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ABSTRACT

The effect of zinc deficiency on certain immunological paramelers was investigated using
intragastric tube feeding to obviate decreased food intake and altered eating pattern. Male,
Fischer 344 rats were bilaterally adrenalectomized(ADX) or sham opcrated(SHAM). ADX
rats received 0.9% NaCl in their drinking water and corticosterone injections at the dose of
Img/kg of body weight three times per day. After recovery, one half of ADX and SHAM
animals were tube-fed a purified, liquid diet containing either two ppm of zinc(zinc-deficient,
force-fed 3 ZDF) or S0ppm(zinc-repletc, force-fed 5 ZRF) for 19 days. They received identical
amounts of diet based on the intake of ad libitam-fed, zinc-replete rats. Although they received
identical amounts of food, ZDF rats grew at a slower rate compared to ZRF rats in both
SHAM and ADX rats. Regardless of surgery, force-feeding rats the zinc-deficient diet resulted
in a substantial decrease in serum zinc levels. The weights of the thymus, lymph node, and
spleen were lower in SHAM-ZDF rats compared to SHAM-ZRF rats. Marginal zinc deficiency
caused lymphopenia in SHAM animals. However, thesc differences in lymphoid tissues and
cells between SHAM-ZDF and SHAM-ZRF rats disappeared in ADX rats. These results indicate
that the impaired growth of lymphoid tissues observed in zinc-deficient, sham-operated animals
can be attributed to elevated serum corticosterone levels under the conditions of our experiments.
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Introduction

In 1970, two hereditary zinc-deficient states, the
lethal trait A-46 in Friesian cattle’ and acroder-
matitis enteropathica in human®®, drew the atte-
ntion of immunologists because of the associated
immunodeficiency with these diseases. Severe im-
munodeficiency symptoms were also observed in
patient sulfering from zinc deficiency due to ina-
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dequate zinc supplementation as part of total pa-
renteral nutrition®”. Involution of the thymus
and other lymphoid tissues has been found in
many species of zinc-deficient animals when zinc
deficiency is produced in the laboratory®!!,
Most investigators have evaluated the effect of
zinc on immune response by studying animals
fed a zinc-deficient diet ad libitum for several
weeks. However, reduced food intake, which is

the carliest and most striking effect of zinc defi-
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ciency'?!¥, is also known to impair the immune
system'*17). Thus, many of the immune dysfunc-
tions observed in the previous studies may have
been due to decreased dietary intake or the com-
bined effects of protein-calorie malnutrition and
zine deficiency. Therefore, it is important to deter-
mine if pure zinc deficiency without reduced food
intake produces altered immune function.

Zinc deficiency may produce stress resulting
in activation of the hypothalamus-pituitary-adre-
nal cortical axis'®. This ultimately would result
in stimulation of the adrenal cortex and a rise
in serum glucocorticoid. The injurious effects of
the glucocorticoid on thymocyte are well known
19120) and might account in part for the rapid atro-
phy of the thymus observed in zinc deficiency.
Mice fed a zinc-deficient diet ad libitum were re-
ported to have increased levels of plasma cortico-
sterone2’2?) Children with protein-calorie mal-
nutrition are also known to have elevated levels
of plasma cortisol??’. Thus, rclationships between
zinc deficiency and the adrenal cortex and their
effects on the immune system need to be investi-
gated.

The present study was performed to determine
1) if pure zinc deficiency in the absence of redu-
ced food intake causes alterations in lymphohe-
matopoietic tissues and 2) the role of corticoste-
rone in lymphohematopoietic tissues during pure
zinc deficiency.

Methods

1. Animals and Diets

Weanling, male, Fischer 344 rats were houscd
individually in hanging stainless stee] cages under
a fixed light-dark cycle(light being on [rom 0800
to 2300 hours). They were given an unrefined diet
(Rodent Laboratory Chow, Ralston Purina Co.,
$t. Louis, MO, USA) and tap water ad libitum

for three days to allow acclimation to laboratory
conditions. After acclimation, the rats were ran-
domly divided into two groups. One group was
bilaterally adrenalectomized(ADX) via a dorsal
incision, and the other group was sham operated
(SHAM). The sham-operated rats had free acccss
to deionized water and the adrenalectomized rats
were provided with 0.9% NaCl in deionized water
for drinking. Corticosterone was administered by
subcutaneous injection to the adrenalectomized
animals three times per day(1mg/kg of body wei-
ght for each injection). Corticosterone was dissol-
ved in ethanol and then physiological salinc was
added to make a concentration of 1mg/ml(final
cthanol concentration : 10%). The sham opera-
ted animals received vehicle ounly. Four days after
surgery, all animals became accustomed to an
intra gastric tube-feeding procedure by receiving
increasing amounts of liquid dict three times a
day for three days. The liquid diet was a purified
diet(Tecklad, Harland Sprague-Dawley, Inc., Ma-
dison, WI, USA) containing 50 ppm of zinc blen-
ded with deionized water® . Then each group was
further divided into two groups. One half of the
adrenalectomized and sham-operated rats(10
rats/group) were force fed the liquid diet contai-
ning 50ppm of zinc(zinc-replete, force-fed (ZRF))
and the other half(10 rats/group) received a simi-
lar dict conlaining 2ppm of zinc(zinc-deficient,
force-fed(ZDF)). The zinc-deficient diet contai-
ning 2ppm of zinc was also purchased {rom Tek-
lad. An additional 8 animals were included to
determine the food intake of force-fed rats,
They were given a powdered conirol diet con-
taining 50ppm of zinc ad libitum and their food
intake was monitorcd. This group is included only
to determine food intake of the ZRF and ZDF
groups. The feeding procedures and food intakes
of animals were cssentially the same as those pub-
lished previously?. After 19 days of fecding the
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assigned diets, the following studies were perfor-
med.

2. The Concentration of Serum Corticosterone

A number of precautions werc taken to mini-
mize elevation of corticosterone before and du-
ring the blood sampling. Blood was collected at
0900 hours [rom the orbital plexus of ecach rat
under ether ancsthesia within one minute of ini-
tial cage disturbance. Entrance to the animal
room was not allowed for a three-hour period
prior to the blceding in order to maintain basal
levels of corticosterone. The concentration -of se-
rum corticosterone was determined by using a
radioimmunoassay kit{Radioassay system Labo-
ratories, Inc., Carson, CA, USA).

3. Zinc Concentration in the Thymus, Spleen,
Lymph Nodes, and Serum

Serum was diluted with deionized water and
the concentration of zinc was determined by ato-
mic absorption spectrophotometry?. After the
blood samples were collected, the rats were killed
by cervical dislocation. The thymus, spleen and
cervical and mesenteric lymph nodes were remo-
ved, weighed, wet ashed with concentrated nitric
acid and vacuum evaporated to dryness.

The resulting mixiure was reconstituted with

5% nitric acid and zinc concentration was deter-
mined by atomic absorption spectrometry.

4. Hematologic Studies

Hematocerit values were determined by using
a microprocedure. Total leucocyte counts were
made using a Coulter counter after treating hepa-
rinized blood samples with Zap-O globin. Diffec-
rential white cell counts were estimated from
blood smears prepared with Wright-Giemsa stain,

Results

Eflects of dietary zinc deficiency and adrcnale-
ctomy on body weights and tissue weights are
shown in Table 1. Adrenalcctomy did not influ
ence the growth of animals. Zinc-deficient, force-
fed animals were smaller than zinc-replete, force-
fed animals whether the animals were adrenalec-
tomized or sham operated. Adrenal weights were
higher in SHAM-ZDF rats than those of SHAM-
ZRF rats. Corticosterone levels in the serum were
also significantly higher in SHAM-ZDF rats(329
* 44ng/ml) compared to SHAM-ZRF rats(175+
29ng/mb). Blood levels of the hormone were very
low in adrenalectomized rats(ADX-ZDF, 8+ 1
ng/ml and ADX-ZRF, 10+ 2ng/ml) because thc
blood samples for the hormone assay were taken

Table 1. Effects of pure zinc deficiency on body weights and organ weights in rats

Groups SHAM-ZDF SHAM-ZRF ADX-ZDF ADX-ZRF
(n) (10) (10) (10) (10)

Body wi(g) 150 90 165 +1b 146 L 42 168 29
Liver wi(g/100g body wi) 3.95F 0.06* 5.75%0.07% .25+ 0.07" 3.02:% 0.04"
Thymus wi(mg/100g body wt) 177 £ 50 222 +gh 242 *5¢ 254  £8
Lymph node wt{mg/100g body wi) 29 =152 35 H£g,1% 38 +2.6" 38 £3.1b
Spleen wt{mg/100g Body wt) 180 £4¢ 226 =+ b 230 L 5b 233  t35b
Adrenal wiling/100g body wt) 57 T 1.6° 24  03b

Values are meanst SEM : n, number of rats. SHAM-ZDF ; sham-operated, zinc-deficienr, force-fed | SHAM-
ZRF | sham-operated, winc-replete, force-fed : ADX-ZDF ; adrenalectormized, zine-deficient, force-fed ; ADX-

ZRF ; adrenalectomized, zinc-réplete, force-fed.

A corticosterone replaccment therapy was given 1o the ADX rais as described in Method.
Values with the same letter within rows are not staristically different(p>>0.05) among different groups.
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8 hours after the last injection of the hormone.
Relative liver weights, expressed as g per 100g
of body weight, were lower in the adrenalectomi-
zed groups compared to sham-operated groups.
There were no statistically significant differences
in relative liver weights between zinc-replete and
zinc-deficient groups. Force-feeding rats the zinc-
deficient diet for 19 days resulted in lower thymus,
lymph node, and spleen weights in sham-operated
animals. However, the diffcrence due to dietary
zin¢ disappeared in adrenalectomized animals.

Zinc concentrations in the serum and tissues
are shown in Table 2. Regardless of surgery, fee-
ding rats the zinc-deficient diet for 19 days resul-

ted in a substantial decrease in serum zinc levels.
Relative to SHAM-ZRF, animals in the SHAM--
ZDF group had lower zinc contents in the liver.
Therc were no differences in zinc contents in ly-
mph nodes, thymus, and splecn among four die-
lary groups.

Effects of pure zinc deficiency on hematological
values are shown in Table 3. There was a signifi-
cant elevation in hematocrit values in zinc-defi-
cient groups compared to zinc-replete groups, re-
gardless of surgery. Hematocrit values were higher
in adrenalectomized rats compared to sham-ope-
rated rats. A similar trend was seen in hcmoglobin
values, but the differences were not statistically

Table 2. Zinc concentration in serumn and tissues from rats fed different amounts of zinc

Groups SHAM-ZDF SHAM-ZRF ADX-ZDF_ ADX-ZRF
(n) (10) (10) (10) (10)
Serum{ug/100ml) 38+ 82 150 5° 401 2# 181+ 8>
Liver(ug/g) 31+ 12 424 1P ND ND
Lymph node{ug/g) 23+ 92 20+ 12 24493 20% 94
Thymus(pg/g) 20£ 0.82 20+ 0.52 192 0.5 19 0.5%
Spleen(pg/g) 924 0.47 21+ 0.4° 19+ 0.7 23+ .8¢

Values are means® SEM ; n, number of rats. SHAM-ZDF : sham-operated, zinc-deticien, force-fed © SHAM-
ZRF ; sharn-operated, zincreplete, force-fed | ADX-ZDF ; adrenalectomized, zinc-deficient, force-fed I ADX-

ZR¥ ; adrenalectomized, zinc-replete, force-fed.

A corticosterone replacement therapy was given to the ADX rars.
Values with the same leticr within rows are not statistically different(p>>0.05) among dilferent groups.

ND, not determined.

Table 3. Effects of pure zinc deficiency on hernatological parameters i rats

Groups SHAM-ZDF SHAM-ZRF ADX-ZD¥ ADX-ZRF
(n) (10) (10) (10) (10
Hematocrit( % ) 57 *o.8h 34 +0.6* 49 F0.9¢ 46 T 08°
Hemoglobin{(g/100ml) 12.5 £0.372 11.8 +0.212 18.0 £0.30° 12.7 +0.19?
RBC( X 10%ml) %.88+ 0.08* 4.13% 0.09° 5274 0.15P 5.32% 0.06°
WBC(X 105/ml) 6.75% 0.587 7.20% 0.362 9.27+ 0.52b 8.24% 0.36"
Lymphocyres( %) 65 *3° 74 b 76 +3b 78 £5b
Granulocyte( %) 30 *2° 22 *3b 20 *2* 19 *2b
Monocytes( % ) 5 1068 54 *L? 4 xos 3 £03°

Values are means® SEM ; n, number of rats. SHAM-ZDF ; sham-operated, zinc-defident, force-fed . SHAM-
ZRF ; sham-operated, zinc-replete, force-fed : ADX-ZDF ; adrenalectomized, zinc-deficient, force-fed | ADX-

ZRF ; adrenalectomized, zinc-replete, force-fed.

A corticosterone replacement therapy was given to the ADX rats.
Values with the same lewer within rows are not staristically different(p>>0.05) among different groups.
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significant. RBC and WBC concentrations were
also increased in the adrenalectomized group co-
mpared to sham-operated groups. but dietary zinc
did not influence these parameters. Marginal zinc
deficiency resulted in lymphopenia in the sham-
operated groups, but not in the adrenalectomized
groups.

Discussion

The immune response to Zinc-deficicncy has
been evaluated in a variety of animal models®'").
However, most of these zinc-deficient animals
werc also protein-calorie malnourished because
the decrease in food intake is the most prominent
feature of zinc deficiency'¥1¥.

Among the many adverse effects of protein-
energy malnutrition, the most prominent onc is
the frequent occurrence of infection and a signifi-

cant atrophy in lymphoid tissues'®

. The experi-
ment described herein is the first onc that shows
that zine-deficiency per ce without protein-calorie
malnutrition causes an atrophy in the thymus,
spleen and lymph node and lymphopenia.

The mechanisms by which zinc deficiency cau-
ses immunomodulation are not clear. We hypo-
thesized that zinc deficiency constitutes a stress
that results in the activation of the hypothalamus-
pituitary-adrenal cortex axis. This would result
in an increase in serum levels of glucocorticoid.
Indeed. corticosterone concentrations are elevated
in our SHAM-ZDF rats. To assess thc role of
glucocorticoids in zinc deficiency, we utilized ad-
renalectomized rats injected with corticosterone.
Similar to SHAM-ZDF rats, ADX-ZDF rats did
not grow as well as ZRF rats. Serum zinc levels
in ADX-ZDF rats were markedly lower than
ADX-ZRF rats indicating that they are zinc-defi-
cient as SHAM-ZDF rats. However, by contrast
to SHAM animals, there was no decrease in the

weight of thymus, lymph node, and splecn of
ADX-ZDF rats. These results indicatc that the
atrophy of the lymphoid tissue and lymphopcnia
observed during zinc deficiency arc due to an
increased concentration of adrenal hormones.
These results do not agree with results by DePas-
qualc-Jardieu and Fraker?! who showed that
their adrenalectomized. zinc-deficient mice lost
T cell function. However, their zinc-deficient mice
were fed ad libitum and thereby undernourished.
which may cxplain the observed decreased im-
munc response. Of course we cannot prove if our
ADX-ZDF rats did not lost any T cell functions.
However, it is unlikely that these animals lost T
cell functions without the atrophy of the lymphoid
tissue or lymphopenia.

ADX rats had high values of hematocrit, RBC,
WBC compared to SHAM animals. Their thymus,
lymph nodes, and spleen were heavier than those
of SHAM animals. These results suggest that
ADX rats did not receivc enough corticosterone.
The ADX rats in the present experiments received
corticosteron at the dose of lmg/kg body weight
every cight hours. Blood levels of the hormone
in ADX were very low at 8 hours after the last
injection of the hormone. The sclection of an ap-
propriate dose of corticosterone was ditficull be-
cause corticoslerone has a very short half lifc2®
and we were afraid that corticosterone levels in
the blood might reach high after each injection.
In the present experiment we tried to maintain
the minimum levels of corticosterone to withstand
the stress of force-feeding. ADX rats grew at a
similar rate to SHAM animals. Serum zinc conce-
nirations that are sensitive to glucocorticoid levels
I did not differ between ADX and SHAM rats
indicating that the adrenalectomy and corticoste-
rone replacement therapy did not alter the zinc
metabolism in our adrenalectomized rats.

There was no difference in zinc concentration
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in the thymus, spleen, and lymph nodes between
SHAM-ZRF and SHAM-ZDF rats. It appears
that the growth of lymphoid tissues stops when
SETum zinc concentrations arc oo low to maintain
normal tissue zinc levels. Zinc supports functions
of numerous metalloenzymes including those sy-
nthesize DNA, RNA, and protein. In contrast the
lymphoid tissues there was a decrease in the zinc
concentration of the liver in SHAM-ZDF rals.
In the liver, there may have bcen an increase in
the concentration of lipid and glycogen which
are not normally associated with zinc in the tissue.
Our previous resulis?> have shown that glycogen
and lipid levels were significantly clevated in zinc-
deficient, force-fed rats.

In summary, these results indicate that zinc-de-
ficiency in the absence of protein calorie malnut-
rition results in impaired growth of lymphoid tis-
sues and cells. Under the conditions of our expe-
riments, the impaircd growth of lymphoid tissues
observed in zinc-deficient animals can be attribu-

ted to elevated serum corlicosterone levels.
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