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GENERAL INTRODUCTION

Malnutrition is one of the world-wide problems. Underdeveloped countries
have Protein-Calorie Malnutrition (PCM) endemics but developed countries
have selective element malnutrition problems among their population. One of
the elements of concern is zinc. Zinc has been known as an essential trace
element in organisms. Its importance in normal biochemical and physiological
processes has been studied by many researchers. Another interesting aspect is
the similarity of symptoms between PCM and zinc deficiency.

Zinc also acts as a critical element in immunological processes in animals. A
variety of immune dysfunction associated with zinc deficiency has been
reported. Some of those are caused by a congenital zinc malabsorption
syndrome, acrodermatitis enteropathica, and a portion of the patients who
suffers inflammatory bowel disease has common symptoms. Generally, in zinc
deficient state, animals show characteristic features such as growth retardation,
hepatomegaly, skin lesions, diarrhea, anorexia, impaired wound healing, and
recurrent infections. These symptoms are very similar to those of chronic
inflammatory disease. Cytokines, especially tumor necrosis factor (TNF),
interleukin-1 (IL-1), and interleukin-6 (IL-6), are putative mediators of
inflammatory disease. They are released from monocytes or macrophages as a
primary source.

The overall objective of this work is to understand the relationship between

zinc deficiency and cytokine production by murine macrophages.



Explanation of Thesis Format

This thesis includes one manuscript. The manuscript is written in the
American Society for Microbiology style (Infection and Immunity). A literature
review precedes the manuscript and a general summary follows the manuscript.

The literature cited for the literature review is listed after the general summary.



LITERATURE REVIEW

General Background of Nutrition in Immunity

Malnutrition has been one of the most significant world-wide concerns. In
Third World countries, tens of millions of people suffer from hunger due to food
shortages and thousands die daily of starvation and related diseases (2, 18, 20,
90). However, malnutrition is not a problem restricted to poor countries. Even in
wealthy countries, it is encountered among infants, children, and the elderly of
poor families (11, 18, 22, 64). It is also a very common problem among
alcoholics, drug addicts, and those who suffer from anorexia nervosa (54, 96). In
cases of long-term hospitalization, patients are vulnerable to malnutrition,
especially when receiving parenteral feeding (56, 106). Malnutrition may also
arise in accordance with physiological conditions such as impaired intestinal
absorption, utilization, and excessive loss of selective nutrients (110). In tropical
regions, a malabsorption syndrome, like tropical sprue, can induce temporary or
chronic malnutrition by damaging the digestive tract (87).

Among the many nutritional deficiencies, Protein-Calorie Malnutrition (PCM),
or Protein-Energy Malnutrition (PEM) is the most devastating problem. In Biafra,
Ethiopia, Somalia and Sudan, mass starvation causes thousands of deaths due
to PCM. Children are more susceptible to PCM than adults. The consequence of
PCM are characterized by marked edema, hyperkeratotic or excoriated skin
lesions, hepatomegaly, hypoalbuminemia, and anemia (20, 107). Furthermore,
PCM can induce increased chromosomal damage. El-Ghazali et al. compared

whole blood lymphocytic cultures between healthy and PCM infants and found



that the frequency of chromosomal damage in PCM children was nine times
greater than that of healthy children (46). Schlesinger et al. reported that
marasmic infants produce only 26% of the level of interferon that is detected in
healthy infants (111). Since interferon, a glycoprotein which is released by
leukocytes and suppresses viral replication, plays a critical role in the prevention
of viral infections, marasmic infants suffer from more severe infections and have
a higher mortality rate from viral infections compared to healthy infants (62, 111).
In severe cases of PCM, there is marked atrophy of the thymus, which may result
in immune suppression (72, 133). Smythe et al. reported involution of the thymus
and smaller lymph nodes, tonsils, and spleens in children with PCM (115).
Consequently, T cell mediated immune responses are depressed. This was
demonstrated by the suppression of delayed cutaneous hypersensitivity
reactions, decreased number of rosette-forming T cells, and decreased
lymphocyte mitogenesis in response to PHA (1, 23, 24, 30, 45,52, 112, 115).
The effect of PCM on B cell mediated immune response has also been
examined. In these studies, malnourished children had no differences or slightly
elevated levels of serum immunoglobulins (lgs) in comparison to well-nourished
children (3, 23, 76, 89). However, it was also reported that severe malnurition in
infants profoundly suppressed immunoglobulin levels (47). It was suggested that
the frequent gastrointestinal infections observed in malnourished children was
responsible for the elevated levels of serum Igs. Immunization with a variety of
antigens has been shown to evoke normal antibody responses in malnourished
individuals (135). But in the case of a typhoid vaccination, the immune response
of malnourished children to salmonella-specific antigens was lower than that of

healthy children (23, 120). The reason for the reduced Ig response may be



explained by depressed cell-mediated immunity and T lymphocyte function in
PCM which may imply that T lymphocytes could not adequately control the B-
lymphocyte proliferation (120). Malnutrition also decreases the production of
other serum proteins including the complement system (108, 109). Therefore,
malnourished children are very vulnerable to bacterial, viral and parasitic
infections. Moreover, Good and associates observed the marked similarities of
symptoms between PCM and zinc deficiency children. This could be explained
by the reduced zinc content in the serum of the PCM children. Therefore a large
portion of impaired immune responses in PCM children may be attributed to

dietary zinc deficiency of the children.

Trace Elements

It is estimated that about 45 to 50 dietary nutrients are required for health.
They include nine amino acids, one or possibly two fatty acids, thirteen vitamins
and a large number of inorganic elements. At least 14 inorganic elements are
known to be essential for life and health. These are iron, copper, cobalt, iodine,
zinc, selenium, manganese, molybdenum, chromium, fluoride, silicon, nickel, tin,
and vanadium. They carry out a major role in many oxidation-reduction reactions
and are an essential part of many enzymes, i.e., metalloenzymes. It is unusual to
observe a dietary lack of these elements in normal people but in cases of
marginal dietary intake compounded by metabolic interferences, impaired
absorption or competition between metal ions may induce trace element
deficiencies (107). These trace elements are required in an optimum
concentration for proper functioning of the organism. Deficiency will result in

suboptimal function, disease, and probably death. Similarly, excessive dietary



intake will lead to toxicity and may lead to a fatal outcome. Trace elements do
function as catalytic or structural components of larger molecules like hormones
and enzymes. Trace elements, in addition to other functions, also have been

shown to regulate immune responses (25-27).

Zinc Metabolism

In 1869, Raulin was the first to discover that zinc was essential for the growth
of Aspergillus niger (103). From that time, many investigators have described the
essentiality of zinc for plant and animal growth. In swine, Kernkamp and Ferrin
have described parakeratosis and Tucker and Salmon suggested that
parakeratosis was due to a zinc deficiency (78, 127).

Zinc homeostasis is controlled primarily by the gastrointestinal tract, with the
feces being the primary route of zinc excretion (32). Experiments utilizing ligated
intestinal loops suggest that the duodenum is the major site of zinc absorption in
rats (37). A substantial portion of zinc is found in the cytosol of the intestinal
epithelial cell. In humans, approximately 28% of zinc reside in bone, 62% in
muscles, 1.8% in the liver, and 0.1% in the plasma pool (98). With regards to the
plasma zinc concentration, approximately 15% is tightly bound to -
macroglobulin, a small amount to amino acids, and the remainder is loosely
bound to albumin (58). Albumin, a protein in plasma, serves as a carrier of newly
absorbed dietary zinc and this albumin-zinc complex solely represents the
readily exchangeable body zinc pool (58). During zinc deficiency, the
extracellular zinc concentration drops precipitously while the other tissue zinc
levels remain normal. For example, plasma zinc concentrations in rat can

decrease by 250% within 24 h after the introduction of a zinc-deficient diet (40).



Zinc Malabsorption Syndromes

In 1961, Prasad et al. reported zinc deficiency in man. They reported severe
growth retardation, anemia, hypogonadism, hepatomegaly, rough and dry skin
and mental lethargy in a 21 year old Iranian (99). In 1963, they confirmed that
zinc deficiency contributed to dwarfism and hypogonadism in Egypt. Because
the habit of geophagia is common in middle Asia, they postulated zinc may form
insoluble complexes with phosphate in soil and was not absorbed easily by the
body (99, 100). Moreover, O'Dell and Savage observed that phytate (insoluble
hexaphosphate), which is found in cereal grains, markedly impaired the
absorption of zinc (93).

In 1972, Hambidge et al. reported zinc deficiency in American children from
middle and upper income families (65). The children had symptoms of nutritional
zinc deficiency such as growth retardation, poor appetite, and impaired taste
acuity. After zinc supplementation, these symptoms were alleviated. They
continued to study zinc deficiency in children from low-income families. The
occurrence of zinc deficiency was more prevalent in children from low-income
families than from middle or high income families. From these results, they
suggest that zinc deficiency is correlated with food source rather than genetics
(64). However, in 1973, Barnes and Moynahan discovered that acrodermatitis
enteropathica (AE), an autosomal recessive inherited disorder, was closely
related with zinc malabsorption. The symptoms of this disease are growth
retardation, skin lesions, behavioral disturbances such as photophobia,
malabsorption, diarrhea, and recurrent infections. After they detected low levels
of serum zinc, they treated the patient with an oral administration of zinc sulfate

which alleviated all symptoms (6, 19). Patients with gastrointestinal diseases,



ulcerative colitis (UC) and Crohn's disease (CD), also reportedly suffer from zinc
deficiency symptoms. Inflammatory bowel disease (IBD) patients suffer from
chronic inflammation of all layers of the bowel walls and this inflammation
impedes absorption of nutrients and induces malnutrition. A portion of young IBD
patients showed growth retardation, reduced weight gain, slowed skeletal
maturation, and delayed sexual maturation (68, 92). Like AE, the
supplementation of IBD patients with zinc abolished the symptoms. Even in
adult, it was observed that zinc deficiency induces decreased semen volume
and serum testosterone concentration in male (69).

Two genetic diseases associated with zinc metabolism have been reported
in animals. In Holstein-Fresian cattle, lethal A-46, was studied by Flagstad in
1978. In calves with lethal A-46, skin lesions, involution of the thymus and
immunological dysfunctions were observed. This genetic disorder was
controlled in calves by a homozyous autosomal recessive gene and could be
prevented by zinc treatment (55). In mice, Piletz and Ganshow reported lethal
milk mutation in C57BL/6J (B/6) strain mice. Milk from dams expressing the

recessive trait contained a significantly low level of zinc (97).

Zinc and Metalloenzymes

In 1940, it was first demonstrated that zinc was an integral and essential part
for the normal function of carbonic anhydrase, a vital metalloenzyme (77). Zinc is
also involved in nucleic acid and protein metabolism because key enzymes
required for nucleic acid synthesis and degradation are zinc dependent (77).

Therefore, zinc is an essential part in the process of cell differentiation and



replication. Currently, it is estimated that more than 200 enzymes need zinc as
an important part of their activities (66).

During the prenatal and postnatal period, zinc is very critical for the normal
growth of young animals. In pregnant rats, maternal dietary zinc deficiency
severely impaired fetal growth and induced abnormalities, especially, in the
central nervous system (CNS) (41, 70, 71). Many investigators insisted that
thymidine kinase, a zinc dependent enzyme which controls mitotic activity, is
responsible for congenital defects (42, 101). Using 3H-thymidine incorporation
technique, Swenerton et al. demonstrated the depression of nucleic acid
synthesis in 12-day-old embryos of zinc deficient rats, especially in neural cells
(121). Moreover, Dreosti et al. found reduced activity of L-glutamic acid
dehydrogenase in zinc deficient neonates (43). The defect of the enzyme could
increase concentration of glutamic acid, a putative neurotransmitter in the mossy
fiber pathway, in the glutameric nerve terminals (36). Consequently, nerve
impulse could be impeded by this enzymatic defect and affected animals
showed behavioral abnormalities (43).

In humans, the first case of congenital malformation related with zinc
deficiency was described by Hambidge et al. (67). They reported that from the
seven pregnancies of mothers with AE, one was terminated in spontaneous
abortion and two had congenital malformations, one with anencephalus and the
other with achondroplasia (67). Similar inborn error incidents related with zinc
deficiency were reported by several investigators (10, 21, 75, 84).

In regard to immunological development, Beach et al. demonstrated that the
effect of zinc deficiency during the prenatal period manifested itself through three

generations (8). When mice are deprived of zinc during the suckling period, their
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ability to generate an effective immune response was also markedly

compromised (9).

Zinc and Biomembranes

Even though a great portion of the defects associated with zinc deficiency
can be ascribed to the metalloenzymatic dysfunctions, Bettger and O'Dell
hypothesized that zinc exerts many vital roles on biomembrane structure and
physiology. Zinc has a high affinity for proteins and lipoproteins located in
cellular membranes and many authors reported the high concentration of zinc in
the membrane fraction of a variety of organs (12). Zinc has been shown to
maintain cell membrane integrity by several mechanisms. Bashford et al.
reported that zinc protects red blood cells from hemolytic agents (7). Zinc is also
known to protect membranes from peroxidative damages and has the potential
to keep enzymes on the membrane surface (12). Zinc has been also shown to
inhibit many calcium-mediated responses such as histamine release from
stimulated mast cell, granulocyte chemotaxis and phagocytosis, and platelet
contraction and aggregation (16). In sickle cell anemia, Eaton et al. found that
sickle cell membrane damage is due to the increased concentration of
intracellular calcium and zinc prevents the calcium induced shrinkage (44).

Snyder and Walker showed that zinc chloride supplementation significantly
decreased mortality of mice injected with Saimonella typhosa lipopoly-
saccharide (LPS). They hypothesized that zinc may protect mice from
endotoxemia by stabilizing lysosomal membranes, which may prevent the
release of degradative enzymes and other deleterious factors (116). Later,

Sobocinski et al. demonstrated that zinc chloride supplementation ranging from
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0.4 to 2 mg/100 g of body weight provided 80 to 100 % survival following
challenge with S. typhimurium endotoxin in rats. Using ornithine
carbamoyltransferase activity, they demonstrated the ability of zinc chloride to

enhance the survival of hepatocytes following treatment with endotoxin (118).

Zinc and Immune Response

Zinc is also known as an essential element for the immune system. The
primary influence of zinc deficiency is on various T cell functions. Flynn et al. has
suggested that zinc deficiency rn'ay affe‘ct T cell function by depressing
proliferation, interfering with antigen presentation by accessory cells, or inducing
loss of cell function (57). Tanaka et al. observed that zinc enhanced the
proliferation of T cells in response to IL-2, increased production of IL-2 by T cells
and induced the expression of high affinity receptors for IL-2 on lymphocytes
(123). Hambrige et al. suggested three hypotheses about how zinc deficiency
deteriorate normal T cell functions (66). First, depression of activity of a zinc
containing DNA polymerase, terminal deoxyribonucleotidyl-transferase, which is
essential to the normal development of the thymus and immature thymocytes.
Therefore, T cell maturation would be arrested (61, 88). Second, alteration of
thymic epithelial function and impairment of thymic hormone production. Prasad
reported reduced activity of thymulin, a thymus-specific hormone formery called
facteur thymique serique (FTS), in the serum of mildly zinc deficient human
subjects (98). Thymulin binds to receptors on T cells, induces the expression of
several T cell markers, promotes T cell function including allogenic cytotoxicity
and suppressor function, and enhances T cell differentiation (73, 98, 102). Third,

increased incidence of programmed cell death of thymocytes. Cohen and Duke



12

reported that dexamethasone and corticosterone induce apoptosis
(programmed cell death) of mice thymocytes by activation of an endonuclease.
The endonuclease requires calcium or magnesium ions for activation but zinc
suppresses its activation by competing with those ions, thus, protecting the
thymocytes (28). In moderately zinc-deficient weanling rats, significantly reduced
blastogenic responses to various mitogens were observed (63).

In in vitro assays, zinc deprivation of culture medium suppressed the release
of IL-1 in allogeneic mixed lymphocyte cultures (57). In contrast, zinc
supplementation of the medium enhanced the activity of IL-1 stimulated
thymocytes (134). The modulation of IL-1 release and activity on thymocytes may
be the mechanism for decreased antibody formation and decreased cell-
mediated cytotoxicity observed during dietary zinc deficiency (81).

Neutrophils from moderately zinc deficient rhesus monkeys show
significantly decreased chemotaxis to FMLP (129). In humans, Busino and
associates reported that an infant which suffered from acrodermatitis had severe
neutrophil chemotaxis defect but other neutrophil functions such as random
motility, phagocytosis, and bactericidal activity were normal(19). In the cytotoxic
T cell proliferation assay, 200 uM zinc allowed maximal growth of the cells but
remained nonfunctional until zinc was removed from the media. This data
implied that zinc enhanced clonal expansion of the cytotoxic T cells but
suppressed the exertion of the function in some way. Zinc similarly inhibits
natural killer cell activity (53). Zinc has been known to have an high affinity for
free sulfhydryl group. Reardon and Lucas explained that zinc inhibits the effector
function of the cytotoxic T cell by interacting with and blocking cell surface

sulfhydryl groups which are required for the initiation of cell lysis and by
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inhibiting cell surface protease activity which is necessary during lytic processes.
They also explained the mechanism(s) by which zinc activate lymphocytes in
vitro (80, 104). They postulated that it would be similar to a model for T
lymphocyte activation by lectin mitogen and sulfhydryl-binding haptens. They
explained that zinc may modify cell surface structures, class | and class Il gene
products, by cross linking structures with other cell-surface components to form a
diversity of "altered self" structures. Therefore, T cell clones would recognize the
"altered self" structures and respond to these foreign appearing cells (80, 104,
105, 130). Adult mice fed zinc deficient diets and subsequently percutaneously
sensitized with dinitrofluorobenzene developed significantly lower DTH
responses (49).

Although zinc deficiency is primarily known to affect cell mediated immune
responses, antibody mediated immune responses were also affected by zinc
deficiency. In antibody mediated immune responses, many investigators
suggested that the duration of zinc deficiency and the age of an animal are the
main factors associated with the onset of an impaired immune response (138).
Prolonged zinc deficiency of adult animals or early imposition of zinc deficiency
on young animals resulted in impairment of B cell mitogenesis to dextran (138).
In responses to other antigens, whether T cell dependent or independent, zinc
deprived animals produced smaller number of plaque forming cells (PFC) per
spleen than animals fed adequate amounts of zinc (50). Many researchers
suggested that primary antibody response is not independent of zinc status but
is less sensitive to zinc deficiency than T cell responses. However, the
secondary immune response is more reduced than the primary response in zinc

deprived animals. In their experiment, DePasquale-Jardieu and Fraker
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demonstrated that mice which were fed a zinc deficient diet for 4 weeks after
priming with sheep red blood cell (SRBC) produced only 43% as many PFC per
spleen as mice fed an adequate amounts of zinc (39). Furthermore, nutritional
repletion restored only a portion of immunological memory cells (39). Because
secondary immune response is exerted mostly by IgG, T cell helper function is
needed to promote the switch of IgM to IgG. Therefore, secondary immune
response is more vulnerable than primary immune response during zinc
deficiency (51, 86).

Beach et al. showed that moderate zinc deficiency from day 7 of gestation
until birth severely depressed immune functions of the newborn through 6
months of age. Even though all the zinc deficient newborns were fed normal
diets, the depression of immune responses continued to the second and third

filial generation with reduced effect (8).

Interactions between Zinc and Other Metals

The inhibitory effect of 10 uM cadmium on T cell proliferation was almost
completely prevented by addition of 30 uM zinc to the culture medium. As
intracellular cadmium content and a cadmium induced metallothionein level
were not changed by zinc addition, these observations strongly suggest that
cadmium inhibits some zinc dependent processes required for T cell
proliferation (94). Eleven patients with newly diagnosed Wilson's disease were

treated with zinc acetate as their anticopper therapy (17).
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Macrophage and Immune Response

In vitro thymocytes and splenocytes culture in standard medium were not
activated by any concentration of zinc from 10 to 400 uM. However, addition of
macrophage culture supernatant fluid or cultures containing a monolayer of
resident peritoneal macrophages restored the lymphocyte responses to zinc
(104, 105). James et al. revealed that the observed depression in T cell
proliferation in zinc deficient mice was indirect and due to a primary defect in the
macrophages (74). When purified T cells from zinc deficient mice were cultured
with macrophages from pair-fed control mice, they proliferated similar to control
levels (74). Increased numbers of macrophages also overcome the impairment.
Therefore, they postulated that the observed depression in T cell proliferation in
the presence of zinc deficient macrophages was due to their insufficient
activating activity rather than their increased suppressive activity (74). Adult
human leukocytes cultured in a complete culture medium which containing 10%
fecal bovine serum (FBS) secreted between 375 and 700 pg/ml of TNF. At 0.25
mM zinc, the leukocytes released the highest amount of TNF, but zinc
concentrations above 1.0 mM were toxic to the cells (114). The amount of
endotoxin in RPMI-1640 medium alone is estimated less than 6 pg/ml. This
amount of endotoxin failed to induce cytokine secretion from cultured
macrophages, however, the addition of LPS at concentrations above 0.01 ug/ml
stimulated cytokine secretion in a concentration dependent manner. It was
observed that combining a substimulatory concentration of 0.01 pg/ml LPS with
zinc resulted in a synergistic stimulation of leukocyte TNF secretion (114). In
case of zinc content, it was estimated that RPMI-1640 medium alone containing

<0.5 pug/ml zinc and supplementation of 10% FCS increased the amount of zinc



16

to 30 ug/dl but still less than that observed in the plasma of zinc deficient mice
(48 pg/dl). The restoration of lymphocyte response to zinc by the addition of
macrophages may be due to the secretion of monokines. Thymocyte activation
by zinc required the presence of 2-ME and LPS in concentrations as low as 1.0
ng/ml which may result in IL-1 secretion (74, 104, 105, 114).

The enhancing effects of 2-ME may be related to its reducing activity and to
the high affinity of zinc for free sulfhydryl groups. The reduction of disulfide
bridges by 2-ME, forming free thiols on the surface of thymocytes, may be
necessary for zinc binding and for cell activation. Zinc stimulated IL-1f release in
a concentration dependent manner with peak secretion occurring at 0.12 mM
which was lower than that observed for TNF. Interleukin-6 secretion unlike TNF

and IL-1 was unaffected by zinc concentration (74, 104, 105, 114).

Cytokines and Acute-Phase Reaction

Bacterial, viral, and parasitic infections, as well as trauma and many forms of
neoplastic disease, elicit a well-characterized series of changes in host
metabolism. These phenomena are called acute phase responses. This acute
phase response is mediated by several hormones and cytokines such as IL-1,
IL-6, and TNF-a (60, 82, 113, 131, 132).

Tumor necrosis factor is responsible for metabolic abnormalities frequently
accompanying malignant neoplasms. At the cellular level, TNF has been shown
to have pleomorphic effects on a variety of cells and this ability places this

cytokine in a pivotal role in modulating acute and chronic inflammatory states

(91, 119).
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Endotoxin has been shown to be a potent agent capable of eliciting TNF
production. Yet the mechanism that regulates TNF expression at the cellular and
molecular levels has not been fully elucidated. Strieter et al. demonstrated that
pentoxifylline, a methylxanthine, is able to suppress LPS induced macrophage
derived TNF at the level of transcription and translation. Furthermore,
methylxanthines and dibutyryl cAMP have similar effects on TNF expression.
These data support the hypothesis that the suppressive mechanism is mediated
via the generation of intracellular cAMP (91, 119).

Although blood monocytes and tissue macrophages appear to be the
principal sources for TNF, recent studies suggest that natural killer cells,
cytotoxic T cells, and bone-marrow-derived mast cells are capable of
synthesizing TNF (124). It is now generally recognized that many putative
beneficial responses of TNF are directed at improving the antimicrobial actions
of leukocyte populations (91). In a study of murine TNF protection, mice were
injected with antiserum specific for murine TNF. Injection of this serum into mice
infected with the moderately mouse virulent Salmonella typhimurium strain
M525 caused exacerbation of disease (124). Some biological actions previously
attributed to IL-1 have now been ascribed to TNF. For example, TNF has been
shown to be involved in neutrophil degranulation, superoxide production, and
lysozyme release (91).

Experimental TNF injection induced shock, organ failure, and death (126).
Goldberg and colleagues reported that TNF induced shock is completely
alleviated by prostaglandin synthesis inhibitors (79). Since TNF has been known
to be a potent inducer of prostanoid synthesis, injected TNF may mediate the

production of excessive prostaglandin E2 (PGE2) and thromboxane B2, which
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together lead to vasoconstriction and neutrophil infiltration. However, the
concomitant synthesis of PGE2 is an important component in this system and
may serve as an autocoid for transcriptional and post-transcriptional regulation
of TNF via the second messenger cAMP (4, 5, 38, 83).

Prior treatment of macrophages with dexamethasone, an analogue of
glucocorticoid, suppresses TNF production in response to endotoxin at the level
of both transcriptional and posttranscriptional regulation similar to pentoxifylline
(14, 91, 119). These data suggest the existance of a negative-feedback
mechanism of TNF-induced corticosterone on TNF production (131). Gamma-
interferon (y-IFN) has been shown to augment macrophage synthesis of TNF.
Although not an direct inducer of TNF synthesis, y-IFN is thought to increase
endotoxin induced TNF secretion by suppressing the synthesis of short lived
repressors of TNF transcription (29). Warren et al. demonstrated that rats given
TNF by intraperitoneal injection produced dose- and time- related increases in
hepatic amino acid uptake, and enhanced amino acid release from skeletal
muscle with a predominance in the efflux of the gluconeogenic amino acids,
alanine and glutamine. Glucocorticoid released by TNF stimulation may
contribute to this protein catabolism (131). TNF also induced a rise in C-reactive
protein and a reduction in serum zinc (85). In human beings some acute phase
proteins are subdivided into 3 groups according to their rate of change in the
plasma: 1) the concentration may increase by about 50%, eg, ceruloplasmin and
C3, 2) it may increase 200 to 300%, eg, a.1-acid glycoprotein, a.1-antitrypsin, a1-
antichymotrypsin, haptoglobin, and fibrinogen, and 3) a group containing those
that may increase even up to 1000 fold. Among the latter are C-reactive protein

(CRP) and SAA (15). Increases in serum amyloid A (SAA) concentrations have
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been shown to coincided with decreasing serum zinc and iron concentrations;
however, zinc and iron concentrations appeared to be restored when SAA
concentration was still maximal (15). Serum amyloid A has also been found to
possess immunoregulatory properties. Serum amyloid A helps to increase the
removal of unwanted materials, such as bacterial endotoxin which are
transported by high-density lipoproteins (125).

Like TNF, endotoxin is an inducer of IL-1. Even though many regulatory
activities overlap, IL-1 is distinctive from TNF by fact that it has lymphocyte
proliferative activity (128). Cytokines not only influence cellular metabolism, but
also affect the secretion of hormones. The existence of a complete regulatory
loop between IL-1 and glucocorticoids is well characterized. Interleukin-1
increases the secretion of glucocorticoids and glucocorticoids depresses the
release of IL-1 from macrophages in a negative-feedback system (117, 132).
During infections, IL-1 and TNF induce hypozincemia which may contribute to
immunoregulation complementary to the increased release of glucocorticoids. In
APR, the removal of iron and zinc from circulation to the liver is well
demonstrated. Iron is known to be remaoved by lactoferrin (LF), a granulocyte
released carrier molecule (82). In case of hypozincemia, metallothionein (MT) is
a putative carrier molecule which removes zinc from circulation to the liver.
Since TNF and IL-1 are potential inducers of IL-6, hypozincemia in APR may be
mediated by IL-6 induced MT. In vitro culture of hepatocytes with IL-6
demonstrated the concentration- and time- dependent increase of MT-1 and -2
mRNA and MT protein (33, 34, 122, 137). Metallothionein is also induced by
glucocorticoids and cadmium and is increased during periods of starvation,

stress, and liver regeneration (35).
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The addition of IL-1 to cultures of chicken skeletal muscle cells induced
protein degradation about 24% greater than control cultures but did not affect
protein synthesis (82). Enhanced skeletal muscle catabolism has also been
observed in IL-1 injected rats (136). Goldberg and co-workers suggest that |L-1
increases the rate of protein degradation by a mechanism mediated by PGEa.
Elevated PGEz> is thought to increase intracellular Ca2* levels which in turn
induces lysosomal protein release. Accelerated muscle proteolysis induced by
crude IL-1 is neither diminished by the presence of insulin, nor is it synergestic
with other catabolic hormones such as corticosteroid or glucagon (59). Several
nutrients regulate the release of IL-1 from monocytes in nondeficient states.
Since prostaglandins inhibit IL-1 release, it was hypothesized that w3 fatty acids
inhibited IL-1 release by affecting the production of arachidonic acid metabolites
(48).

Interleukin-6 is a major cytokine mediator of MT gene expression and zinc
metabolism in hepatocytes (113). The reason for acute phase hepatic MT
induction and zinc accumulation is not yet clear. One potential benefit of moving
zinc out of plasma and into organs such as the liver is to enhance zinc's
availability to these tissues. Based on zinc's role in stabilizing membrane and
MT's purpoted role as an oxygen radical scavenger, it has been proposed that
zinc and MT may play important intracellular roles as antioxidents by protecting
hepatocytes and other cells during infection when host-generated cytotoxic
oxygen species are produced in large quantities. In several experiments,
treatments that increased hepatocyte MT and zinc reversed the deleterious
effects of CCl4 on hepatocyte viability. These results are consistent with a

functional role of zinc and MT in membrane stabilization (12, 31).
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Metallothionein may serve to provide zinc to metalloenzymes and to "zinc
finger" motifs of DNA or may act to buffer intracellular zinc concentrations for
these or a variety of other functions. Also, MT may play a cytoprotective role as a
scavenger of hydroxyl or oxygen radicals or as a donor of zinc for stabilization of
membranes (12, 35, 95).

The consequences of acute-phase responses are anorexia, loss of lean body
mass, fever, gluconeogenesis, hepatic secretory protein synthesis, and trace
element redistribution (60, 114, 119). Characteristic changes in trace element
metabolism are an integral part of the acute phase response. These changes
are usually reflected in increased serum copper and decreased serum iron and
zinc levels. Decreased serum Zn levels apparently result from the synthesis of
MT in liver and other tissues (85, 128, 132). It appeared that TNF plays a
principal role in the down regulation of the albumin gene as well as reducing the
rate of albumin mRNA translation (31).

The purpose of this study was to determine whether the production of IL-1,
IL-6, or TNF by murine peritoneal macrophage was affected by the onset of zinc

deficiency.
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INTRODUCTION

Generally, malnutrition and select trace mineral deficiencies are recognized
as one of the causes of an impaired immune response. Furthermore, nutritional
deficiency can initiate and make worse several disease states (10).

The trace element zinc (Zn), has been shown to be an essential nutrient for
normal physiological function for more than one century. Even though the
frequency and severity of Zn deficiency in human populations is an issue of
considerable debate, there are several high risk groups. These groups include
infants, adolescents, women of reproductive ages, and the elderly (8, 14, 18,
28).

The signs and symptoms of zinc deficiency vary with the length and degree
of the deficiency and the age and species of the affected animal. Characteristic
physiological and biochemical changes associated with zinc deficiency are
anorexia, growth retardation, alopecia and skin lesions, reproductive
abnormality, skeletal defects, impaired wound healing, decreased
immunocompetence, decreased concentration of plasma zinc, decreased
enzyme activity in plasma and tissues, and increased lipid peroxidation (2).

In humans, many investigators have demonstrated that zinc deficiency
contributes to the severity and pathogenesis of several diseases. A
representative of these diseases is inflammatory bowel disease (IBD) which
includes ulcerative colitis and Crohn's disease. The etiology of IBD remains
unknown, with several theories postulating a genetic, infectious, psychosomatic,

or immunologic origin (1, 8, 18).
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Recent studies indicate that zinc is needed for development of immune
responses (3, 19, 20, 27). It has been known that zinc deficiency causes
involution of thymus and spleen but does not affect vital organs such as brain,
liver, or heart (26). Reduced numbers of circulating white blood cells, i.e.,
leukopenia, are associated with a small thymus and spleen. A reduction in the
number of lymphocytes, especially T lymphocytes, mainly contributes to the
leukopenia associated with zinc deficiency (2). However, the numbers of
peripheral blood neutrophils and monocytes of zinc deficient animals are within
normal range (10). |

One consequence of zinc deficiency is adrenal hypertrophy and an increase
in circulating glucocorticoids which accelerates thymic atrophy (18). Other
reports also suggest that zinc deficiency may alter thymic epithelial function and
impair thymic hormone, thymulin, production, which in turn would inhibit T cell
maturation in the thymus and the periphery. Consequently, induction of several
T cell markers, and promotion of T cell functions including allogenic cytotoxicity,
suppressor functions, interleukin-1 (IL-1) production, and T cell differentiation
are restricted (9, 15, 17). Among the T cell subsets, T helper cells are the most
vulnerable to zinc deficiency and it is testified by the decreased ratio of T4+/T8+
lymphocytes (18). These alteration in the immune system contribute to the
immune dysfunction observed in zinc deficient animals (4, 12).

When pathogens or inflammatory agents invade the body, the host responds
not only by mounting specific and nonspecific immune responses against the
causal agent but also by initiating a well-characterized series of metabolic
adjustments which is often referred to as the acute phase response (APR). This

response can cause decreased food intake, increased resting energy
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expenditure, gluconeogenesis, glucose oxidation, hepatic synthesis of fatty
acids and acute phase proteins, decreased fatty acid uptake by adipocytes, and
altered distribution of zinc, iron, and copper. This response is mediated by
several hormones and host products released from stimulated leukocytes and
these products are referred to as cytokines. The three cytokines that are best
known as regulators of the acute-phase response are IL-1, tumor necrosis
factor-o (TNF-at), and IL-6 (11, 22).

Zinc ion has also been shown to protect mice against lethal endotoxin shock
(24). The zinc ion appears to mediate the stabilization of the cell membrane, so
that lysosomal mediators, especially proteases, can not be released. Zinc has
been shown to protect a variety of membrane systems against peroxidative
damage induced by carbon tetrachloride or high oxygen tension (24, 25).

The impact of zinc deficiency on the induction of an inflammatory response
and cytokine production is not clearly understood. There are several questions
which still remained unresolved: 1) whether inflammatory bowel disease
induces zinc deficiency or zinc deficiency provokes inflammatory bowel
disease; 2) whether inflammation in zinc deficient animals was worsened by
enhanced production of cytokines or by reduced resistance of biomembrane; 3)
whether reduced concentration of cytokines in the serum of zinc deficient
animals was due to the depressed production of cytokines on a cellular basis or
to the decreased number of cells capable of producing cytokines. The purpose
of this study was to determine whether the production of IL-6, or TNF by murine

peritoneal macrophage was affected by the onset of zinc deficiency.
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MATERIALS AND METHODS

Experimental animals

Five to six week old BALB/cByJ mice were used. Mice were originally
purchased from Jackson Laboratories, Bar Harbor, ME. All mice for this work
were obtained from breeding colonies maintained in the Laboratory Animal
Facility of the College of Veterinary Medicine, lowa State University. All
breeding colonies were maintained on Mouse Lab Chow #5010 (Purina Mills,
inc., St. Louis, MO). For the control diet, mice were fed Mouse Lab Chow which
will be referred to herein as the "Normal" diet. In these experiments, weanling
mice were fed normal diet for 1 or 2 weeks, then divided into two groups
designated as zinc deficient (Zn-) and zinc sufficient (Zn+) within gender groups
and they were fed the respective diets for an additional 3 or 6 weeks. Zinc
sufficient diet (Harlan Teklad, TD 85420, Madison, WI) contained 50 parts per
million (ppm) zinc and zinc deficient diet (Harlan Teklad, TD 85419, Madison,
WI) contained less than 1 ppm zinc. Both the zinc sufficient (TD 85420) and
deficient (TD 85419) diets were nutritionally complete and only differed in the

amount of zinc present in each of the diets.

Collection of peritoneal exudate cells

Peritoneal exudate cells (PECs) were collected according to the following
protocol. Mice were injected i.p. with 2 ml of mixture containing 1.5%
thioglycollate (Difco Laboratories, Detroit, Ml) and proteose peptone (0.5 %

solution, Difco Laboratories, Detroit, Ml). Three days post-inoculation, mice
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were sacrificed by cervical dislocation. Peritoneal macrophages were collected
aseptically by flushing the peritoneal cavity twice with 7 ml pyrogen-free
phosphate buffered saline (PF-PBS; 136.9 mM NaCl, 8.1 mM NagHPO4, 1.5
mM KH2POy4, 2.7 mM KCI, pH 7.2) containing 10 units/ml heparin (Elkins-Sinn,
Inc., Cherry Hill, NJ) and 1% fetal bovine serum (FBS, JR Scientific, Irvine, CA).
After washing with PF-PBS one time, cells were washed twice with pyrogen-free
minimal essential medium (MEM, Sigma Chemical Co., ST. Louis, MO)
supplemented with 3.7% NaHCOaz, 25 units/ml penicillin, 25 pg/ml streptomycin,
and 2 mM L-glutamine, and then resuspended in pyrogen-free MEM. Cells were
counted and dispensed at 0.25 x 108 PECs/ml in each well of 12 well culture
plates (Costar, Cambridge, MA) and treated with 0, 0.03, 0.1, 0.3, 1, or 3 ug/ml
Escherichia coli K235 endotoxin (TCA extracted, Sigma Chemical Co., St.
Louis, MO) respectively and incubated for 8 or 12 hr at 37°C in a 5% CO2
humidified incubator. Supernatant fluids were harvested and after centrifugation
(model TJ-6, Beckman, Palo Alto, CA) at 1000 rpm for 10 min, the cell-free

supernatants were stored at -70°C.

Harvesting serum

Experimental mice were injected i.p. with 1 ug Escherichia coli K235
lipopolysaccharide (E. coli LPS, phenol/water purified, Sigma Chemical Co.,
St. Louis, MO) suspended in 1 ml pyrogen-free saline and control mice received
an i.p. injection of pyrogen-free saline alone (1 ml). One and half hour later,
blood samples were obtained by retro-orbital puncture. Serum was collected,

centrifuged, and stored at -70°C.
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TNF Bioassay

Murine L929 cells were maintained in L929 media (MEM supplemented with
10% horse serum (HS, Hyclone, Logan, Utah)). Cells were removed by
scrapping, washed twice, and resuspended in L929 media at 0.25 x 106
cells/ml. One tenth ml of cells was added to each well of a 96 well microtiter
plate (Costar, #3268, Cambridge, MA) and incubated overnight at 37°C in a 5%
CO2 incubator (model GCA, Precision, Bedford, MA). Samples were diluted in
TNF media (L929 media plus 3 nug Actinomycin D/ml media (Sigma Chemical
Co., St. Louis, MO)) and added to wells of L929 monolayers as a 1:1 dilution.
The plates were incubated for an additional 18 hr. The cells were fixed with 50
il of 10% phosphate buffered formalin (PBF) for 10 min and non-adherent cells
were removed by washing with a saline solution. Residual monolayers were
stained with a 100 ul of 0.2% crystal violet (#73136, Fisher Scientific Co., Fair
Lama, NJ)-20% formalin solution/well for 20 min and excessive crystal violet
was removed by washing 3 times with tap water. The plates were dryed then the
remaining crystal violet was solubilized with 100 ul of absolute alcohol in PBS
(1 vol : 1 vol) and quantitated by measuring optical density (O.D.) at 595 nm on

an ELISA reader (model EL 301, Biotek Instruments, Winoaski, VT).

IL-6 Bioassay

The B-9 subclone of an IL-6 dependent cell line (obtained from Dr. Mike
Murtaugh, University of Minnesota) was maintained in RPMI-1640 media
(Sigma Chemical Co., St. Louis, MO) supplemented with 3.7% NaHCQg3, 25
units/ml penicillin, 25 pg/ml streptomycin, 2 mM L-glutamine, 5% FBS, 50 uM 2-
mercaptoethanol, and 3.3 x 103 u/ml rIL-6 (#HIL-6-D, Genzyme, Cambridge,
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MA) for the normal growth of the cells. Cells were harvested from the tissue
culture flasks (Costar, Cambridge, MA ), washed 3 times with RPMI-1640 and
counted. Cells were resuspended to 5 x 104 cells/ml in RPMI with 5% FBS and
dispensed at 100 ul per well in 96 well culture plates. Supernatant samples
were then diluted and added at 100 pl/well. The cells were cultured for 64 hr at
37°C in 5% COg then pulsed with 3H-thymidine. After 6 hr additional incubation,
cells were harvested on glass-filter paper and the incorporation of 3H-thymidine
was measured by a liquid scintillation counter (model 1500, Packard, Downers

glove, IL).

Alkaline phosphatase activity measurement

Sera of mice were diluted with ELISA media (#104-0, Sigma chemical Co.,
St. Louis, MO). For the standard, diluted alkaline phosphatase (#075-1806,
Kirkegaard & Perry Laboratories Inc., Gaithersburg, MD) were used. The
substrate was added and the O.D at 405 nm was measured at 0, 5, 15, 30, and

60 min.

Statistical Evaluation

Student's t-distribution was used to determine significance.
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RESULTS

The body weight changes of three groups of mice which were fed normal,
zinc deficient (ZD) or zinc sufficient (ZS) diets are represented in Figure 1, and
corresponding alkaline phosphatase activities are expressed in Figure 2. In the
weight gain comparison, mice fed the ZD diet gained the least amount of weight,
regardless of gender. In contrast, mice pair-fed the ZS diet weighed
approximately 80% of the weig.ht determined for mice fed the normal diet ad
libitum. In contrast, the ZD female mice gained about 50% less than normal
female mice while male mice only gained 27% of the weight gained by male
mice fed normal lab chow (Fig. 1).

Alkaline phosphatase has been used as one of the indicator enzymes of zinc
deficiency. The serum alkaline phosphatase activity in the serum of ZD mice was
less than that determined for ZS and control mice (Fig. 2). The reduction in
alkaline phosphatase activity was evidenced by the decreased slope obtained
from the line generated by the alkaline phosphatase activity in the serum of the
ZD mice (Fig. 2).

In the comparison of organ sizes among mice fed the three different diets, the
mice fed the ZD diet had the smallest spleens and thymuses regardiess of
gender (Table 1). Between thymus and spleen, the involution rate of thymus was
greater than that of spleen. One of the interesting results was that at the same
age in the same diet group, usually female mice had bigger organs than those of
males, in terms of both absolute and relative organ weight (Table 1). The range

of organ sizes among the three diet groups was also bigger in female mice than
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in male mice. The changes of organ weights from three weeks to six weeks were
thought to be synchronous effects of both long-term dietary zinc deficiency and
in part natural changes of the organs (Table 1).

The production of TNF from PECs was dependent upon the dose of E. colf
endotoxin with 3 ug/ml as the dose which stimulated maximal activity of PECs.
Compared to that of female mice, PECs from male mice demonstrated a larger
difference in the production of TNF depending upon the diet. (Fig. 3). Peritoneal
macrophages recovered from mice fed a ZS diet produced more TNF than PECs
from mice fed a ZD diet (Fig. 3). When cultured for more than 8 hr, PECs from
mice fed the ZD diet produced less TNF than PECs from ZS mice. This was even
true for PECs recovered from the less sensitive female mice (Fig. 4). The time
point production experiment, both diet groups produced comparable amounts of
TNF from 1 hr to 8 hr post-treatment, however, after 8 hr incubation, the amount
of TNF produced from PECs of ZD mice decreased rapidly compare to that
produced by PEC from ZS animals. The maximal TNF production was reached
at 4 hours post-treatment (Fig. 4).

The results obtained from the IL-6 bioassay were comparable with the TNF
assay results. Both in male and female mice, PEC from ZS mice secreted more
IL-6 than did the PEC from ZD mice (Fig. 5). The PEC recovered from ZD male
mice, however, secreted very little IL-6 regardless of the endotoxin dose. In
contrast, the IL-6 production from PEC obtained from female mice was closely
dependent upon the dose of endotoxin. At a dose of 3 ug/ml endotoxin, ZD
female mice produced as much IL-6 as their ZS counterparts but at a dose > 0.1

ug/mi endotoxin, the production of IL-6 was not detectable. In contrast, there was



32

no significant difference in the amount of IL-6 produced by PEC from ZS mice

over a wide dosage range of endotoxin (Fig. 5).
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Figure 1. Percentage weight gain of mice which were fed normal diet ad
libitum (Mouse Lab Chow), pair-fed the zinc sufficient diet (50 ppm,
Zn+), or zinc deficient diet ad libitum (1 ppm, Zn-) for 3 or 6 weeks.
Each value is expressed as the mean (n= 810 10) = S.E.M. The
percentage scores indicate relative weight gain in the treatment
groups compared to normal weight gain. F refers to female and
M refers to male. The body weights of the normal mice after 3 week
diet treatment were 20.2 + 1.6 and 22.7 + 1.2 and after 6 week
diet treatment were 21.8 £ 2.1 and 27.6 £ 1.8 in female and male mice

respectively. p values are expressed compare to normal diet mice.
*, p<0.05

** p<0.005
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Figure 2. Kinetics of serum alkaline phosphatase activity of mice which were
fed 3 different diets for 3 weeks. Activities of the enzyme were
measured at 0, 5, 15, 30, and 60 min after adding substrate. Each
point represents average of 5 individual measurements. Slopes are
expressed by dividing the O.D difference of the enzymatic activity with
time. Serum was collected from 5 mice in each group.
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Table 1. Spleen and thymus weights of mice fed 3 different diets.

Treatment group@ 3 Weeks Posttreatment?

Spleen¢ Thymus®
(mg) (mg)
Male
Normal N.D.d 40.8+12.5
Zn+ 110.6 £ 22.3 35.3+09.0"
Zn 75.1+186# 229+ 074
Female
Normal N.D. 78.2 £ 15,7
Zn+ 112.7+14.8 55.5+08.9 *
Zn 91.0+19.3# 349+13.1 "
6 Weeks Posttreatment
Spleen Thymus
(mg) (mg)
Male
Normal 93.2+04.4 40.0 £ 08.5
Znt 80.5+05.0" 458 +15.9
Zn- 61.0+£13.3™ 17.8+03.6 **
Female
Normal 112.5+08.3 57.8+04.5
Zn+ 916+14.0 ™ 37.6 +04.4 "
Zn- 64.0+18.2 ** 25.0+ 089 *

a Nor refers to mice fed the Purina lab chow (#5010), Zn+* refers to mice fed the
Teklad diet (TD 85420) containing 50 ppm zinc, and Zn- refers to mice fed the
Teklad diet (TD 85419) containing 1 ppm zinc.



36

b QOrgan weights were measured at both 3 weeks and 6 weeks after initiation of
the treatment. Separate groups of mice were used for each time point.

¢ Measurements are expressed as the mean (n=8-10) £ S.E.M,

d N.D.=not determined.

*, p<0.05 compare to normal values at the time point within gender.

** p<0.005 compare to normal values at the time point within gender.
#, p<0.05 compare to zinc sufficient mice.
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Figure 3. Tumor necrosis factor activity in the culture supernatant fluid of
macrophages recovered from mice fed zinc sufficient or zinc deficient
diets for 6 week. Harvested macrophages were cultured at 0.25 x 108
cells/ml concentration. Data is presented as the percentage
cytotoxicity of L929 cells induced by individual culture supernatant
fluids (1:20 dilution) from macrophages treated with the indicated
amounts of E. coli K235 endotoxin for 8 hr. Each point is a mean
+ S.E.M. of 6 measurements.
*, p<0.05, compared to zinc sufficient treatment value.
**, p<0.005, compared to zinc sufficient treatment value.
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culture supernatant fluid of peritoneal macrophages recovered from
female mice fed either a zinc sufficient or deficient diet. Supernatant
fluid was collected at various times following initiation of the treatment
(E. coli K235 endotoxin at 1 ug/ml). Data are presented as the mean =

S.E.M. of the percentage cytotoxicity of L929 cells.
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Figure 5. Production of interleukin-6 by murine peritoneal exudate
cells after stimulation with E. coli K235 endotoxin. Both male (M) and
female (F) mice were fed either zinc sufficient (Zn+) or zinc deficient
(Zn-) diet for 6 weeks. Data are presented as the mean £ S.E.M.
counts per minute of triplicate cultures as described in Materials and
Methods.
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DISCUSSION

Various effects of zinc deficiency have been described by many
investigators. Of these effects, retarded growth or weight gain is readily
demonstrable. In agreement with previous work (9, 15, 19, 29), we observed
retarded weight gain of ZD mice (Fig. 1). This failure to grow can be explained
by reduced appetite or food intake of mice fed a ZD diet (6). It has also been
described that ZD animals have poor energy efficiency and high energy cost for
the maintenance of normal physiology (7). However, reduced food intake can
not be the only reason for the poor growth because, compared to pair-fed mice,
ZD mice still have significantly lower weight gain in comparison to mice fed the
normal lab chow (in females 88% and 54%; in males 81% and 27%,
respectively) (Fig. 1). In this experiment, the discrepancy of weight gain
between ZD male and female mice was also observed. During the 6 week trial
period, ZD female mice gained approximately 50% of the weight gained by
normal female mice, while ZD male. mice only added about 27% of the weight
gained by normal male mice (Fig. 1).

Zinc has been shown to be an essential part of many metalloenzymes (7).
Alkaline phosphatase is one of the well-known metalloenzymes which contains
four atoms of zinc per enzyme and is very sensitive to zinc deficiency.
Therefore, alkaline phosphatase can be a useful indicator of zinc deficiency.
Roth and Kirchgessner observed rapid decrease of serum alkaline
phosphatase activity in rats (22). In their experiment, serum obtained from

animals fed a ZD diet for 2 days had 75% of the alkaline phosphatase activity
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detected in the serum from control animals, and serum collected after 4 days
dietary depletion had a 50% reduction in activity. In our mouse model, the
results were compatible with those of Roth and Kirchgessner. The activity of
alkaline phosphatase in the serum of mice fed the ZD diet was lower than that
of mice fed a normal or ZS diet (Fig. 2). The decreased serum alkaline
phosphatase activity observed from mice fed the ZD diet could be explained by
the low activity of the enzyme or a decreased amount of the enzyme (7).
However it is more likely that a decrease in available zinc resulted in the
decreased activity. The total serum zinc concentration was reduced in mice fed
a ZD diet (data not shown).

Zinc deficiency also has been known to affect lymphoid organs, especially
thymus and spleen. Both organs are rapidly involuted during periods of zinc
deficieny (5, 7, 14). In comparison to normal mice, mice fed the ZD diet for 3
weeks showed greater differences in organ weights than mice fed the ZD diet
for 6 weeks (Table 1). Involution of the thymus after the adolescent period is a
well-studied phenomenon. This phenomenon can partially explain the greater
difference of organ weight observed in mice at 3 weeks posttreatment in
comparison to mice at 6 weeks. Therefore, the differences in organ size
observed between mice at 6 weeks and 3 weeks may have occurred as a result
of natural involution of the organ in combination with the effects of long-term
zinc deficiency. Another interesting observation was the difference in organ
sizes between male and female within a treatment group. Among all 3 diet
groups, at both the 3 and 6 week time points, female mice had bigger organs
than their male counterparts (Table 1). Previously, other investigators have also

observed gender-related differences in the responses to zinc deficiency (7, 24),
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but these observations are not universally accepted (7, 24). However, in this
experiment, a clear gender difference was observed with respect to the size of
the thymus and spleen, total weight gained, and mortality (data not shown).

Tumor necrosis factor-a or cachectin has been known as a pluripotent
cytokine in inflammatory responses (12, 23). In animal models, i. p. injection of
bacterial LPS, or endotoxin can elicit serum TNF production (16). Murine
peritoneal exudate cells (PEC) treated with E. coli endotoxin in vitro will
produce TNF. The amount of TNF produced by the endotoxin stimulation
corresponds with the dose of endotoxin used with a maximal response obtained
at a dose of 3 ug/ml (Fig 3). In the present experiment, PECs from ZS and ZD
female mice did not show significant difference in the production of TNF.
However, the differences in TNF production by PECs from male mice fed ZD or
ZS diets were significant (Fig. 3). Even though female mice appeared to be less
sensitive to the effects of zinc deficiency, PEC collected from female mice fed
the ZD diet produced less TNF than control mice when the supernatant fluid
was collected later than 8 hr after the initiation of the culture (Fig. 4). From this
observation, it was postulated that the amount of available zinc in the serum of a
animal is a limiting fact to regulate synthesis of cytokines. Since zinc is an
essential element for numerous metalloenzymes, PEC from ZD mice may have
depressed enzymatic activity after use up available zinc in the cell (8).

The production of IL-6 appeared to be more sensitive to nutritional zinc
deficiency than was the production of TNF (Fig. 5). The production of IL-6 from
PEC recovered from ZD female mice was only detected following treatment with
<0.3 png/ml endotoxin. Peritoneal exudate cells from ZD male mice did not

produce detectable amounts of IL-6 when stimulated with endotoxin (Fig. 5).
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However, PECs from mice fed the ZS diet secreted large amount of IL-6 even at
the lowest dose of endotoxin tested. This result suggests that a change in the
stimulatory threshold of PEC from ZD mice. To provoke a cytokine response
from ZD animals, either an increase in the amount of endotoxin is required or
other co-factors are required to augment the action of endotoxin. It is possible
that the results observed in vitro will not be observed in vivo since many other
cell types are present and may provide the necessary co-factors for the initiation
of a cytokine response. In fact, there were no differences in the serum levels of
TNF following i.p. injection of endotoxin, regardless of the dietary treatment
(data not shown).

These results confirm the importance of zinc in host immune responses to
outside pathogens via cytokine production. In addition, it was observed that
female and male mice adjusted differently to dietary zinc deficiency. Female
mice were less effected by zinc deficiency than male mice and the PEC
recovered from female mice were more responsive to endotoxin than were PEC
from male mice. These differences in cytokine production may be the
consequence of the dietary zinc deficiency. The endocrine and physiological
differences between male and female mice may contribute to the relative
susceptibility to zinc deficiency. In conclusion, these data indicate that dietary
zinc deficiency can alter the ability of PECs to produce inflammatory cytokines

and that this effect is compounded by the gender of the animal.
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GENERAL SUMMARY

The effect of zinc deficiency on the ability of cytokine production by murine
macrophage was studied. This paper showed a differential effect of zinc
deficiency between male and female mice. Generally, ZD male mice suffered
more severely than ZD female mice in terms of both weight gain and cytokine
production. With respect to organ size, female mice had bigger thymuses and
spleens than those of males in both ZS and deficient diet groups.

The amount of tumor necrosis factor (TNF) produced by PEC corresponded
with the amount of endotoxin used for stimulation with a maximum production of
TNF at the highest dose of endotoxin tested 3 pg/ml. Compared to female mice,
ZD male mice produced significantly less TNF. There was no significant
difference in TNF production by PECs collected from ZD or ZS female mice.
However, if the PECs from ZD female mice were cultured for more than 8 hr, a
decreased ability to produce TNF was detected. With regard to the production
of interleukin-6 (IL-6), the effect of zinc was more evident. Péritoneal exudate
cells from female ZD mice required 10 times the amount of endotoxin to induce
IL-6 when compared to PEC from ZS mice. Peritoneal exudate cells from ZD
male mice did not produced detectable amounts of IL-6 at any level of
endotoxin tested.

These results suggest that even though zinc deficiency does not completely
obrogate the ability of PECs to produce cytokines, zinc deficiency can or may
downregulate cytokine production and that PECs from male mice are more

severely affected than PECs from female mice.
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