tertiary protein structure and function. Given this ability, its rel-intracellular pools of zinc. In addition, zinc deprivation affects
ative nontoxicity, and the fact that it does not engage in damaghe activity of RNA polymerase (230) needed for transcription.
ing redox reactions, zinc is ideally suited to play a central role in o L
intracellular metabolism. Role of zinc in lymphocyte activation

The zinc content within lymphocytes, 150 pmof X&riph- Zinc also plays a role in multiple aspects of T lymphocyte
eral blood lymphocytes (211), is typical of most cells in theactivation and signal transduction (239) as detailed in Figure 2.
body. It is thought that activated lymphocytes take up zinc vi&inc is implicated in the noncovalent interaction of the cytoplas-

Role of zinc in the cell cycle of lymphocytes

Mechanisms underlying the effect of zinc on cell replication

General cell biology of zinc
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FIGURE 2. The influence of zinc deficiency on activation of lymphocytes. T lymphocyte activation via antigen presentation by cléaslpar-
antigen binding directly to the T lymphocyte receptor (TCR). Ag, antigenic peptide; APC, antigen presenting cell; "B pSsphospholipase C;
PIP,, phosphatidyl inositol; 1§ inositol triphosphate; DAG, diacylglycerol, PKC, protein kinase3indicates that zinc deficiency down-regulates or
inhibits the process or activity; {-chains of the CD3 T lymphocyte receptor complex; Zap¢7&sociated protein-7@ indicates that zinc defi-
ciency enhances the process or activity. Cell activation pathways shown are limited to those where zinc may play a role.

mic tails of CD4 and CD8 with the tyrosine kinase '#5@n plasm, and fragmentation of nuclear DNA (244). Apoptosis is a
essential protein in the early steps of T lymphocyte activationnormal physiologic process enabling a variety of important
Through this and possibly other pathways, zinc stimulateprocesses from epithelial turnover to T and B lymphocyte devel-
autophosphorylation of tyrosine residues by'$sthd subsequent opment (245). The dysregulation of such a basic process would
phosphorylation of the T lymphocyte receptor complex involvingtherefore, have important health consequences.
CD45 (240, 241). Zinc is then involved in the activity of phos- Zinc-deficient animals exhibit enhanced spontaneous and
pholipase C to give rise to inositol triphosphate and diacylglyceroloxin-induced apoptosis in multiple cell types (243, 246-249).
(242). In addition, zinc affects the phosphorylation of proteinsAs previously discussed, zinc thymic atrophy is a central feature
mediated by protein kinase C (243). Subsequent changes throughzinc deficiency. It is now known that this atrophy is accompa-
protein phosphorylation regulate activation and cell proliferation.nied by apoptotic cell death of thymocytes (160). Several studies
showed that zinc is a regulator of lymphocyte apoptosis in vivo.
Zinc supplementation decreased mycotoxin-induced apoptosis
The major mechanism of cell death in the body and in cultur@f macrophages and T lymphocytes in mice (250). In addition,
is apoptosis, a form of cell suicide characterized by a decrease ainc administration to mice 48 h before intraperitoneal injection
cell volume, dramatic condensation of the chromatin and cytoef lipopolysaccharide greatly abrogated subsequent apoptotic

Influence of zinc on apoptosis
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DNA cleavage in thymocytes and loss in thymic weight (251). Into zinc deficiency and is restored rapidly after supplementation.
vitro, greater numbers of lymphocytes and thymocytes underg® lymphocyte—macrophage interactions are less sensitive to zinc
apoptosis when cultured with a zinc-free medium (252) or withdeficiency and macrophage phagocytosis is the least sensitive.
zinc chelators (253-255). Conversely, apoptosis of T lymphoThus, infections in which macrophage killing is a central effec-
cytes induced by in vitro exposure to toxins (250) and othetor, such as malaria or tuberculosis, may be more sensitive to
agents (243) is prevented by the addition of high concentratiorsinc deficiency. Likewise, zinc deficiency may have greater
of zinc salts. Cells can also be rescued from apoptosis with physffects on infections requiring T lymphocyte—dependent anti-
iologic concentrations of zinc salts (5—gBnol/L) if uptake is  body responses and those in which IgG is crucial for protection.
facilitated by the zinc ionophore pyrithione (253). It has beennfections for which T lymphocyte—independent responses are
suggested that zinc is a major intracellular regulator of apoptosiufficient may be less affected. In the case of T lymphocytes,
because lymphocytes maintain intracellular zinc at concentranfections for which Thl cytokines, eg, IFN-are needed for
tions slightly above those needed to suppress apoptosis (256). flesistance, may be more affected by zinc deficiency. It is also
addition, a dose-responsive relation is seen between intracellulatear that development of immunologic cells is most sensitive to
zinc concentrations and the degree of susceptibility to apoptosianc deficiency during the perinatal period, indicating that this is
(10, 256). a crucial window of intervention.

The subcellular mechanisms whereby zinc affects apoptosis
are not well understood, but it is likely that zinc acts at multiple
levels. There was a good correlation between inhibition of-uture directions
Ca*/Mg?* DNA endonuclease activity and inhibition of apop-  Continued understanding of how zinc influences the immune sys-
totic DNA fragmentation (257). Although in vivo data are lack-tem and alters host resistance to infection will depend on greater
ing, the Ca/Zn balance may regulate endonuclease activity (258ntegration of modern immunology, molecular biology, and cellular
Nucleoside phosphorylase, another zinc-dependent enzyme, majochemistry into laboratory and field-based studies. A few specific
inhibit apoptosis by preventing the accumulation of toxicareas are detailed below that represent only a small fraction of the
nucleotides (126, 259, 260). Likewise, poly (ADP-ribose) poly-immunologic processes for which major gaps remain in the knowl-
merase, the zinc-dependent nuclear enzyme, interacts with amdige of zinc immunobiology.
inhibits the C&7/Mg?* DNA endonuclease (261, 262). In lym-  Although adhesion molecules play a major role in cell-to-cell
phocytes undergoing apoptosis, cytoplasmic zinc increasesteraction, the influence of zinc on their function remains mostly
significantly, possibly originating from release of zinc from unexplored. Given the role of zinc in the tertiary structure of proteins,
nuclear proteins (263). it is likely that zinc deficiency may affect adhesion molecule func-
tion. Likewise, we know very little about how zinc might affect lym-
phocyte trafficking in the body.

Zinc has other properties that could contribute to its role in  With regard to macrophage function, it is still not clear how
lymphocyte function. It is an antioxidant, protecting cells from zinc influences the ability of the cell to engulf and kill organisms.
the damaging effects of oxygen radicals generated durinddditional studies examining the effects of zinc on nitric oxide
immune activation (264, 265). Zinc also regulates the expressioand oxygen radical production would, therefore, be useful. The
in lymphocytes of metallothionein and metallothionein-like pro-role of zinc in antigen digestion and presentation to T lympho-
teins with antioxidant activity (213, 266). Membrane zinc con-cytes is unknown.
centrations are strongly influenced by dietary zinc deficiency With respect to B lymphocyte function, the processes of isotype
and supplementation (267, 268). Zinc concentrations in celswitching and affinity maturation are crucial to optimal antibody-
membranes appear to be important in preserving their integritynediated resistance to infection. Knowledge of the influence of zinc
through poorly defined mechanisms involving binding to thiolateon antibody affinity would also provide information relevant to vac-
groups (265). It is noteworthy that zinc release from thiolatecine efficacy. For both T and B lymphocytes, the role of zinc in the
bonds can prevent lipid peroxidation (269). In addition, nitricdevelopment of memory cells is potentially important for vaccine
oxide induces zinc release from metallothionein, the primarefficacy and needs to be further explored. As indicated for macro-
zinc binding and transport protein in the body, which may limitphages, the role of zinc in the antigen processing and presentation
free radical membrane damage during inflammation. Indeedunctions of B lymphocytes isompletely unknown.
zinc supplementation has been shown to prevent pulmonary It is clear that zinc plays a major role in immunologic ontogeny
pathology due to hyperoxia in rats (270). and development of the antigen-recognition repertoire. In addi-

tion, subsets of T and B lymphocytes knowry&sl lymphocytes
and CD5 B lymphocytes provide pseudospecific or oligoclonal
DISCUSSION immunity. Although more limited in antigenic reactivity than their

The studies presented herein represent the scope of zinc-medbnventional polyclonal T and B lymphocyte counterparts, their
ated effects on infectious disease and immune functionlocalization to the pleural and peritoneal cavities and intestinal
Although the effects of zinc deficiency on immunity are pro-epithelium provides a rapid response against invading organisms.
found and ubiquitous, it is remarkable that greater effects oihe effects of zinc on development of these cells and their func-
health are not observed in marginally zinc-deficient populationstion remains unknown. As detailed elsewhere in this supplement
This may be partially explained by the redundancy of immuno{271), the health effects of gestational zinc deprivation are poten-
logic effectors compensating for suboptimal function of any ondially far-reaching and need to be fully explored given the possible
effector. However, it is also clear that not all aspects of immunityfong term or even generational effects on populations.
or infections are affected equally by zinc deficiency. For exam- Concerning cytokines and T lymphocyte regulation, the semi-
ple, in vitro intracellular killing by macrophages is very sensitivenal work by Prasad et §09, 210 concerning the influence of

Role of zinc as an antioxidant
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zinc on Thl and Th2 regulation provides a foundation on which 16.

to build. Little is known regarding effects of zinc on cytokine
activation of cells because most studies have focused on cytokine
secretion. Moreover, most of the studies of T and B lymphocytes
have used mitogens for cell activation. Studies are needed that
examine lymphocyte activation in response to the more physio-
logic antigen driven responses involving all aspects of cell adhe-;g
sion, co-stimulation, and cytokine activation.

It will be important to apply knowledge of the immunologic
mechanisms modulated by zinc deficiency to the design of ther-

apies and public health interventions involving targeted zinc sup-19.

plementation for certain diseases or high-risk groups. By exten-
sion, it would be useful to identify the specific immunologic

lesions caused by zinc deficiency responsible for altered host
resistance in natural infections and in experimental infectious
disease models. The role of zinc in immunity and the biological
basis of altered resistance to infection will no doubt be fruitfully »4
explored as researchers continue to integrate knowledge and
techniques from diverse disciplines to examine the effects on

zinc on immunity, health, and disease.

We thank Robert Morreale for the artwork and Heather Haberly for

research assistance. 23.

REFERENCES 24

1. Todd WR, Elvejheim CA, Hart EB. Zinc in the nutrition of the rat.
Am J Physiol 1934;107:146-56.

2. Prasad AS. Discovery of human zinc deficiency and studies in an25.

experimental human model. Am J Clin Nutr 1991;53:403-12.
3. Kay RG, Tasman-Jones C. Acute zinc deficiency in man during

intravenous alimentation. Aust N Z J Surg 1975;45:325-30. 26.

4. Frost P, Chen JC, Rabbani I, Smith J, Prasad AS. The effect of Zn
deficiency on the immune response. In: Brewer GJ, Prasad AS, ed.
Zinc metabolism: current aspects in health and disease. New York:

Alan R Liss Inc, 1977:143-53. 27.

5. Luecke RW, Simonel CE, Fraker PJ. The effect of restricted dietary
intake on the antibody mediated response of the zinc deficient A/J

mouse. J Nutr 1978;108:881-7. 28.

6. Fernandes G, Nair M, Onoe K, Tanaka T, Floyd R, Good RA.
Impairment of cell mediated immune functions by dietary Zn defi-

ciency in mice. Proc Natl Acad Sci U S A 1979;76:457-61. 29.

7. Oleske JM, Westphal ML, Shore S, Gorden D, Bogden JD,
Nahmias A. Zinc therapy of depressed cellular immunity in acro-

dermatitis enteropathica. Am J Dis Child 1979;133:915-8. 30.

8. Good RA. Nutrition and Immunity. J Clinical Immunol 1981; 1:3-11.
9. Walsh CT, Sandstead HH, Prasad AS, Newberne PM, Fraker PJ.

Zinc health effects and research priorities for the 1990’s. Environ 31.

Health Perspect 1994;102:5-46.
10. Zalewski PD. Zinc and immunity: implications for growth, survival
and function of lymphoid cells. J Nutr Immunol 1996;4:39-80.

11. Clegg MS, Keen CL, Hurley LS. Biochemical pathologies of zinc 32.

deficiency. In: Mills CR, ed. Zinc in human biology. New York:

Springer-Verlag, 1989:129-45. 33.

12. Barnes PM, Moynahan EJ. Zinc deficiency in acrodermatitis entero-
pathica: multiple dietary intolerance treated with synthetic diet. Proc

R Soc Med 1973;66:327-9. 34.

13. Neldner KH, Hambidge KM. Zinc therapy of acrodermatitis entero-
pathica. N Engl J Med 1975;292:879-82.

14. Feiler LS, Smolin G, Okumoto M, Condon D. Herpetic keratitis in 35.

zinc deficient rabbits. Invest Ophthalmol Vis Sci 1982;22:788-95.
15. Singh KP, Zaidi SI, Raisuddin S, Saxena AK, Murthy RC, Ray PK.
Effect of zinc on immune functions and host resistance against

infection and tumor challenge. Immunopharmacol Immunotoxicol 36.

1992;14:813-40.

Downl oaded from https://acadeni c. oup.conifajcn/article-abstract/68/2/447S/ 4648668

by guest

on 24 January 2018

K 22.

457S

Pekarek RS, Hoagland AM, Powanda MC. Humoral and cellular
immune response in zinc-deficient rats. Nutr Rep Int 1977;
16:267-76.

17. Coghlan LG, Carlomagno MA, McMurray DN. Effect of protein

and zinc deficiencies on vaccine efficacy in guinea pigs following
pulmonary infection with Listeria. Med Microbiol Immunol (Berl)
1988;177:255-63.

. Carlomagno MA, Coghlan LG, McMurray DN. Chronic zinc defi-

ciency and listeroisis in rats: acquired cellular resistance and
response to vaccination. Med Microbiol Immunol (Berl) 1986;

175:271-80.

Kidd MT, Qureshi MA, Ferket PR, Thomas LN. Dietary zinc-

methionine enhances mononuclear-phagocytic function in young
turkeys. Zinc-methionine, immunity, and Salmonella. Biol Trace

Elem Res 1994;42:217-29.

20. McMurray DN, Bartow RA, Mintzer CL, Hernandez-Frontera E.

Micronutrient status and immune function in tuberculosis. Ann N Y
Acad Sci 1990;587:59-69.

. Fraker PJ, Caruso R, Kierszenbaum F. Alteration in the immune and

nutritional status of mice by synergy between Zn deficiency and
infection with Trypanosoma cruzi) Nutr 1982;112:1224-9.

Lee CM, Humphrey PA, Aboko-Cole GE. Interaction of nutrition
and infection: effect of zinc deficiency on resistance Tiy-
panosoma musculint J Biochem 1983;15:841-7.

Tasci S, Sengil AZ, Altindis M, Arisoy K. The effect of zinc supple-
mentation in experimentally inducddxoplasma gondinfection. J
Egypt Soc Parasitol 1995;25:745-51.

. Shankar AH, Kumar N, Scott AL. Zinc-deficiency exacerbates

experimental malaria infection in mice. FASEB J 1995;9:A4269
(abstr).

Salvin SB, Horecker BL, Pan LX, Rabin BS. The effect of dietary
zinc and prothymosin a on cellular immune responses of RF/J mice.
Clin Immunol Immunopathol 1987;43:281-8.

Shi HN, Scott ME, Stevenson MM, Koski KG. Zinc deficiency
impairs T lymphocyte function in mice with primary infection of
Heligmosomoides polygyrugNematoda). Parasite Immunol
1994,;16:339-50.

Minkus TM, Koski KG, Scott ME. Marginal zinc deficiency has no
effect on primary or challenge infections in mice witeligmoso-
moides polygyrugNematoda). J Nutr 1992;122:570-9.

Fenwick PK, Aggett PJ, MacDonald DC, Huber C, Wakelin D. Zinc
deprivation and zinc repletion: effect on the response of rats to
infection with Strongyloides rattiAm J Clin Nutr 1990;52:173-7.
Fenwick PK, Aggett PJ, Macdonald DC, Huber C, Wakelin D. Zinc
deficiency and zinc repletion: effect on the response of rats to infec-
tion with Trichinella spiralis Am J Clin Nutr 1990; 52:166-72.
Flagstad T, Andersen S, Nielsen K. The course of experinfeatal
ciola hepaticanfection in calves with a deficient cellular immunity.
Res Vet Sci 1972;13:468-75.

Nawar O, Akridge RE, Hassan E, el-Gazar R, Doughty BL, Kemp
WM. The effect of zinc deficiency on granuloma formation, liver
fibrosis, and antibody responses in experimental schistosomiasis.
Am J Trop Med Hyg 1992;47:383-9.

Good RA. A note on zinc and immunocompetence. In: Mills CF, ed.
Zinc in human biology. New York: Springer-Verlag, 1989:221-3.
Sazawal S, Black RE, Bhan MK, et al. Zinc supplementation
reduces the incidence of persistent diarrhea and dysentery among
low socio-economic children in India. J Nutr 1996;126:443-50.
Sazawal S, Black R, Jalla S, Bhan MK, Bhandari N, Sinha A. Zinc
supplementation in young children with acute diarrhea in India. N
Engl J Med 1995;333:839-44.

Ruel MT, Ribera JA, Santizo MC, Lonnerdal B, Brown KH. Impact
of zinc supplementation on morbidity from diarrhea and respiratory
infections among rural Guatemalan children. Pediatrics 1997;
99:808-13.

Sazawal S, Black R, Jalla S, Mazumdar S, Sinha A, Bhan MK. Zinc
supplementation reduces the incidence of acute lower respiratory



458S

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

infections in infants and preschool children: a double-blind con- 59.

trolled trial. Pediatrics 1998;102:1-5.
Gibson RS, Heywood A, Yaman C, Sohistrom A, Thompson LU,
Heywood P. Growth in children from the Wosera subdistrict, Papua

New Guinea, in relation to energy and protein intakes and zinc sta-60.

tus. Am J Clin Nutr 1991;53:782-9.

Bates CJ, Evans PH, Dardenne M, et al. A trial of zinc supplemen-61.

tation in young rural Gambian children. J Nutr 1993;69:243-55.
Shankar AH, Genton B, Tamja S, et al. Zinc supplementation can

reduce malaria-related morbidity in preschool children. Am J Trop 62.

Med Hyg 1997;57:A434 (abstr).

Brody I. Treatment of recurrent furunculosis with oral zinc. Lancet
1977;2:1358 (letter).

Friis H, Ndhlovu P, Mduluza T, et al. The effect of zinc supplemen-
tation onSchistosoma mansonéinfection rate and intensities: a

randomized, controlled trail among rural Zimbabwean schoolchild- 64.

ren. Eur J Clin Nutr 1997;51:33-7.
Hambidge KM, Walravens PA, Neldner KH. The role of zinc in the

pathogenesis and treatment of acrodermatitis enteropathica. In®65.

Brewer GJ, Prasad AS, eds. Zinc metabolism: current aspects in
health and disease. New York: Alan R Liss, 1977:329-40.

Mathur NK, Sharma M, Mangal HN, Rai SM. Serum zinc levels in 66.

subtypes of leprosy. Int J Lepr Other Mycobact Dis 1984;52:327-30.

Godfrey JC, Godfrey NJ, Novick SG. Zinc for treating the common 67.

cold: review of all clinical trials since 1984. Altern Ther Health Med
1996;2:63-72.

Mossad SB, Macknin ML, Medendorp SV, Mason P. Zinc gluconate 68.

lozenges for treating the common cold. A randomized,
double-blind, placebo-controlled study. Ann Intern Med 1996;
125:81-8.

Bogden JD, Baker H, Frank O. Micronutrient status and human 69.

immunodeficiency virus (HIV) infection. Ann N'Y Acad Sci 1990;
587:189-95.
Pifer LL, Wang YF, Chiang TM, Ahokas R, Woods DR, Joyner RE.

Borderline immunodeficiency in male homosexuals: is life-style 71.

contributory? South Med J 1987;80:687-91, 697.
Falutz J, Tsoukas C, Gold P. Zinc as a cofactor in human

immunodeficiency virus-induced immunosuppression. JAMA 72.

1988;259:2850-1.

Wang Y, Liang B, Watson RR. The effect of alcohol consumption on
nutritional status during murine AIDS. Alcohol 1994;11:273-8.
Tang AM, Graham NM, Saah AJ. Effects of micronutrient intake on
survival in human immunodeficiency virus type 1 infection. Am J
Epidemiol 1996;143:1244-56.

Sohnle PG, Hahn BL, Santhanagopalan V. InhibitiorCahdida

albicansgrowth by calprotectin in the absence of direct contact with 75.

the organisms. J Infect Dis 1996;174:1369-72.
Ginsberg H, Gorodetsky R, Krugliak M. The status of zinc in
malaria Plasmodium falciparupninfected human red blood cells:

stage dependent accumulation, compartmentation and effect of dipi-76.

colinate. Biochim Biophys Acta 1986;886:337-44.

Bess JW, Powell PJ, Issag HJ, et al. Tightly bound zinc in human77.

immunodeficiency virus type 1, human T cell leukaemia virus type
I and other retroviruses. J Virol 1992:66:840-7.

Beisel WR. Herman Award Lecture, 1995: infection-induced malnu- 78.

trition—from cholera to cytokines. Am J Clin Nutr 1995; 62:813-9.

Clohessy PA, Golden BE. Microbiostatic activity of human plasma
and its relation to zinc and iron availability. Biochem Soc Trans
1996;24:311S.

Sugarma B, Epps LR, Stenback WA. Zinc and bacterial adherence.
Infect Immun 1982;37:1191-9.
Clohessy PA, Golden BE. Calprotectin-mediated zinc chelation as a
biostatic mechanism in host defense. Scand J Immunol 1995;
42:551-6.

Fair WR, Heston WDW. The relationship of bacterial prostatitis and

zinc. In: Brewer GJ, Prasad AS, eds. Zinc metabolism: current 82.

aspects in health and disease. New York: Alan R Liss, 1977: 129-40.

Downl oaded from https://acadeni c. oup.conifajcn/article-abstract/68/2/447S/ 4648668

by guest

on 24 January 2018

63.

70.

73.

74.

79.

80.

81.

SHANKAR AND PRASAD

Novick SG, Godfrey JC, Godfrey NJ, Wilder HR. How does zinc
modify the common cold? Clinical observations and implica-
tions regarding mechanisms of action. Med Hypotheses
1977,46:295-302.

Aggett RJ. Severe zinc deficiency. In: Mills CR, ed. Zinc in human
biology. New York: Springer-Verlag, 1989:259-79.

Solomons NW. Zinc and copper. In: Shils ME, Young VR, eds. Mod-
ern nutrition in health and disease. 7th ed. Philadelphia: Lea and
Febiger, 1988:238-62.

Weston WL, Huff JC, Humbert JR, Hambridge KN, Neldner KH,
Walravens PA. Zinc correction of defective chemotaxis in acroder-
matitis enteropathica. Arch Dermatol 1977;13:422-5.

Briggs WA, Pedersen M, Mahajan S, Sillix DH, Prasad AS, McDon-
ald FD. Lymphocyte and granulocyte function in zinc treated and
zinc deficient hemodialysis patients. Kidney Int 1982; 21:827-32.
Singh A, Failla ML, Deuster RA. Exercise-induced changes in
immune function: effects of zinc supplementation. J Appl Physiol
1994;76:2298-303.

Allen JI, Perri RT, McClain CJ, Kay NE. Alterations in human nat-
ural killer cell activity and monocyte cytotoxicity induced by zinc
deficiency. J Lab Clin Med 1983;102:577-89.

Chandra RK, Au B. Single nutrient deficiency and cell-mediated
immune responses. |. Zinc. Am J Clin Nutr 1980;33:736-8.

Salas M, Kirchner H. Induction of interferon gamma in human
leukocyte cultures stimulated by ZnClin Immunol Immunopathol
1987; 45:139-42.

Montgomery DW, Chvapil M, Zukoski CF. Effects of zinc chloride
on guinea pig complement component activity in vitro: concentra-
tion-dependent inhibition and enhancement. Infect Immunol 1979;
23:424-31.

Fraker PJ, Gershwin ME, Good RA, Prasad A. Interrelationships
between zinc and immune function. Fed Proc 1986;45:1474-9.
Prasad AS, Meftah S, Abdallah J, et al. Serum thymulin in human
zinc deficiency. J Clin Invest 1988;82:1202-10.

Moulder K, Steward MW. Experimental zinc deficiency: effects on
cellular responses and the affinity of humoral antibody. Clin Exp
Immunol 1989;77:269-74.

Fraker PJ, Haas SM, Luecke RW. Effect of zinc deficiency on
the immune response of young adult A/J mice. J Nutr
1977;107:1889-95.

Fraker PJ, DePasquale-Jardieu R, Zwickl CM, Luecke RW. Regen-
eration of T-cell helper function in zinc-deficient adult mice. Proc
Natl Acad Sci U S A 1978;75:5660-4.

Good RA, Fernandes G, Yunis EJ, et al. Nutritional deficiency,
immunologic function, and disease. Am J Pathol 1976;84:599-614.
Cunningham-Rundles C, Cunningham-Rundles S, Iwata T, et al.
Zinc deficiency, depressed thymic hormones, and T lymphocyte
dysfunction in patients with hypogammaglobulinemia. Clin
Immunol Immunopathol 1981;21:387-96.

Dowd PS, Kelleher J, Guillou PJ. T lymphocyte subsets and inter-
leukin 2 production in zinc deficient rats. Br J Nutr 1986;55:59-69.
Beach RS, Gershwin ME, Hurley LS. Altered thymic structure and
mitogen responsiveness in postnatally zinc-deprived mice. Dev
Comp Immunol 1979;3:725-38.

Gross RL, Osdin N, Fong L, Newberne PM. Depressed immunolog-
ical function in zinc-deprived rats as measured by mitogen response
of spleen, thymus, and peripheral blood. Am J Clin Nutr
1979;32:1260-6.

Fraker PJ, Zwickl CM. Immune repair capacity of zinc deficient
young adult and neonatal mice. Fed Proc 1981;40:918 (abstr).
Kramer TR. Reevaluation of zinc deficiency on concanavalin
A-induced rat spleen lymphocyte proliferation. J Nutr
1984;114:953-63.

Cook-Mills JM, Fraker PJ. Functional capacity of the residual lym-
phocytes in zinc deficient mice. Br J Nutr 1993;69:835-48.

Vallee BL, Falchuk KH. The biochemical basis of zinc physiology.
Physiol Rev 1993;73:79-118.



83.

84.

85.

86.
87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

ZINC AND IMMUNE FUNCTION

Chvapil M, Zukoski CF, Hattler BG, et al. Zinc and cells. In: Prasad108.

AS, Oberleas D, eds. Human health and disease: zinc and cCopper.
New York: Academy Press, 1976:269-81.

Arif AJ, Mathur PD, Chandra S, Singh C, Sen AB. Effect of zinc diet 109.

on Xanthine oxidase activity of liver of mice infected wRlas-
modium bergheilndian J Malariol 1987;24:59-63.

Chandra RK. Excessive intake of zinc impairs immune responsel10.

JAMA 1984;252:1443-6.

Fosmire GJ. Zinc toxicity. Am J Clin Nutr 1990;51:225-7.

Prasad AS, Brewer GJ, Schoomaker EB, Rabbani P. Hypocupremia
induced by zinc therapy in adults. JAMA 1978;240:2166-8.

Porter KG, McMaster D, Elmes ME, Love AH. Anaemia and low
serum-copper during zinc therapy. Lancet 1977;2:774 (letter).
Schlesinger L, Arevalo M, Arredondo S, Lonnerdal B, Stekel A.
Zinc supplementation impairs monocyte function. Acta Paediatr
1993;82:734-8.

Bogden JD, Oleske JM, Lavenhar MA, et al. Zinc and immunocom-

petence in elderly people: effects of zinc supplementation for 3114.

months. Am J Clin Nutr 1988;48:655—63.
Brewer GJ, Johnson V, Kaplan J. Treatment of Wilson’s disease with

zinc: XIV. Studies of the effect of zinc on lymphocyte function. J 115.

Lab Clin Med 1997;129:649-52.
Bogden JD, Oleske JM, Lavenhar MA, et al. Effects of one year sup-

plementation with zinc and other micronutrients on cellular immu-116.

nity in the elderly. 3 Am Coll Nutr 1990;9:214-25.
Sandstrom B. Consideration in estimates of requirements and criti-

cal intake of zinc. Adaption, availability and interactions. Analyst 117.

1995;120:913-5.
Sandstead HH. Requirements and toxicity of essential trace ele-

ments, illustrated by zinc and copper. Am J Clin Nutr 1995;118.

61(suppl):621S-4S.

Mulhem SA, Vessey AR, Taylor GL, Magruder LE. Suppression of
antibody response by excess dietary zinc exposure during certain
stages of ontogeny. Proc Soc Exp Biol Med 1985;180:453—61.
Beach RS, Gershwin ME, Hurley LS. Gestational zinc deprivation
in mice: persistence of immunodeficiency for three generations. Sci-

ence 1982;218:469-71. 120.
Beach RS, Gershwin ME, Hurley LS. Reversibility of developmen-
tal retardation following murine fetal zinc deprivation. J Nutr
1982;112:1169-81. 121.

Beach RS, Gershwin ME, Hurley LS. Persistent immunological

consequences of gestational zinc deprivation. Am J Clin Nutrl22.

1983;38:579-90.

Keller PR, Fraker PJ. Gestational zinc requirement of the A/J23.

mouse: effects of a marginal zinc deficiency on in utero B cell devel-
opment. Nutr Res 1986;6:41-50.

Vruwink KG, Hurley LS, Gershwin ME, Keen CL. Gestational zinc
deficiency amplifies the regulation of metallothionein induction in
adult mice. Proc Soc Exp Biol Med 1988;188:30-4.

Haynes DC, Gershwin ME, Golub MS, Cheung AT, Hurley LS,
Hendrickx AG. Studies of marginal zinc deprivation in rhesus mon-
keys: VI. Influence on the immunohematology of infants in the first
year. Am J Clin Nutr 1985;42:252-62.

Meadows NJ, Smith ME, Keeling PWN, et al. Zinc and small
babies. Lancet 1981;2:1135-7.

Dutz W, Rossipal E, Ghavami H, Vessal K, Kohout E, Post C. Perd27.

sistent cell mediated immune deficiency following infantile stress
during the first six months of life. Eur J Pediatr 1976;122:117-30.

Ferguson AC. Prolonged impairment of cellular immunity in chil- 128.

dren with intrauterine growth retardation. J Pediatr 1978;93:52-6.
McFarlane H. Malnutrition and impaired immune response to infec-
tion. Proc Nutr Soc 1976;35:263-72.

Kearney JF, Bartles J, Hamilton AM, Lehuen A, Solvason J, Vakil
M. Development and function of the early B cell repertoire. Int Rev
Immunol 1992;8:247-57.

Vakil M, Kearney JF. Functional relationship between T15 and J558
idiotypes in BALB/c mice. Dev Immunol 1991;1:213-24.

Downl oaded from https://acadeni c. oup.conifajcn/article-abstract/68/2/447S/ 4648668

by guest

on 24 January 2018

111.

112.

113.

119.

124.

125.

126.

129.

130.

459S

Herzenberg LA, Kantor AB, Herzenberg L. Layered evolution in the
immune system. A model for the ontogeny and development of mul-
tiple lymphocyte lineages. Ann N 'Y Acad Sci 1992;651:1-9.

Ward MM, Ward RE, Huang JH, Kohler H. Idiotope vaccine against
Streptococcus pneumoniaéA precursor study. J Immunol
1987;139:2775-80.

Lucas AH, Granoff DM. Functional differences in idiotypically
defined IgG1 anti-polysaccharide antibodies elicited by vaccination
with Haemophilus influenzagpe B polysaccharide-protein conju-
gates. J Immunol 1995;154:4195-202.

Seyoum G, Persaud TV. Influence of zinc on ethanol-induced pla-
cental changes in the rat. Histol Histopathol 1995;10:117-25.
Shrader RE, Hirsch KS, Levin J, Hurley LS. Attenuating effect of
zinc on abnormal placental morphology in 6-mercaptopurine treated
rats. Teratology 1978;17:315-25.

Keen CL, Gershwin ME. Zinc deficiency and immune function.
Annu Rev Nutr 1990;10:415-31.

Tapazoglou E, Prasad AS, Hill G, Brewer GJ, Kaplan J. Decreased
natural killer cell activity in zinc deficient subjects with sickle cell
disease. J Lab Clin Med 1985;105:19-22.

Prasad AS, Kaplan J, Brewer GJ, Dardenne M. Immunological
effects of zinc deficiency in sickle cell anemia (SCA). Prog Clin
Biol Res 1989;319:629-49.

Abdallah JM, Kukuruga M, Nakeff A, Prasad AS. Cell cycle distri-
bution defect in PHA-stimulated T lymphocytes of sickle cell dis-
ease patients. Am J Hematol 1988;28:279-81.

Bjorksten B, Black O, Gustavson KH, Hallmans G, Hagloff B,
Tarvik A. Zinc and immune function in Down’s syndrome. Acta Pae-
diatr Scand 1980;69:183-7.

Licastro F, Chiricolo M, Mocchegiani E, et al. Oral zinc supple-
mentation in Down’s syndrome subjects decreased infection and
normalized some humoral and cellular immune parameters. J Intel-
lect Disabil Res 1994;38:149-62.

Labadie H, Verneau A, Trinchet JC, Beaugrand M. Does oral zinc
improve the cellular immunity of patients with alcoholic cirrhosis?
Gastroenterol Clin Biol 1986;10:799-803.

Cunningham-Rundles C, Cunningham-Rundles S, Garogalo J, et al.
Increased T-lymphocyte function and thymopoietin following zinc
repletion in man. Fed Proc 1979;38:1222 (abstr).

Sandstead HH. Understanding zinc: recent observations and inter-
pretations. J Lab Clin Med 1994;124:322-7.

Prasad AS, Fitzgerald JT, Hess JW, Kaplan J, Pelen F, Dardenne M.
Zinc deficiency in elderly patients. Nutrition 1993;9:218-24.
Garfinkel D. Is aging inevitable? The intracellular zinc deficiency
hypothesis of aging. Med Hypotheses 1986;19:117-37.

Dardenne M, Boukaiba N, Gagnerault MC, et al. Restoration of the
thymus in aging mice by in vivo zinc supplementation. Clin
Immunol Immunopathol 1993;66:127-35.

Congy F, Clavel JR, le Devillechabrol A, Gerbet D, Marescot MR,
Moulias R. Plasma zinc levels in elderly hospitalized subjects. Cor-
relation with other nutritional and immunological markers and sur-
vival. Sem Hop 1983;59:3105-8.

Cossack ZT. T-lymphocyte dysfunction in the elderly associated with
zinc deficiency and subnommal nucleoside phosphorylase activity:
effect of zinc supplementation. Eur J Cancer Clin Oncol 1989;25:973-6.
Kaplan J, Hess JW, Prasad AS. Impaired interleukin 2 production in
the elderly: association with mild zinc deficiency. J Trace Elem Exp
Med 1988;1:3-8.

Payette H, Rola-Pleszczynski M, Ghadirian R. Nutrition factors in
relation to cellular and regulatory immune variables in a free-living
elderly population. Am J Clin Nutr 1990;52:927-32.

Duchateau J, Delepesse G, Vrijens R, Collet H. Beneficial effects of
zinc supplementation on the immune response of old people. Am J
Med 1981;70:1001—4.

Wagnet PA, Jemigan JJA, Bailey LB, Nickens C, Brazzi GA. Zinc
nutriture and cell mediated immunity in the aged. Int J Vitam Nutr
Res 1983;53:94-101.



460S

SHANKAR AND PRASAD

131. Brummerstedt E, Flagstad T, Basse A, Anderson E. The effect af55. Csermely R, Fodor R, Somogyi J. The tumor promoter tetrade-

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

zinc on calves with hereditary thymic hypoplasia (lethal trait A 46).
Acta Pathol Microbiol Scand 1971;79:686-7.

Brummerstedt E. Animal model of human disease. Acrodermatitis
enteropathica, zinc malabsorption. Am J Pathol 1977;87:725-8.
Miller ER, Leucke RW, Ullrey DE, Baltzer BV, Bradley BL,
Hoefer JA. Biochemical, skeletal and allometric changes due to zinc
deficiency in the baby pig. J Nutr 1968;95:278-86.

Shanklin SH, Miller ER, Ullrey DE, Hoefer JA, Leucke RW. Zinc
requirement of baby pigs on casein diets. J Nutr 1968;96:101-8.

Quartemman J. The effects of zinc deficiency or excess on th&58.

adrenals and the thymus in the rat. In: Hoekstra WG, Suttie JW,
Gather HE, Mentz W, eds. Trace element metabolism in animals.
Baltimore: University Park Press, 1974:742-8.

Haas SM, Fraker PJ, Luecke RW. The effect of zinc deficiency ori59.

the immune response of A/J mice. Fed Proc 1976;35:659 (abstr).
Julius R, Schilkind M, Sprinkle T, Rennert O. Acrodermatitis

enteropathica with immune deficiency. J Pediatr 1973;83:1007-11.160.

Moynahan EJ. Acrodermatitis enteropathica: a lethal inherited
human zinc-deficiency disorder. Lancet 1974;2:399-400.

Golden MHN, Jackson AA, Golden BE. Effect of zinc on thymus of
recently malnourished children. Lancet 1977;2:1057-9.

Golden MHN, Golden BE, Harland PSEG, Jackson AA. Zinc and
immunocompetence in protein-energy malnutrition. Lancet
1978;1:1226-8.

Beck FWJ, Kaplan J, Fine N, Handschu W, Prasad AS. Decreased

expression of CD73 (ecto-5"-nulceotidase) in the CD8+ subset id63.

associated with zinc deficiency in human patients. J Lab Clin Med
1997;130:147-56.

Pekarek RS, Sandstead HH, Jacob RA, Barcome DF. Abnormal cel64.

lular immune responses during acquired zinc deficiency. Am J Clin
Nutr 1979;32:1466-71.

Allen JI, Kay NE, McClain CJ. Severe zinc deficiency in humans:165.

association with a reversible T-lymphocyte dysfunction. Ann Intern
Med 1981;95:154-7.

Sazawal S, Jalla S, Mazumder S, Sinha A, Black RE, Bhan MK. Effect
of zinc supplementation on cell-mediated immunity and lymphocyte
subsets in preschool children. Indian Pediatr 1997;34:589-97.
Kramer TR, Udomkesmalee E, Dhanamitta S, et al. Lymphocyte
responsiveness of children supplemented with vitamin A and zinc.
Am J Clin Nutr 1993;58:566-70.

Schlesinger L, Arevalo M, Arredondo S, Diaz M, Lénnerdal B, 168.

Stekel A. Effect of a zinc-fortified formula on immunocompetence
and growth of malnourished infants. Am J Clin Nutr 1992;56:491-8.

Sempertegui F, Estrella B, Correa E, et al. Effects of short-term zin&69.

supplementation on cellular immunity, respiratory symptoms, and

growth of malnourished Equadorian children. Eur J Clin Nutr 170.

1996;50:42—6.

Winchurch RA. Activation of thymocyte responses to interleukin-1171.

by zinc. Clin Immunol Immunopathol 1988;47:174-80.
Phillips JL, Azari P. Zinc transferrin. Enhancement of nucleic acid

synthesis in phytohemagglutinin-stimulated human lymphocytesl172.

Cell Immunol 1974;10:31-7.
Chvapil M. Effect of zinc on cells and biomembranes. Med Clin
North Am 1976;60:799-812.
Malave |, Rodriguez J, Araujo Z, Rojas |. Effect of zinc on the pro-

liferative response of human lymphocytes: mechanisms of its mito174.

genic action. Immunopharmacology 1990;20:1-10.

Tanaka Y, Shiozawa S, Morimoto |, Fujita T. Role of zinc in inter- 175.

leukin 2 (IL 2) mediated T-cell activation. Scand J Immunol
1990;31:547-52.

Ochi T, Sato K, Ohsawa M. Suppression of the proliferativel76.

response of human lymphocytes to cultured allogeneic HelLa cells
by zinc. Toxicol Lett 1983;15:225-30.
Malave I, Rondon-Benaim |. Modulatory effect of zinc on the pro-

liferative response of murine spleen cells to polyclonal T cell mito-177.

gens. Cell Immunol 1984;89:322-30.

Downl oaded from https://acadeni c. oup.conifajcn/article-abstract/68/2/447S/ 4648668

by guest

on 24 January 2018

156.

157.

161.

162.

166.

167.

173.

canoylphorbol-13-acetate elicits the redistribution of heavy metals
in subcellular fractions of rabbit thymocytes as measured by plasma
emission spectroscopy. Carcinogenesis 1987;8:1663—6.

Driessen C, Hirv K, Kirchner H, Rink L. Zinc regulates cytokine
induction by superantigens and lipopolysaccharide. Immunology
1995;84:272-7.

Fraser JD, Urban RG, Strominger JL, Robinson H. Zinc regulates
the function of two superantigens. Proc Natl Acad Sci U S A
1992;89:5507-11.

McMahon LJ, Montgomery DW, Guschewsky A, Woods AH,
Zukoski CF. In vitro effects of zinc chloride on spontaneous sheep
red blood cell (E) rosette formation by lymphocytes from cancer
patients and normal subjects. Immunol Commun 1976;15:53-67.
Martinotti S, Toniato E, Colagrande A, et al. Heavy-metal modula-
tion of the human intercellular adhesion molecule (ICAM-1) gene
expression. Biochim Biophys Acta 1995;1261:107-14.

Fraker PJ, King LE, Garvy BA, Medina CA. The immunopathology
of zinc deficiency in humans and rodents: a possible role for pro-
grammed cell death. In: Klurfeld DM, ed. Human nutrition: a com-
prehensive treatise. New York: Plenum Press, 1993:267-83.

Fraker PJ, Osatiashtiani E, Wagner MA, King LE. Possible roles for
glucocorticoids and apoptosis in the suppression of lymphopoiesis
during zinc deficiency: a review. J Am Coll Nutr 1995;14:11-7.
Fraker PJ, Telford WG. A reappraisal of the role of zinc in life and
death decisions of cells. Proc Soc Exp Biol Med 1997;215:229-36.
King LE, Fraker PJ. Flow cytometric analysis of the phenotypic dis-
tribution of splenic lymphocytes in zinc-deficient adult mice. J Nutr
1991;121:1433-8.

DePasquale-Jardieu P, Fraker PJ. Interference in the development of
a secondary immune response in mice by zinc deprivation: persis-
tence of effects. J Nutr 1984;114:1762-9.

Fraker PJ. Zinc deficiency: a common immunodeficiency state. Surv
Immunol Res 1983;2:155-63.

Hart DA. Effect of zinc chloride on hamster lymphoid cells: mito-
genicity and differential enhancement of lipopolysaccaride stimula-
tion of lymphocytes. Infect Immun 1978;19:457-61.

Fraker PJ, Hildebrandt K, Luecke RW. Alteration of antibody-medi-
ated responses of suckling mice to T-cell dependent and independent
antigens by maternal marginal zinc deficiency: restoration of
responsivity by nutritional repletion. J Nutr 1984;114:170-9.
Zazonico R, Fernandes G, Good RA. The differential sensitivity of
T cell and B cell mitogenesis to in vitro Zn deficiency. Cell
Immunol 1981;60:203-11.

Flynn A. Control of in vitro lymphocyte proliferation by copper,
magnesium and zinc deficiency. J Nutr 1984;114:2034-42.

Fraker PJ, Jardieu P, Cook J. Zinc deficiency and immune function.
Arch Dermatol Res 1987;123:1699-701.

Cunningham-Rundles S, Cunningham-Rundles C, Dupont B, Good
RA. Zinc-induced activation of human B lymphocytes. Clin
Immunol Immunopathol 1980;16:115-22.

Forbes 13, Zalewski PD, Giannakis C. Role for zinc in a cellular
response mediated by protein kinase C in human B lymphocytes.
Exp Cell Res 1991;195:224-9.

Kirchner H, Salas M. Stimulation of lymphocytes with zinc ions.
Methods Enzymol 1987;150:112-7.

Ferry E, Donner M. In vitro modulation of murine natural killer
cytotoxicity by zinc. Scand J Immunol 1984;19:435-45.
Rajagopalan S, Winter CC, Wagtmann N, Long EO. The Ig-related
killer cell inhibitory receptor binds zinc and requires zinc for recog-
nition of HLA-C on target cells. J Immunol 1995;155:4143-6.
Borrego F, Lopez-Beltran A, Pena J, Solana R. Downregulation of
Fc gamma receptor IIIA a (CD16-Il) on natural killer cells induced
by anti-CD16 mAb is independent of protein tyrosine kinases and
protein kinase C. Cell Immunol 1994;158:208-17.

Sunzel B, Holm S, Reuterving CO, Soderberg T, Hallmans G,
Hanstrom L. The effect of zinc on bacterial phagocytosis, killing



178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

ZINC AND IMMUNE FUNCTION

and cytoprotection in human polymorphonuclear leucocytes.199
APMIS 1995;103:635-44.

Wirth JJ, Fraker PJ, Kierszenbaum F. Zinc requirements for macro-
phage function: effect of zinc deficiency on uptake and killing of a
protozoan parasite. Immunology 1989;68:114-9.

Wirth JJ, Fraker PJ, Kierszenbaum F. Changes in the level of marker
expression by mononuclear phagocytes in zinc deficient mice. J
Nutr 1984;114:1826-33.
Cook-Mills IM, Wirth JJ, Fraker PJ. Possible roles for zinc in destruc-

tion of Trypansoma cruzby toxic oxygen metabolites produced by 202.

mononuclear phagocytes. Adv Exp Med Biol 1990;262:111-21.
James SJ, Swendseid M, Makinodan T. Macrophage-mediated

depression of T-cell proliferation in zinc-deficient mice. J Nutr 203.

1987;117:1982-8.

Ercan MT, Boor NM. Phagocytosis by macrophages in zinc-defi-204.

cient rats. Int J Rad Appl Instrum 1991;18:765-8.

Humphrey PA, Ashraf M, Lee CM. Hepatic cells’ mitotic and peri-
toneal macrophage phagocytic activities duriimgpanosoma mus-
culi infection in zinc-deficient mice. J Natl Med Assoc 1997,
89:259-67.

Karl L, Chvapil M, Zukoski CF. Effect of zinc on the viability and 206.

phagocytic capacity of peritoneal macrophages. Proc Soc Exp Biol
Med 1973;142:1123-7.

Chvapil M, Stankova L, Bernard DS, Weldy RL, Carlson EVC, 207.

Campbell JB. Effect of zinc on peritoneal macrophages in vitro.
Infect Immunol 1977;16:367-73.

Tone K, Suzuki T, Todoroki T. Influence of zinc deficiency on
phagocytosis in mice. Kitasato Arch Exp Med 1991;64:263-9.
Supek F, Supekova L, Nelson N. Function of metal-ion homeostasis
in the cell division cycle, mitochondrial protein processing, sensi-

tivity to mycobacterial infection and brain function. J Exp Biol 210.

1997;200:321-30.
Winchurch RA, Togo J, Adler WH. Supplemental zinc %(gn
restores antibody formation in cultures of aged spleen cells. II.

Effects on mediator production. Eur J Immunol 1987;17:127-32. 211.

Scuderi R. Differential effects of copper and zinc on human periph-
eral blood monocyte cytokine secretion. Cell Immunol 1990;
126:127-32.

Driessen C, Hirv K, Rind L, Kirchner H. Induction of cytokines by

zinc ions in human peripheral blood mononuclear cells and sepa213.

rated monocytes. Lymphokine Cytokine Res 1994;13:15-20.
Compton MM, Cidlowski JA. Thymocyte apoptosis. A model of

programmed cell death. Trends Endocrinol Metab 1992;3:17-23. 214.

Concordet JP, Ferry A. Physiological programmed cell death in thy-
mocytes is induced by physical stress (exercise). Am J Physiol
1993;265:C626-9.

Zhang YH, Takahashi K, Jiang GZ, Kawai M, Fukada M, Yokochi T.

In vivo induction of apoptosis (programmed cell death) in mouse216.

thymus by administration of lipopolysaccharide. Infect Immun
1993;61:5044-8.

Quarterman J, Humphries WR. Effect of zinc deficiency and zin@17.

supplementation on adrenals, plasma steroids and thymus in rats.
Life Sci 1979;24:177-83.

DePasquale-Jardieu P, Fraker PJ. The role of corticosterone in t248.

loss of immune function in the zinc deficient A/J mice. J Nutr
1979;109:1847-55.

DePasquale-Jardieu P, Fraker PJ. Further characterization of the r@&9.

of corticosterone in the loss of humoral immunity in zinc deficient
A/J mice as determined by adrenalectomy. J Immunol
1980;124:2650-5.

Garvy BA, King LE, Telford WG, Morford LA, Fraker PJ. Chronic
elevation of plasma corticosterone causes reductions in the number
of cycling cells of the B lineage in murine bone marrow and induces
apoptosis. Immunology 1993;80:587-92.
Pleau JM, Fuentes V, Morgan JL, Bach JF. Specific receptor for the
serum thymic factor (FTS) in lymphoblastoid cultured cell lines.

Proc Natl Acad Sci U S A 1980;77:2861-5. 222

Downl oaded from https://acadeni c. oup.conifajcn/article-abstract/68/2/447S/ 4648668

by guest

on 24 January 2018

200.

201.

2065.

208.

209.

212.

215.

220.

221.

461S

. Cung MT, Marraud M, LeFrancier P, Dardenne M, Bach JF, Laussac
JP. NMR study of a lymphocyte differentiating thymic factor. An
investigation of the Zn (ll)-nonapeptide complexes (thymulin). J
Biol Chem 1988;263:5574-80.

Dardenne M, Pleau JM, Nabbara B, et al. Contribution of zinc and
other metals to the biological activity of the serum thymic factor.
Proc Natl Acad Sci U S A 1982;79:5370-3.

Iwata T, Incefy GS, Tanaka T, et al. Circulating thymic hormone lev-
els in zinc deficiency. Cell Immunol 1979;47:100-5.

Iwata T, Incefy GS, Cunningham-Rundles S, et al. Circulating
thymic hormone activity in patients with primary and secondary
immunodeficiency diseases. Am J Med 1981;71:385-94.

Bendtzen K. Differential role of Zhin antigen-and mitogen-induced
lymphokine production. Scand J Immunol 1980;12:489-92.

Flynn A, Loftus MA, Finke JH. Production of interleukin-1 and inter-
leukin-2 in allogeneic mixed lymphocyte cultures under copper, mag-
nesium and zinc deficient conditions. Nutr Res 1984; 4:673-9.

Smit V, van Veelen PA, Tjaden UR, van der Greef J, Haaijman JJ.
Human interleukin-3 contains a discontinuous zinc-binding domain.
Biochem Biophys Res Commun 1992;187:859-66.

Radhakrishnan R, Walter LJ, Hruza A, et al. Zinc mediated dimer of
human interferon-alpha 2b revealed by X-ray crystallography. Structure
1996;4:1453-63.

Salvin SB, Rabin BS. Resistance and susceptibility to infection in inbred
murine strains. V. Effects of dietary zinc. Cell Immunol 1984;87:546-52.
Romagnani S. The Thl/Th2 paradigm. Immunol Today 1997;
18:263-6.

Beck FWJ, Prasad AS, Kaplan J, Fitzgerald JT, Brewer GJ. Changes in
cytokine production and T cell subpopulations in experimentally
induced zinc-deficient humans. Am J Physiol 1997; 272:E1002—7.
Prasad AS, Beck FWJ, Grabowski SM, Kaplan J, Mathog RH. Zinc
deficiency:changes in cytokine production and T-cell subpopula-
tions in patients with head and neck cancer in non-cancer subjects.
Proc Assoc Am Physicians 1997;109:68—77.

Cheek DB, Hay HJ, Lattanzio L, Ness D, Ludwigsen N, Spargo R.
Zinc content of red and white blood cells in aboriginal children.
Aust N Z J Med 1984;14:638-42.

Blazsek |, Mathe G. Zinc and immunity. Biomed Pharmacother
1984,38:187-93.

Cousins RJ. Absorption, transport, and hepatic metabolism of cop-
per and zinc: special reference to metallothionein and ceruloplas-
min. Physiol Rev 1985;65:238-309.

Ackland ML, McArdle HJ. Significance of extracellular zinc-bind-
ing ligands in the uptake of zinc by human fibroblasts. J Cell Phys-
iol 1990;145:409-13.

Kalfakakou V, Simons TJB. Anionic mechanisms of zinc uptake
across the human red cell membrane. J Physiol 1990;421:485-97.
Palmiter RD, Cole TB, Findley SD. ZnT-2, a mammalian protein
that confers resistance to zinc by facilitating vesicular sequestration.
EMBO J 1996;15:1784-891.

Palmiter RD, Findley SD. Cloning and functional characterization
of a mammalian zinc transporter that confers resistance to zinc.
EMBO J 1995;14:639-49.

Cousins RJ, Lee-Ambrose LM. Nuclear zinc uptake and interactions
and metallothionein gene expression are influenced by dietary zinc
in rats. J Nutr 1992;122:56-64.

Chesters JK. Biochemistry of zinc in cell division and tissue growth.
In: Mills CR, ed. Zinc in human biology. New York: Springer-Ver-
lag, 1989:109-18.

Grummt F, Weimann-Dorsch C, Schneider-Schaulies J, Lux A. Zinc
as a second messenger of mitogenic induction. Effects on diadeno-
sine tetraphosphate (Ap4A) and DNA synthesis. Exp Cell Res
1986;163:191-200.

Chausmer AB, Chausmer AL, Dajani N. Effect of mitogenic and
hormonal stimulation on zinc transport in mixed lymphocyte cul-
tures. J Am Coll Nutr 1991;10:205-8.
. Prasad AS, Beck FW, Endre L, Handschu W, Kukuruga M, Kumar



462S

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244,

245,

G. Zinc deficiency affects cell cycle and deoxythymidine kinase246.

gene expression in HUT-78 cells. J Lab Clin Med 1996;128:9-11.
Chesters JK, Petrie L, Lipson HE. Two zinc-dependent steps during
G1 to S phase transition. J Cell Physiol 1993;155:445-51.
Falchuk KH, Krishan A. 1,10-Phenanthroline inhibition of lym-
phoblast cell cycle. Cancer Res 1977;37:2050-6.

Serrano L, Dominguez JE, Avila J. Identification of zinc binding

sites of proteins: zinc binds to the amino terminal region of tubulin.249.

Anal Biochem 1988;172:210-8.

Hesketh JE. Impaired microtubule assembly in brain from zinc-defi250.

cient pigs and rats. Int J Biochem 1981;13:921-6.
Slater JR, Mildvan AS, Loeb LA. Zinc in DNA polymerizes.
Biochem Biophys Res Commun 1971;44:37-43.

Falchuk KH, Krishan A, Vallee BL. DNA distribution in cell-cycle 251.

of Euglena-Gracilis cytofluorometry of zinc-deficient cells. Bio-
chemistry 1975;14:3439-44.

Kirchgessner M, Roth HP, Weigand E. Biochemical changes in zin@52.

deficiency in trace elements. In: Prasad AS, Oberleas D, eds. Human
health and disease. New York: Academy Press, 1976: 189-225.

Brudzynska K, Ploszajska A, Roszczyk R, Walter Z. Interaction of253.

zinc ions with DNA-dependent RNA polymerase-A,B,C isolated
from calf thymus. Mol Biol Rep 1982;8:77-83.

Good RA, West A, Day NK, Dong ZW, Fernandes G. Effect of 254.

undernutrition on host cell and organ function. Cancer Res
1982;42:737-46.

Williams RJP. Zinc: what is its role in biology? Endeavour
1984;8:65-70.

Coleman JE. Zinc proteins: enzymes, storage proteins, transcrif256.

tion factors and
1992;61:897-946.

replication proteins. Annu Rev Biochem

Morimoto S, Shiraishi T, Fukuo K, et al. EDTA induces differentia- 257.

tion and suppresses proliferation of promyelocytic leukemia cell line
HL60-possible participation of zinc. Biochem Int 1992; 28:313-21.
Flamigni E, Campana G, Carboni L, Guarnieri C, Spampinato S.

Zinc is required for the expression of ornithine decarboxylase in &58.

difluoromethylornithine-resistant cell line. Biochem J 1994,
299:515-9.
Wellinghausen N, Kirchner H, Rink L. The immunobiology of zinc. 259.

Immunol Today 1997;18:519-21.
Palmiter RD. Regulation of metallothionein genes by heavy metals

appears to be mediated by a zinc-sensitive inhibitor that interacts witB60-

a constitutively active transcription factor, MTF-1. Proc Natl Acad Sci
U S A 1994;91:1219-23. 2
Saurin AJ, Borden KL, Boddy MN, Freemont PS. Does this have a
familiar RING? Trends Biochem Sci 1996;21:208-14.

Csermely P, Somogyi J. Zinc as a possible mediator of signal tran§—62
duction in T lymphocytes. Acta Physiol Hung 1989;74:195-9.

Turner JM, Brodsky MH, Irving BA, Levin SD, Perimutter RM,

Litman DR. Interaction of the unique N-terminal region of tyrosine 23

kinase p56Ick with cytoplasmic domains of CD4 and CD8 is mediated
by cysteine motifs. Cell 1990;60:755-65.

Pemelle JJ, Creuzet C, Loeb J, Gacon G. Phosphorylation of the lyn264.

phoid cell kinase p56lck is stimulated by micromolar concentrations of
Zn?*. FEBS Lett 1991;281:278-82.

Moser C, Roth HP, Kirchgessner M. Influence of alimentary zinc defi265.

ciency on the concentration of the second messenges®-inositol-

1,4,5-triphosphate (IP3) s,n,-1,2-diacylglycerol (DAG) in testes and?66-

brain of force-fed rats. Biol Trace Elem Res 1996; 52:281-91.
Zalewski PD, Forbes 1J. Intracellular zinc and the regulation of apos
ptosis. In: Lavin M, Watters D, eds. Programmed cell death: the cel-

lular and molecular biology of apoptosis. Melbourne: Harwood Aca-5gg.

demic Publishers, 1993:73-86.

Wyllie AH. Glucocorticoid-induced thymocyte apoptosis is associatethgg.

with endogenous endonuclease activation. Nature 1980;284:555-6.
Cohen JJ, Duke RC, Fadok VA, Seilins KS. Apoptosis and programmed
cell death in immunity. Annu Rev Immunol 1992; 10:267-93.

Downl oaded from https://acadeni c. oup.conifajcn/article-abstract/68/2/447S/ 4648668

by guest

on 24 January 2018

247.

248.

255.

SHANKAR AND PRASAD

Dinsdale D, Williams RB. The enhancement by dietary zinc deficiency of
the susceptibility of the rat duodenum to colchicine. BNuitr
1977;37:135-42.

Elmes ME. Apoptosis in the small intestine of zinc-deficient and
fasted rats. J Pathol 1977;123:219-24.

Elmes ME, Jones JG. Ultrastructural changes in the small intestine
of zinc-deficient rats. J Pathol 1980;130:37-43.

Elmes ME, Jones JG. Ultrastructural studies on Paneth cell apopto-
sis in zinc deficient rats. Cell Tissue Res 1980;208:57-63.

Waring P, Egan M, Braithwaite A, Mullbacher A, Sjearda A. Apo-
ptosis induced in macrophages and T blasts by the mycotoxin
sporidesmin and protection by Zrsalts. Int J Immunopharmacol
1990;12:445-57.

Thomas DJ, Caffrey TC. Lipopolysaccharide induces dou-
blestranded DNA fragmentation in mouse thymus: protective effect
of zinc pretreatment. Toxicology 1991;68:327-37.

Martin SJ, Mazdai G, Strain JJ, Cotter TG, Hannigan BM. Pro-
grammed cell death (apoptosis) in lymphoid and myeloid cell lines
during zinc deficiency. Clin Exp Immunol 1991;83:338-43.
Zalewski PD, Forbes 1J, Giannakis C. Physiological role for zinc in
prevention of apoptosis (gene-directed death). Biochem Int
1991;24:1093-101.

McCabe MI, Jiang SA, Orrenius S. Chelation of intracellular zinc
triggers apoptosis in mature thymocytes. Lab Invest 1993;69:101-9.
Treves S, Trentini PL, Ascanelli M, Bucci G, Divirgilio F. Apopto-
sis is dependent on intracellular zinc and independent of intracellu-
lar calcium in lymphocytes. Exp Cell Res 1994;211:339-43.
Zalewski PD, Forbes 1J, Betts WH. Correlation of apoptosis with
change in intracellular labile Zn, using Zinquin, a new specific flu-
orescent probe for Zn. Biochem J 1993;296:403-8.

Giannakis C, Forbes 1J, Zalewski PD 2tdg?*-dependent nucle-
ase: tissue distribution, relationship to inter-nucleosomal DNA
fragmentation and inhibition by 2h Biochem Biophys Res Comm
1991;181:915-20.

Lohmann RD, Beyersmann D. Cadmium and zinc mediated
changes of the Ca(2+)-dependent endonuclease in apoptosis.
Biochem Biophys Res Comm 1993;190:1097-103.

Ballester OF, Prasad AS. Anergy, zinc deficiency, and decreased
nucleoside phosphorylase activity in patients with sickle cell ane-
mia. Ann Intern Med 1983;98:180-2.

Meflah S, Prasad AS. Nucleotides in lymphocytes from human sub-
jects with zinc deficiency. J Lab Clin Med 1989;114:114-9.

61. Seres DS, Bunk MJ, Osborne MP, Rivlin RS, Tiwari RK. Effects of

marginal dietary zinc deficiency and vitamin E supplementation on
hepatic adenine dinucleotide phosphoribosyl transferase activity in
female Sprague Dawley rats. Nutr Res 1991;11:337-45.

. Rice WG, Schaeffer CA, Hanan B, et al. Inhibition of HIV-1 infectiv-

ity by zinc-ejecting aromatic C-nitroso compounds. Nature
1993;361:473-5.

Zalewski PD, Forbes 13, Seamark RF, et al. Flux of intracellular labile
zinc during apoptosis (gene-directed cell death) by a specific chemi-
cal probe, Zinquin. Chem Biol 1994;1:153-61.

Chwapil M, Elias SL, Ryan JN, Zukoski CF. Pathophysiology of zinc.
In: International review of neurobiology. Supplement 1st ed. New
York: Academy Press, 1972:105-24.

Bray TM, Bettger WJ. The physiological role of zinc as an antioxi-
dant. Free Radic Biol Med 1990;8:281-91.

Alexander |, Forre O, Aaseth J, Dobloug J, Ovrebo S. Induction of a
metallothionein-like protein in human lymphocytes. Scand J Immunol
1982; 15:217-20.

67. Chvapil M. New aspects in the biological role of zinc: a stabilizer of

macromolecules and biological membranes. Life Sci 1973; 13:1041-9.
Bettger WJ, O’Dell BL. A critical physiological role of zinc in the struc-
ture and function of biomembranes. Life Sci 1981; 28:1425-38.
Kroncke KD, Fehsel K, Schmidt T, et al. Nitric oxide destroys zinc-
sulfer clusters inducing zinc release from metallothionein and inhibi-
tion of the zinc finger-type yeast transcription activator LACY.
Biochem Biophys Res Commun 1994;200:1105-10.



ZINC AND IMMUNE FUNCTION 463S

270. Taylor CG, Bray TM. Effect of hyperoxia on oxygen free radical 271. Caulfield LE, Zavaleta N, Shankar AH, Merialdi M. Potential contri-
defense enzymes in the lung of zinc-deficient rats. J Nutr 1991; bution of maternal zinc supplementation during pregnancy to mater-
121:460-6. nal and child survival. Am J Clin Nutr 1998;68:499S-508S.

Downl oaded from https://academ c. oup. conf aj cn/articl e-abstract/68/2/447S/ 4648668
by guest
on 24 January 2018



