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Zinc improves antioxidative enzymes in red blood cells and hematology in
lithium-treated rats
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Abstract
The present study was designed to evaluate the protective role of zinc in attenuating the adverse
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effects induced by lithium in blood of female Wistar rats. Female Wistar rats received lithium in the
form of lithium carbonate in diet at a dose level of 1.1 g/kg diet, zinc alone in the form of zinc sulfate
in drinking water at a dose level of 227 mg/L drinking water, or lithium plus zinc treatments in the
combined group for a total duration of 2 months. Effects of the treatments were studied on
antioxidant defense system, various hematologic parameters, and percentage of 65Zn-specific
activity. Lithium treatment resulted in a significant increase in lipid peroxidation levels but caused a
significant decrease in reduced glutathione levels and the activities of catalase, glutathione
S-transferase, and superoxide dismutase. Lithium treatment also caused a significant decrease in the
activities of aminolevulinic acid dehydratase and Na + K + adenosine triphosphatase. However, it
resulted in a significant increase in total leukocyte counts, neutrophils, and lymphocyte counts as
well as zinc protoporphyrin levels, whereas a significant decrease in counts of monocytes,
eosinophils, and percentage specific activity of 65Zn in blood and its various fractions was noticed.
Furthermore, lithium treatment caused a significant decrease in serum zinc levels. However, zinc
supplementation to lithium-treated rats effectively raised the reduced glutathione levels and also
normalized lipid peroxidation and the activities of antioxidative enzymes, which included catalase,
glutathione S-transferase, and superoxide dismutase. Moreover, zinc supplementation could raise the
activities of the enzymes aminolevulinic acid dehydratase and Na + K + adenosine triphosphatase as
well as the percentage uptake values of 65Zn in blood and its fractions. The study suggests that zinc,
as a nutritional supplement, has the potential in attenuating most of the adverse effects induced by
lithium in rat blood.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Lithium is being used worldwide as an important drug in
the treatment of mental disorders especially in mania and in
the prophylaxis of bipolar manic-depressive psychosis [1].
Lithium is considered to affect metabolism, neuronal
communication, and cell proliferation [2]. Lithium effects
have been investigated in detail on the brain, intestine,
thyroid, and liver functions [3-9]. Lithium has also been
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reported to affect the synthesis, activation, and inactivation
of various neurotransmitters such as norepinephrine, ser-
otonin, and dopamine [10].

During lithium therapy, a significant decrease in the levels
of zinc in serum has been reported [11]. Lithium treatment
has been shown to affect membrane dynamics of red blood
cells (RBCs) [12] as well as to cause an increase in total
leukocyte counts (TLCs) [13].

Zinc is an essential trace element as well as a
micronutrient that is required for a broad range of biologic
activities and is nontoxic with the exception of a very high
dose [14]. Zinc is a fundamental element of more than 200
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metalloenzymes and affects activity and stability of many of
them. Several studies have demonstrated the antioxidative
role of zinc under various toxic conditions [15]. The
protective potential of zinc has also been evaluated in our
laboratory under toxic conditions [16-18].

Therefore, it is important to further explore the protective
potential of zinc in mitigating the adverse effects of lithium
on RBCs, which shall be a step forward in the management
of patients who undergo lithium therapy for mental ailments.
Thus, the present study may open new prospects for zinc to
act as a nutritional supplement for the psychiatric patients
who undergo lithium therapy, which may prove beneficial
for their health by preventing adverse effects.
2. Methods and materials

2.1. Animals

Female Wistar rats weighing 150 ± 20 g were procured
from the central animal house, Panjab University, Chandi-
garh, India, for the experimental work, strictly in accordance
with the guidelines as outlined by the institutional ethics
committee. The registration number for the use of experi-
mental animals obtained from the Ministry of Social Justice
and Empowerment, Government of India, is 45/1999/
CPCSEA, dated January 15, 2000. The animals were housed
in polypropylene cages in the departmental animal house
under hygienic conditions. The animals were maintained
with the standard laboratory feed and water, ad libitum,
throughout the period of experimentation. The standard rat
diet was obtained from Aashirwad Company (Ludhiana,
Punjab India), and the composition of the diet is given in
Table 1.
Table 1
Composition of standard animal diet

Elements Concentration (ppm)

V 1.5 ± 0.4
Mn 122.4 ± 0.6
Fe 817.5 ± 54
Co 0. 21 ± 0.06
Ni 3.11 ± 0.04
Cu 16.99 ± 0.05
Zn 64.03 ± 1.07
As 2.22 ± 1.99
Se 0.54 ± 0.2
Br 5.67 ± 0.87
Rb 33.26 ± 0.83
Sr 23.85 ± 1.0
Cr 2.7 ± 0.2

Ingredients Concentration (g)

Casein 18
Starch 25
Sucrose 25
Cellulose 14
Vitamin mixture 2
Salt mixture 6
Corn oil 10 mL
2.2. Chemicals and equipment

All the chemicals used for the study were of analytical
grade. 65Zn was obtained from Bhaba Atomic Research
Centre, Trombay, India. Lithium carbonate and zinc sulfates
were purchased from E Merck (Darmstadt, Germany).
Ouabin and δ-aminolevulinic acid and adenosine tripho-
sphate were purchased from Sigma Chemicals Co (St. Louis,
MO). Ultraviolet spectrophotometer from Shimadzu Com-
pany (Kyoto, Japan) was used for enzymatic estimations. A
γ ray spectrometer from Nucleonix, Hyderabad, India, was
used for radioisotopic investigations. Atomic absorption
spectrophotometer from Perkin Elmer was used for estimat-
ing zinc and lithium levels, and Perkin Elmer Luminescence
Spectrometer LS 55 was used for fluorescence studies.

2.3. Experimental design

2.3.1. Grouping of animals
Female Wistar rats were assigned to 4 treatment groups.

Animals in group 1 served as controls and were given standard
laboratory feed and water. Animals in group 2 (lithium treated)
were given lithium in the form of Li2CO3 mixed in powdered
diet at a dose level of 1.1 g/kg. Animals in group 3 (zinc
treated) were given zinc in the form of ZnSO4·7H2O mixed in
the drinking water at a dose level of 227 mg/L. Animals in
group 4 (lithium + zinc) were given zinc in addition to lithium
at a dose level of 227 mg/L in the drinking water. All of the
treatments were given for the duration of 2 months. Lithium
levels in the serumwere also estimated and were found to be in
the range of 0.6 to 0.8 mEq/L.

2.4. Biochemical and hematologic estimations

2.4.1. Collection of blood samples
Blood samples from rats in the control and the treatment

groups were drawn at the end of the study after subjecting
them to light ether anesthesia and by puncturing the ocular
vein using a fine sterilized capillary. Blood samples were
collected in heparinized tubes.

2.4.2. Preparation of erythrocyte lysates
Erythrocyte lysates were prepared by the method of

Ceballos-Picot et al [19]. Erythrocyte pellets were obtained
from the blood samples by centrifugation at 2500 rpm for
15 minutes at room temperature. The plasma and buffy coats
were then removed, and the erythrocytes were washed twice
in saline and stored at −20°C for 15 minutes. Lysed
erythrocytes were prepared by thawing frozen samples and
by the addition of 3 volumes of ice-cold distilled water. Cell
membranes were removed by centrifugation at 1000g for
20 minutes, and the supernatants were used for the
estimation of various biochemical parameters.

2.4.3. Protein
Protein concentrations were measured by the method of

Lowry et al [20]. Briefly, the samples were diluted with
100 mmol/L phosphate buffer (pH 7.5) to a volume of 0.5 mL.
The reactions were diluted with 0.5 mL of 1.0N sodium
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hydroxide followed by the addition of 5.0 mL of reagent
mixture (containing 48 mL of 2% sodium carbonate, 1 mL of
1% copper sulfate, and 1.0 mL of 2% sodium potassium
tartarate). After 10 minutes of incubation at room tempera-
ture, the color was developed by the addition of 1.0N Folin's
reagent, and absorbance was measured using a spectro-
photometer at 750 nm.

2.4.4. Catalase
Catalase was determined by using the method described

by Luck [21]. Briefly, the reaction mixture contained
50 mmol/L potassium phosphate buffer (pH 7.0), 1.25 ×
10 −2 mol/L H2O2, and the sample. Every sample was
analyzed with appropriate blanks without H2O2. The
decrease in the absorbance was measured at 240 nm, and
enzyme activity was expressed as nanomoles of H2O2

decomposed per minute per milligram protein.

2.4.5. Superoxide dismutase
Superoxide dismutase (SOD) was measured according to

the method of Kono [22]. The method is based on the
principle of the inhibitory effect of SOD on reduction of
nitroblue tetrazolium (NBT) dye by superoxide anions,
which are generated by photooxidation of hydroxylamine
hydrochloride. The reaction mixture contained 1.3 mL of
50 mmol/L sodium carbonate solution, 0.1 mol/L EDTA,
0.5 mL of 96 μmol/L NBT, and 0.1 mL of 0.6% Triton
X-100. The reaction was initiated by the addition of 0.1 mL
of 20 mmol/L hydroxylamine hydrochloride (pH 6.0) and an
appropriate amount of hemolysate, and the rate of NBT
reduction was measured using a spectrophotometer.

2.4.6. Reduced glutathione
Glutathione content was estimated according to the

method of Ellman [23]. Briefly, 0.1 mL of 25% trichlor-
oacetic acid was added to 0.5 mL of lysate. After protein
precipitation by trichloroacetic acid, the samples were
centrifuged to obtain the supernatant. Then, 0.1 mL of
supernatant was incubated with 2.0 mL of freshly prepared
0.6 mmol/L 5,5-dithiobis(2-nitrobenzoic acid). Optical
density of the yellow complex was measured at 412 nm
against a reference lacking hemolysate. For each set of
assays, a standard curve was obtained for reduced
glutathione (GSH) and used to calculate GSH content in
hemolysate from samples.

2.4.7. Glutathione S-transferase
The enzyme was assayed by using the method of Habig

et al [24], which involved the use of 1-chloro-2,4-dinitro-
benzene, 1,2-dichloro-4-nitrobenzene, and ethacrynic acid as
substrates for glutathione S-transferase (GST). The increase
in absorbance due to formation of glutathione conjugates by
GST with different substrates was measured in a double
beam spectrophotometer.

2.4.8. Lipid peroxidation
Lipid peroxidation (LPO) was assayed after the method of

Ohkawa et al [25]. Briefly, a mixture of 8% solvent sodium
dodecyl sulfate (0.2 mL), 0.9% TBA (thiobarbituric acid;
0.2 mL), and 20% acetic acid (1.5 mL) was prepared, in which
0.2 mL of hemolysate was added and the volume was made up
to 4 mL by adding distilled water. After boiling for 1 hour, the
mixture was cooled, and 5 mL of solution of n-butanol +
pyridine (vol/vol 15:1) was added and then centrifuged at
1000g for 15 minutes, and the absorbance in the supernatant
was measured at 532 nm using spectrophotometer.

2.4.9. δ-Aminolevulinic acid dehydratase
Aminolevulinic acid dehydratase (ALAD), a regulatory

enzyme in the synthesis of hemoglobin that acts on the
substrate δ-ALAD and converts it to porphobilinogen, is
reacted with Echrlich reagent and gives a pink color.
Absorbance was determined at 555 nm [26].

2.4.10. Na + K + adenosine triphosphatase
A modified method of Wallech and Kamat [27] was used

for the estimation of Na + K + adenosine triphosphatase
(ATPase), which acts on adenosine triphosphate to liberate
Pi. These were estimated using the method of Fiske and
Subbarow [28].

2.4.11. Hematocrit
Hematocrit values were determined by using erythrocyte

sedimentation rates. Tubes were filled completely with blood
with the help of syringe and then were centrifuged at
2500 rpm for 10minutes. Themarked scale on the erythrocyte
sedimentation rate tube, where RBCs get settled, gives the
hematocrit value that has been expressed in percentages.

2.4.12. Hemoglobin
Hemoglobin content in the blood samples was assessed by

the oxyhemoglobin method of Dacie and Lewis [29]. Twenty
microliters of fresh nonclotted blood was made up to 4 mL by
adding freshly prepared 0.04% ammonia solution. The outer
diameter was measured at 540 nm, and the hemoglobin
content was determined from a prestandardized curve.

2.4.13. Zinc protoporphyrins
Zinc protoporphyrins (ZPPs) were extracted and analyzed

qualitatively using a spectrofluorometer by following the
protocol of Granick et al [30]. Briefly, 20 μL of blood was
mixed with 3 mL of a 2:1 acetate-acetic acid solution to
solubilize the porphyrins. Then 3 mL of 0.5N HCl was
added, and the mixture was centrifuged for 10 minutes at
2500 rpm. The bottom aqueous phase contained protopor-
phyrins, and fluorescence was measured at 608 and 658 nm
using a spectrofluorometer.

2.4.14. Total leukocytes counts and differential
leukocyte counts

Total leukocyte count and differential leukocyte count
(DLC) analyses of the blood samples were done by using the
method of Dacie and Lewis [29]. For TLC, blood was diluted
with freshly prepared Turk solution up to the recommended
grade using Thomas white cell pipette, which was supplied
with a hematocytometer and confirmed by theBritish standards



Table 2
Effect of zinc on LPO and antioxidant defense system in the erythrocytes of lithium-treated female Wistar rats

Control (group 1) Lithium (group 2) Zinc (group 3) Lithium + zinc (group 4)

LPO (nmol of MDA/[min mg protein]) 23 ± 2.3 32.0 ± 3.3 ⁎⁎⁎ 25.7 ± 3.2 24 ± 1.9 †††

GSH (μmol of GSH/[mg protein]) 33.9 ± 3.2 16.78 ± 1.5 ⁎⁎⁎ 25.5 ± 3.6 ⁎ 26.9 ± 3.4 ⁎ , †††

Catalase (mmol of H2O2 decomposed/[min mg protein]) 1.14 ± 0.47 0.46 ± 0.31 ⁎ 1.09 ± 0.15 1.20 ± 0.40 †

GST (μmol of CDNB conjugated/[min g protein]) 0.622 ± 0.12 0.226 ± 0.05 ⁎⁎⁎ 0.458 ± 0.08 0.538 ± 0.14 †††

SOD (IU) 4.21 ± 0.31 2.28 ± 0.42 ⁎⁎⁎ 4.01 ± 0.23 4.1 ± 0.45 †††

n = 8, where n is the sample size.
⁎ P b .05 by using 1-way ANOVA followed by post hoc Newman-Keuls test when values are compared with control group.
⁎⁎⁎ P b .001 by using 1-way ANOVA followed by post hoc Newman-Keuls test when values are compared with control group.
† P b .05 by using 1-way ANOVA followed by post hoc Newman-Keuls test when values of group 4 are compared with group 2.
††† P b .001 by using 1-way ANOVA followed by post hoc Newman-Keuls test when values of group 4 are compared with group 2.

Table 3
Effect of zinc on the levels of δ-ALAD and Na + K + ATPase (nmol of Pi/
[min mg of protein]) in the blood of rats subjected to 2 months Lithium
treatment

Control
(group 1)

Lithium
(group 2)

Zinc
(group 3)

Lithium +
zinc
(group 4)

ALAD
(IU)

62.31 ± 9.4 21.35 ± 4.6 ⁎⁎⁎ 46.5 ± 4.7 ⁎ 30.23 ± 10.3 ⁎⁎⁎

Na + K +

ATPase
6.9 ± 0.634 1.9 ± 0.311 ⁎⁎⁎ 2.4 ± 1.1 ⁎ 3.2 ± 0.30 ⁎, †

n = 8, where n is the sample size.
⁎ P b .05 by using 1-way ANOVA followed by post hoc Newman-

Keuls test when values are compared with control group.
⁎⁎⁎ P b .001 by using 1-way ANOVA followed by post hoc Newman-

Keuls test when values are compared with control group.
† P b .05 by using 1-way ANOVA followed by post hoc Newman-Keuls

test when values of group 4 are compared with group 2.
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criteria. The cells were counted in 1 mm2 at 4 corners and 1 in
the center of the improved Neubauer's chamber.

For DLC, blood smears were formed on the glass slides,
which were then air dried and fixed in methanol for 5 to
10 minutes. Afterward, slides were stained with Giemsa stain
for 30 minutes and then were counted using an oil immersion
lens under the light microscope.

2.4.15. Zinc/lithium levels in serum
Estimation of zinc in the serum was carried out by using

Perkin Elmer atomic absorption spectrophotometer. Briefly,
serum samples were digested in 10% KOH solution. The
residuals obtained were then diluted with double distilled
water, and the zinc levels were analyzed at 214 nm. Lithium
levels were estimated by using a flame photometer.

2.5. Uptake (percentage specific activity) of 65Zn

After the treatment schedule, rats in all the treatment and
control groups were used for the 65Zn uptake studies. Rats
in each group were injected with 1.85 MBq of 65Zn
(specific activity, 18818.2 MBq/g) intraperitoneally [31].
After 2 hours of the intraperitoneal injections, 1 mL of blood
was drawn in heparinized tubes by subjecting the animals to
light ether anesthesia. Four different fractions of blood were
also obtained by centrifuging the blood samples at 2500 rpm
for 15 minutes. Plasma was separated from the pellet
containing RBCs. Lysis of the pellets was done by adding
0.5 mL of 0.2% (vol/vol) Triton X. The pellets were again
centrifuged to yield hemoglobin fraction in the supernatant,
and the pellets contained ghost membranes. A standard,
having the same activity as that injected initially to each
animal, was used as a reference. The counts in different
fractions were recorded using a γ ray spectrometer. The
percentage specific activity was calculated in each fraction
with respect to the standard activity. The counts in each
fraction were extrapolated to 100 mL of the blood.

2.6. Statistical analysis

Statistical analyses of the data were performed using
Sigma Stat 3.1 software. Data are expressed as means ± SD.
Statistical significance was determined by 1-way analysis of
variance (ANOVA), which was followed by a Newman-
Keuls test. The significance levels were defined by P ≤ .05,
P ≤ .01, and P ≤ .001.
3. Results and discussion

Lipid peroxidation levels showed a statistically signifi-
cant (P b .01) increase after 2 months of lithium treatment
(Table 2). Zinc treatment to lithium-treated rats led to a
significant (P b .001) decrease in the MDA (malonyldialde-
hyde) levels and was able to bring the raised level of LPO to
within normal range. The levels of GSH and the activities of
enzyme catalase, GST, and SOD were found to be
significantly decreased after lithium treatment. However,
upon zinc supplementation to lithium-treated rats, a
statistically significant increase in the levels of GSH and in
the activities of catalase, GST, and SOD was noticed when
compared with lithium-treated rats, and interestingly, the
enzyme activities came back to within the normal range.

Lithium treatment to control animals resulted in a
significant decrease in the activity of δ-ALAD and Na +

K + ATPase (Table 3). Zinc treatment to lithium-treated
animals improved the activity of δ-ALAD but not signifi-
cantly. However, Na + K + ATPase activity was increased
significantly when zinc was given to lithium-treated rats.



Table 4
Effect of zinc on TLC and DLC in the blood of lithium-treated female Wistar rats

Control (group 1) Lithium (group 2) Zinc (group 3) Lithium + zinc (group 4)

TLC 7575.2 ± 148.28 8403.6 ± 126.87 ⁎⁎⁎ 7332.8 ± 183.79 7645.2 ± 368.4 †††

Neutrophils 2371.2 ± 144 2547 ± 84.33 ⁎ 2263 ± 164.82 2075 ± 111.09 ⁎⁎⁎ , †††

Lymphocytes 3350 ± 214.2 3990 ±124.6 ⁎⁎ 3333.4 ± 392.19 3394 ± 233.18 ††

Eosinophils 737.2 ± 36.50 666.8 ±22.9 ⁎⁎⁎ 742.2 ± 27.6 739.2 ± 25.5 ††

Monocytes 536 ± 20.3 438.8 ± 34.8 ⁎⁎⁎ 532 ± 20.39 464.2 ± 42 ⁎

TLC and DLC are expressed in “per mm 3.”

n = 8, where n is the sample size.
⁎ P b .05 by using 1-way ANOVA followed by post hoc Newman-Keuls test when values are compared with control group.
⁎⁎ P b .01 by using 1-way ANOVA followed by post hoc Newman-Keuls test when values are compared with control group.
⁎⁎⁎ P b .001 by using 1-way ANOVA followed by post hoc Newman-Keuls test when values are compared with control group.
†† P b .01 by using 1-way ANOVA followed by post hoc Newman-Keuls test when values of group 4 are compared with group 2.
††† P b .001 by using 1-way ANOVA followed by post hoc Newman-Keuls test when values of group 4 are compared with group 2.
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Total leukocyte counts, lymphocyte counts, and neutrophil
counts in the lithium-treated rats showed a highly significant
increase, whereas monocytes and eosinophils counts were
significantly decreased after lithium treatment (Table 4).
Zinc supplementation to lithium-treated rats significantly
attenuated the TLC and improved the DLC indices of the
treated rats.

Lithium treatment to control animals resulted in a
significant increase in the levels of ZPPs after lithium
treatment (Table 5). A significant decrease in the levels of
zinc was observed in the serum of lithium-treated rats;
however, no significant changes were observed in hemoglo-
bin and hematocrit indices after lithium treatment. Zinc
supplementation to lithium-treated rats brought the already
decreased serum zinc levels to within normal range. A
statistically significant decrease in the percentage of specific
activity of 65Zn was observed in blood and its various
fractions, namely, plasma, hemoglobin, ghost membrane,
and RBCs, after treatment with lithium (Table 6). However,
zinc supplementation significantly increased percentage
specific activity of 65Zn in different fractions.

The present study was designed to assess the effects of
zinc on the antioxidative defense system in RBCs and
hematology in the lithium-treated rats. In this study, lithium
treatment resulted in a marked increase in LPO in RBCs, and
zinc was able to bring the raised levels of LPO back to within
normal range. The LPO is the process of oxidative
degradation of polyunsaturated fatty acids in biologic
Table 5
Effect of zinc on the levels of hemoglobin, hematocrit, ZPPs, and zinc levels in th

Control (group 1) Lithium (gr

Hemoglobin (g/100 mL) 14.36 ± 2.8 15.6 ± 1.9
% Hematocrit 31.33 ± 6.1 41.7 ± 8.5
ZPP (608 nm) 1.58 ± 0.3 4.74 ± 1.3
ZPP (658 nm) 0.26 ± 0.2 1.92 ± 0.8
Zinc levels (μg/mL) 32.45 ± 2.89 26.31 ± 2.1

n = 8, where n is the sample size.
⁎ P b .05 by using 1-way ANOVA followed by post hoc Newman-Keuls test w
⁎⁎ P b .01 by using 1-way ANOVA followed by post hoc Newman-Keuls test
†† P b .01 by using 1-way ANOVA followed by post hoc Newman-Keuls test
membranes, which leads to alterations in membrane structure
and function [32]. However, zinc was able to restore the
MDA levels to almost normal range in the combined group
because it is known to prevent peroxidation of polyunsatu-
rated fatty acid by inhibiting the production of reactive
oxygen species and by membrane stabilization [33-35].
Earlier studies from our laboratory have shown a protective
potential of zinc with regard to MDA levels in the liver under
nickel toxicity [17].

The present study revealed a significant decrease in the
levels of GSH in the RBCs of lithium-treated rats. Reduced
glutathione is central to the cellular antioxidant defenses
and acts as an important cofactor for antioxidant enzymes
[36]. Under oxidative stress, glutathione is consumed by
the glutathione-related enzymes to detoxify peroxides
produced because of increased LPO [37], and elevation in
LPO is a consequence of depleted GSH stores, which are
otherwise capable of moderating the amount of LPO. Zinc
supplementation to lithium-treated animals modulated the
levels of GSH, thus, proving its protective effect in
restoring GSH levels.

A statistically significant decrease was observed in the
activity of catalase, which can be owed to the excessive
consumption of this enzyme in converting H2O2 to H2O.
Moreover, a statistically significant inhibition in GST
activity was also observed in the lithium-treated rats,
which usually is the case under oxidative stress. Earlier
studies from our laboratory also showed a decrease in the
e blood of rats subjected to 2 months of lithium treatment

oup 2) Zinc (group 3) Lithium + zinc (group 4)

15.2 ± 0.7 12.63 ± 2.30
41.1 ± 3.02 39.2 ± 6.7

⁎ 1.43 ± 0.5 4.08 ± 2.8 ⁎
⁎ 0.24 ± 0.01 1.62 ± 0.02 ⁎

0 ⁎⁎ 41.19 ± 1.63 ⁎ 33.36 ± 2.11 ††

hen values are compared with control group.
when values are compared with control group.

when values of group 4 are compared with group 2.



Table 6
Effect of zinc on the percentage specific activity of 65Zn in the blood and its various fractions of lithium-treated rats

Control (group 1) Lithium (group 2) Zinc (group 3) Lithium + zinc (group 4)

65Zn % specific activity (blood) 10.7 ± 0.08 0.9 ± 0.007 ⁎⁎⁎ 3.9 ± 0.01 10.1 ± 0.130
65Zn % specific activity (plasma) 1.0 ± 0.008 0.05 ± 0.007 ⁎ 0.8 ± 0.002 2.0 ± 0.014 †

65Zn % specific activity (hemoglobin) 3.0 ± 0.02 1.0 ± 0.003 ⁎⁎ 0.5 ± 0.001 2.5 ± 0.024 †

65Zn % specific activity (ghost membrane) 10.0 ± 0.06 1.5 ± 0.01 ⁎⁎⁎ 2.0 ± 0.01 8.0 ± 0.02 ††

65Zn % specific activity (RBCs) 13.0 ± 0.05 2.5 ± 0.01 ⁎⁎⁎ 2.5 ± 0.01 10.0 ± 0.03 †††

n = 8, where n is sample size.
⁎ P b .05 by using 1-way ANOVA followed by post hoc Newman-Keuls test when values are compared with control group.
⁎⁎ P b .01 by using 1-way ANOVA followed by post hoc Newman-Keuls test when values are compared with control group.
⁎⁎⁎ P b .001 by using 1-way ANOVA followed by post hoc Newman-Keuls test when values are compared with control group.
† P b .05 by using 1-way ANOVA followed by post hoc Newman-Keuls test when values of group 4 are compared with group 2.
†† P b .01 by using 1-way ANOVA followed by post hoc Newman-Keuls test when values of group 4 are compared with group 2.
††† P b .001 by using 1-way ANOVA followed by post hoc Newman-Keuls test when values of group 4 are compared with group 2.
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GST activity after chlorpyrifos treatment to rats [18]. In
addition, a statistical significant decrease in the activity of
SOD was observed after lithium treatment. Superoxide
dismutase is a metalloenzyme, and its decrease leads to loss
of free radical scavenging mechanism [38]. It has also been
proved that SOD inhibits OH − production by scavenging O 2−

[39], and hence, it would lead to decrease in the initiation of
LPO. Therefore, the observed increase in the LPO in lithium-
treated rats can be associated with decreased SOD level.
Tandon et al [7] also observed a significant decrease in the
activity of SOD after lithium treatment in liver.

In our study, we observed a significant decrease in the
activity of ALAD in lithium-treated rats. Aminolevulinic
acid dehydratase is a regulatory enzyme that catalyzes the
condensation of 2 molecules of δ-aminolevulinic acid to one
molecule of porphobilinogen [27,40]. The activity of ALAD
has been reported to be markedly decreased under various
metal induced toxic states in the blood [41,42]. Moreover, in
the present study, we found a significant increase in ZPPs,
which is consistent with decreased activity of ALAD. The
accumulation of ZPPs in blood due to heavy metals has been
reported earlier [43]. However, zinc treatment to lithium-
treated rats significantly increased ALAD activity because
zinc is required for the active state of ALAD [44]. Moreover,
a regulatory effect of zinc seems to be due to maintenance of
essential sulfhydryl groups because the zinc binding site in
ALAD contains 2 cysteine residues [45].

Our study also showed an appreciable decrease in Na +

K + ATPase activity in the lithium-treated rats. This
observation can be correlated to the fact that lithium has
almost similar physical properties as Na + K + ions have, and
therefore, it interacts with ion fluxes across the membrane,
which leads to a decrease in the activity of Na + K + ATPase
[46-48]. Zinc supplementation increased the activity of the
enzymes significantly, which can be associated with the
antioxidative properties of zinc. Cho [49] found a decrease in
the activity of Na + K + ATPase after lithium treatment in rat
brain synaptosomes. Zinc supplementation led to an increase
in the activity of the enzyme, which is associated with the
role of zinc in maintaining the integrity of cell membranes as
has been observed earlier by our group [50].
Total leukocyte count and DLC profiles of lithium-treated
rats showed alterations. The significant increase in TLC by
lithium could be due to neutrophil leukocytosis, as is
evidenced by a significant increase in neutrophils. The
leukocytosis is the most common hematologic adverse effect
of lithium therapy [51]. Neutrophils are the first line of
defense against infections, tissue injury, and parasite attack
and in inflammatory response against foreign bodies [52].
Moreover, lithium is also known to stimulate the bone
marrow by elevation of various factors such as colony-
stimulating factors and interleukin 6 (IL-6), which ultimately
lead to acceleration of the leukocytosis process [53,54].
Lymphocytes showed a marked increase after lithium
treatment. On the contrary, lithium treatment significantly
decreased eosinophil and monocyte counts, which are
involved in the phagocytic process in the blood. Zinc
supplementation to the lithium-treated rats significantly
improved the hematologic indices because zinc is vital for
normal development and function of nonspecific cellular
immunity [55].

There are 2 major pools of zinc in the body: one is in the
liver and other in the plasma [56]. Under normal physiology,
there is an existence of dynamic equilibrium between these 2
pools, which can be affected by a number of pathophysio-
logic processes that alter the systemic distribution, tissue
deposition, and mobilization of zinc [16,17]. In the present
study, a decrease in the percentage uptake of the 65Zn was
observed in the blood and its various fractions of the lithium-
treated animals. The above observation suggests that lithium
is interfering with the normal metabolism of the zinc and
causing its removal from the body as has been shown earlier
[57]. Tondon et al [31] also found a decrease in the uptake of
65Zn after lithium treatment in liver and blood. Furthermore,
this decrease in the percentage specific activity after lithium
treatment can be due to the faster mobilization of
metallothioneins so as to combat the oxidative stress induced
by lithium. Because metallothioneins can bind a significant
amount of 65Zn, their faster mobilization shall lead to the
decrease in 65Zn activity in blood. The other possibility
would be the induction of zinc-transporting proteins such as
transferrin, α2-macroglobulin, and albumin, which transport
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65Zn from blood to tissues. However, upon zinc supple-
mentation to lithium-treated rats, the serum zinc levels were
maintained, which were similar to the normal rats, thereby,
suggesting the saturation of binding sites on metal binding
proteins for 65Zn, which led to excretion of free 65Zn
through kidneys. In conclusion, the present study suggests
that zinc, as a nutritional supplement, is effective in
alleviating the lithium-induced changes in rat blood.
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