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The effect of zinc status on the immune function of diabetic rats 
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Summary. To evaluate the role of zinc status in immune 
system dysfunction in diabetic animals, the interleukin-2 pro- 
duction and the lymphocyte mitogenic response to phytohae- 
magglutinin, concanavalin A and lipopolysaccharide were 
measured in streptozotocin-induced diabetic rats, diabetic 
rats treated with insulin and their non-diabetic controls 
maintained on low zinc, normal zinc and high zinc diets for 
3 weeks. Unstimulated lymphocyte proliferation was signifi- 
cantly lower in diabetic rats compared to nondiabetic con- 
trol rats maintained on normal zinc diet (1505+_318vs 
3447-+_497cpm) (p<0.005) or low zinc diet (546_191vs 
4011_+628cpm) (p<0.005). High zinc diet attenuated the 
difference between the diabetic rats (2404_+833 cpm) and 
control rats (3929 +_ 713 cpm). Insulinised diabetic rats were 
similar to control rats. Phytohaemagglutinin-stimulated 
lymphocyte proliferation was not significantly altered with 
dietary zinc changes, but diabetic rats on low zinc diet had 
significantly lower (p<0.025) values compared to control 
rats on the same diet (41470_+ 7874 vs 72308 + 8895 cpm). In- 

sulinisation did not normalise phytohemaegglutinin-stimu- 
lated lymphocyte proliferation (40711 -+ 3666 cpm). Similarly, 
cells from diabetic rats on low zinc diet, unlike their controls, 
failed to respond to concanavalin A stimulation. Compared 
to control rats the diabetic rats on either low or normal zinc 
diets had lower lipopolysaccharide-stimulated lymphocyte 
proliferation. High zinc diet or insulinisation normalised 
mitogenic response of lymphocytes to lipopolysaccharide. 
Unlike the diabetic rats alterations in dietary zinc intake did 
not significantly affect the lymphocyte proliferation in 
control rats. Neither the diabetic state nor zinc status had 
any significant effect on interleukin-2 production. Thus, zinc 
status of the animal is an important determinant of cell-me- 
diated immunity, but additional factors peculiar to the dia- 
betic state may be involved in the modulation of the immune 
system in diabetes. 
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Some of  the major  causes of  morbidity and mortality 
in diabetic patients are related to impaired immune 
function [1-6]. The cause of  the immune system dys- 
function in diabetes mellitus is multifactorial and 
may be related in part to zinc status. Zinc has an im- 
portant  role in modulating the immune system [7-9] 
and diabetic patients are at risk of  developing zinc 
deficiency [10]. Zinc supplementat ion in elderly sub- 
jects over 70 years of  age resulted in a significant im- 
provement  in the number  of  circulating T-cells, de- 
layed cutaneous hypersensitivity, and the ant ibody re- 
sponse to tetanus vaccine [11]. Similarly, Steidemann 
and Harrell [12] found a correlation between serum 
zinc and post-immunisation ant ibody titres to influen- 
za vaccination in elderly women. Zinc deficiency is 
associated with low peripheral blood natural killer 
cell activity [13] and decreased lymphocyte responses 

to phytohaemagglut inin (PHA) and other mitogens [8, 
9]. Zinc supplementat ion improved the natural killer 
cell activity in zinc deficient mice [14]. Salutary ef- 
fects of  zinc supplementat ion on PHA response is 
found in patients with lung cancer and low serum 
zinc levels [15] as well as in diabetic patients [16]. 
However,  the natural killer cell activity in these pat- 
ients did not  improve with zinc replacement [15, 16]. 
Studies in animal models of  diabetes have also indi- 
cated a significant alteration in the immune status 
[17-22]. It is not known whether zinc supplementa- 
tion would partially or completely normalise the lym- 
phocyte  response to mitogens in these animals. Do- 
naldson et al. [18] concluded that zinc deficiency does 
not contribute substantially to the impaired in vivo 
cell mediated-immunity in the genetically diabetic 
mouse, 
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Circumstantial evidence in the literature suggests 
an important role of zinc status in immune system 
dysfunction of diabetes. A causal role of zinc defi- 
ciency in the impaired immune response in diabetes 
would be suggested if zinc deficiency in non-diabetic 
control animals results in alteration in immune func- 
tion similar to those in diabetic animals, and if zinc 
supplementation reverses these alterations in diabetic 
animals. Furthermore, a zinc-deficient diet should ag- 
gravate impairment of the immune system in diabetic 
animals. 

and 300 .ug fresh glutamine/ml (complete medium with a zinc con- 
tent of 0.6 gg/ml [24]. The splenic cells obtained by teasing were sus- 
pended in RPMI complete medium and washed once. The cell den- 
sity was adjusted to 1.25 x 106 cells/ml. 200 gl of cell suspension 
2.5 x 105 cells were delivered in triplicate to flat - bottom microtitre 
plates. 

The concentration of the mitogens used was as follows: phyto- 
haemagglutinin (PHA) 1.25 [xg/ml, concanavalin A (Con A) 2 [xg/ml 
and lipopolysaccharide (LPS) 8 ~g/ml. The cells were incubated 
under 5% CO2 95% 02 for 56 h at 37~ The cells were then pulsed 
for 16 h with 0.4 ~xCi of 3H-thymidine in 10 ~xl of media. At the end 
of incubation the cells were harvested onto glass fibre strips with a 
cell harvester (model M12-V; Biomedical Research Inst., Rockville, 
Md, USA). The radioactivity was counted in a Beckman liquid scin- 
tillation counter. 

Materials and methods 

Materials 

3H-Thymidine (specific activity 6.7 Ci/mmol/1) was obtained from 
New England Nuclear (Boston, Mass, USA). Biochemicals were ob- 
tained from Sigma Chemical Co. (St. Louis, Mo, USA). The test diets 
were purchased from Teklad diets (Madison, Wis, USA). 

Animals 

Male (CDF) (F-344) rats of 3 months of age were obtained from 
Harlan Industries (Indianapolis, Ind, USA). 1.3% solution of strep- 
tozotocin (Upjohn Co., Kalamazoo, Mich, USA) in 0.05 tool/1 cold 
citrate buffer (pH 4.5) was injected i.p. at a dose of 45 mg/kg body 
weight. The control rats were concurrently injected with citrate buff- 
er. The animals were maintained on regular rat chow and water ad 
libitum. Those rats manifesting glucosuria, polydipsia, polyphagia 
and weight loss were considered diabetic. The urinary excretion of 
ketones measured by Keto-Diastix (Ames Miles Laboratories, Elk- 
hart, Ind, USA) was either trace or negative. In addition, a group of 
streptozotocin - diabetic animals was given neutral protamine of 
Hagedorn (NPH) insulin, 10 u/kg s.c. twice daily. The plasma glu- 
cose was measured on the day of killing. Three weeks after strepto- 
zotocin treatment, diabetic rats and their controls were subdivided 
into three diet groups. Each rat was housed individually and its body 
weight, food and water intake were monitored. The first group of 
rats was fed a zinc deficient diet containing 0.5 lxg Zn/g, the second 
group was fed a normal diet containing 37.5 lxg Zn/g, and the third 
group of rats was fed a zinc supplemented diet containing 
1.0 mg Zn/g. All the rats were given double distilled water ad libi- 
turn containing less than 1.0 gg Zn/1. Necessary precautions were 
taken to minimize coprophagia. The rats were pair-fed with the 
group on zinc deficient diet. On the average, the diabetic rats were 
given 15 g chow/day per rat and the control rats were given 10 g 
chow/day per rat. The animals were kept on these diets for three 
weeks after which, under pentobarbital anaesthesia (50 mg/kg i.p.), 
they were killed by ex-sanguination from the abdominal aorta. The 
internal organs and samples of hair were collected for mineral me- 
tabolism studies; the preliminary results are published elsewhere 
[23]. In a subset of rats in each group (n = 5), a portion of spleen was 
collected for measurement of zinc content. 

Spleen cell mitogenic response 

The spleen was excised and kept in tissue culture media on ice until 
use. The tissue culture media used in these experiments was 
RPMI 1640 containing 25 mol/1 HEPES buffer supplemented with 
10% heat - inactivated fetal calf serum (GIBCO, Grand Island, NY, 
USA), 80 ug/ml gentamicin (Schering Corp., Kenilworth, NJ, USA), 

Interleukin-2 (IL-2) assay 

The IL-2 assay was carried out as described previously [25]. In brief 
IL-2 was produced by stimulating the spleen cells (2 x 106 cells/ml) 
in RPMI 1640 complete medium with Con A (2 ~tg/ml) and 2-mer- 
captoethanol (5 x 10-Smol/1) for 24h. The supernatant was col- 
lected, frozen at - 7 0 ~  until the IL-2 assay was performed. A vol- 
ume of 100 .ul from each of 4 two-fold serially diluted IL-2 samples 
(1/2 to I/16) were delivered to the microwells followed by the addi- 
tion of 100 ~tl of twice washed IL-2 dependent CTLL-2 cells (which 
had been adjusted to 5 x 104 cells/ml). The cultures were incubated 
at 37~ for 20 h in a 5% COz-humidified incubator. 0.4 gCi of 3H- 
thymidine in 10 lxl was added to each well and 4 h later the cells 
were harvested onto glass fibre strips with a cell harvester (Biomedi- 
cal Research Inst.), and processed for detection of radioactivity. IL- 
2 activity was expressed in units based on probit analysis described 
by Gillis et al [261. The same rat IL-2 standard was used in all IL-2 
assays and was arbitrarily assigned an activity of 100 units. 

Statistical analysis 

Results are presented as mean+ SEM. The statistical analysis was 
done by two way analysis of variance (ANOVA). A p value of < 0.05 
was considered statistically significant. 

Results 

Table I summarizes the body weights before and after 
3 weeks (Day 21) of dietary manipulation and the plas- 
ma glucose levels on the day of killing. Splenic zinc 
content in a subset of animals (n = 5 in each group) is 
also shown. The body weight of diabetic animals at the 
end of 3 weeks was significantly lower than that of 
the control rats irrespective of dietary zinc intake 
(p<0.001). Insulinisation with normalisation of plas- 
ma glucose levels prevented weight loss in diabetic 
rats. The body weight of control rats on zinc deficient 
diets was modestly lower than the weight of those 
maintained on normal or high zinc diets. Dietary zinc 
content did not significantly affect total body weights 
or plasma glucose levels of diabetic rats. The splenic 
zinc content was not altered with neither diabetes nor 
with the alterations in dietary zinc intake. 

Table 2 summarizes the results of 3H-thymidine in- 
corporation in lymphocytes isolated from control and 
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Table 1. The plasma glucose, spleen zinc content and body weight of control (C), diabetic (DM) and insulinised diabetic (DM/Ins) rats main- 
tained on low, normal and high zinc diets 

Dietary Plasma glucose Spleen zinc Day 1 Body weight (g) Day 21 
zinc (mmol/l) (lxg/g) dry weight 

C DM DM/Ins  C DM DM/Ins  C DM DM/Ins  C DM DM/Ins  

Low 10.1+_0.52 31.9+-2.5 8.7+_0.33 75.2+-5.2 78.5+_11.1 76.6+-2.9 184+-3.8 168_+7.3 220+-4.1 201+-5.2 157+11.1 246_+5.9 
Normal 9.7+-0.43 32.1+-3.1 9.4+-0.31 84.2+_8.8 72.8-+ 3.9 70.5+-2.1 183+-3.2 173_+4.2 232+-3.9 242+-3.8 183+_ 7.2 289+_8.6 
High 9.7+-0.35 30.6+_2.0 9.9_+0.64 84.3-+4.7 79.7_+ 7.0 77.2+-7.4 187_+3.6 170+-4.6 215+_3.5 251_+4.5 165+- 6.8 249_+4.4 

Table 2. 3H-thymidine incorporation (cpm) in 2.5 x 105 unstimulated lymphocytes (baseline) and in lympbocytes stimulated with phytohae- 
magglutinin (PHA); concanavalin A (Con A) and lipopolysaceharide (LPS) ap< 0.025, bp< 0.005 compared to control rats on the same diet; 
Cp< 0.025, dp< 0.005 compared to normal zinc diet within each experimental group. (mean + SEM) 

Diet Control rats n Diabetics rats n Insulinised n 
diabetic rats 

I. Baseline 
Low Zn 4011_+ 628 (11) 546_+ 191 b, c (10) 2622 _+ 755 (8) 
Normal Zn 3447_+ 497 (12) 1505_+ 318 b (11) 2778.6+_ 640 (8) 
High Zn 3929+- 713 (12) 2404_+ 833 (11) 2669 _+ 336 (8) 

II. PHA 
Low Zn 72308+- 8895 (11) 41470_+ 7874 a (10) 40711 __.3666 a (8) 
Normal Zn 59478 -+ 8087 (12) 61243 +- 11176 (11) 43100 _+ 5946 (8) 
High Zn 62933+- 8163 (12) 57286+_ 5194 (11) 44380 +-6018 (8) 

III. Con A 

Low Zn 44325 + 10500 (11) 3257_+ 1879 (10) 37200 ___ 4884 (8) 
Normal Zn 42921 _+ 9951 (12) 26840+ 10276 (11) 44385 +_ 6855 (8) 
High Zn 48539-+ 10312 (12) 25907 +_ 6048 (11) 47436 -+ 344l (8) 

IV. L P S  
Low Zn 10079+- 1351 (11) 1569+_ 547 b, d (10) 8617 _+ 890 (8) 
Normal Zn 8932_+ 767 (12) 5416+_ 696 b (11) 6741 +- 755 (8) 
High Zn 11768+- 1595 (12) 7395_+ 1370 (11) 7838 _+ 1141 (8) 

diabetic rats maintained on different diets. Unstimu- 
lated lymphocyte proliferation was significantly lower 
in diabetic compared to control rats maintained on a 
normal zinc diet (1505 + 318 vs 3447 + 497 cpm, 
p<0.005) or low zinc diet (546+191vs 4011+ 
628 cpm p<0.005). High zinc diet attenuated the dif- 
ference between the diabetic (2404_+833 cpm) and 
control rats (3929 + 713 cpm). Changes in dietary zinc 
content had no effect on control rats, but high zinc diet 
compared to low zinc diet had a significant potentiat- 
ing effect on baseline lymphocyte proliferation in 
diabetic animals (p<0.01). The unstimulated lympho- 
cyte proliferation of insulinised diabetic rats was simi- 
lar to that of control rats. 

Phytohaemagglutinin (PHA) - stimulated lympho- 
cyte proliferation was not significantly altered with 
dietary zinc changes either in control rats or in diabetic 
rats. However diabetic rats on low zinc diet had signi- 
ficantly lower PHA-stimulated lymphocyte prolifera- 
tion compared to control rats on the same diet 
(41470+_7874vs 72308+8895cpm, p<0.025). Insu- 
linisation did not normalise PHA-stimulated lympho- 
cyte proliferation (40711_+3666 cpm). Similar results 
were found with concanavalin A (Con A) stimulation. 
The diabetic rats on low zinc had poor response to 
Con A (baseline 546 + 191 cpm, stimulated 3257 -+ 

Table3. Interleukin-2 production by 5x106 lymphocytes/ml 
following stimulation with concanavalin A (2 ~g/ml) and 2-mercap- 
toethanol (5 x 10-5mol/1) for 24h. (mean+SEM). The differences 
are not significant 

Diet Control rats Diabetic rats Insulinised 
Diabetic rats 

(n= 10) (n= 1o) (n= 8) 

Low Zn 313.2+16.3 320.2_+27.8 346 +22,4 
Normal Zn 325.6_+14.6 339.8+34.2 326.9+26,8 
High Zn 350.4+24,4 333.8+44.3 346.3+_13,4 

1879cpm). Insulinisation normalised Con A stimu- 
lated lymphocyte response (37200_4884cpm). Di- 
etary zinc alterations in control rats did not affect 
Con A stimulated lymphocyte proliferation. 

The diabetic rats on low or normal zinc diet had 
lower lipopolysaccharide (LPS) stimulated lymphocyte 
proliferation compared to control rats on similar diets. 
Dietary zinc alterations significantly altered LPS- 
stimulated lymphocyte proliferations in diabetic rats 
but not in control rats. Insulinisation normalised LPS- 
stimulated lymphocyte proliferation. 

Neither the diabetic state nor zinc status had any 
significant effect on interleukin-2 (IL-2) production by 
lymphocytes (Table 3). 
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Discussion 

Although zinc deficiency and immune system dysfunc- 
tion are common in diabetes, the role of zinc status in 
diabetic animals in immune system alterations has 
been questioned [18]. Thus, impaired in vivo cell-medi- 
ated immunity in genetically diabetic db/db mice 
could not be correlated with serum or femur zinc con- 
tent [18]. Similarly, in non-diabetic littermates, low 
serum and femur zinc was achieved after 4 weeks of 
feeding a zinc-deficient diet without evidence of im- 
paired T-cell cytotoxicity [18]. Theoretically, any at- 
tempt to correlate a biological function in diabetic ani- 
mals with serum or tissue content of zinc is compli- 
cated by the fact that diabetes associated alterations in 
tissue zinc content are variable, and intracellular com- 
partmentalisation of zinc rather than total tissue zinc 
content may be a more important determinant. A role 
for zinc in diabetes-associated immune system dys- 
function would be suggested if (1) a zinc-deficient diet 
fed to control rats resulted in impairment of immune 
function (as measured by lymphocyte proliferation 
and IL-2 production) similar to diabetic animals, and 
(2) a high zinc diet improved immune function in 
diabetic animals without affecting the control rats. 
Three possible caveats in such an approach should be 
recognised. First, duration of diabetes may not be suf- 
ficient to produce the biological changes of interest; 
second, the duration of feeding a zinc-deficient diet 
may not be long enough to result in any alterations in 
the parameters measured; and thirdly, a high zinc diet 
may have toxic effects. In the present study, diabetes 
mellitus for a total of 6 weeks resulted in a significant 
decrease in both basal and LPS-stimulated lymphocyte 
proliferation. It is unlikely, though possible, that 
longer duration of diabetes would have altered the 
other parameters of immune function studied. Feeding 
a zinc deficient diet for 3 weeks did not affect the 
measured parameters in the control rats but aggra- 
vated the impairment in LPS, Con A and PHA stimu- 
lated lymphocyte proliferation in diabetic rats. Thus, 
control rats when compared to diabetic rats are less 
sensitive to the deleterious effects of a zinc deficient 
diet. It is likely that longer periods of zinc deprivation 
would impair the in vitro cell-mediated immune re- 
sponse in control rats. Previous studies have doc- 
umented such an effect of zinc deprivation [8, 9]. It is 
noteworthy that splenic zinc content in diabetic rats on 
zinc deficient diet was not significantly different from 
that in control rats on the same diet. Thus, tissue level 
of zinc was not a predictor of immune function, which 
is in agreement with previous studies [18]. Neverthe- 
less, a differential sensitivity of diabetic and control 
rats to a zinc-deficient diet could be demonstrated. In 
addition, a high zinc diet normalised the basal and 
stimulated lymphocyte response in diabetic rats with- 
out affecting the control rats. Diabetes - related alter- 
ations in mitogenic response of lymphocytes could be 

mostly prevented by insulin treatment. However, the 
lymphocyte response to PHA in rats maintained on a 
low zinc diet could not be normalised with insulin. It is 
not known whether this is secondary to a toxic side ef- 
fect of streptozotocin. 

The IL-2 production by lymphocytes was not al- 
tered in either the diabetic state or dietary zinc defi- 
ciency. The previously reported decreased IL-2 pro- 
duction by lymphocytes of Type 1 (insulin-dependent) 
diabetic patients [3] may well be related to the immune 
system alteration underlying the pathogenesis of 
diabetes, rather than a consequence of chronic hyper- 
glycaemia. Alternatively, longer duration of diabetes 
or feeding a zinc-deficient diet in our studies could 
have resulted in impaired IL-2 production. 

At presenlL, it is not known whether the changes ob- 
served in this study are directly related to zinc status or 
are secondary to biological changes - such as alter- 
ations in serum lipoprotein or micronutrient status [10] 
- induced by zinc deficiency or excess. Overall, zinc 
status, either directly or indirectly, is an important 
determinant of cell-mediated immunity and may well 
be causally related to some aspects of  immune system 
dysfunction in diabetes. Methodological uncertainties 
make it difficult to correlate tissue zinc content with 
the degree of immune system impairment. The inter- 
pretation of studies on the immune function in 
diabetes should take into account the zinc status of the 
animal. 
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