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Effect of zinc supplementation on type 2 diabetes parameters
and liver metallothionein expressions in Wistar rats
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Abstract Zinc is a trace metal and acts as an active
component of various enzymes. Zinc deficiency has
been suggested to be associated with the development
of diabetes. The present study investigated the role of
zinc supplementation on prevention of diabetic condi-
tions. A double-disease model mimicking hyperlipid-
emia and type 2 diabetes was created by applying high-
fat diet and streptozotocin (STZ) to Wistar rats. We
demonstrated that zinc supplementation improved
symptoms of diabetes such as polydipsia and increased
serum level of high-density lipoprotein cholesterol,
indicating that zinc supplementation has a potential
beneficial effect on diabetic conditions. The level of
maldondialdehyde (MDA), an oxidative stress marker,
was reduced in liver by zinc supplementation in high fat-
fed rats with or without STZ injection. Meanwhile, we
observed an increase in the expression of metallothio-
neins (MTs) in liver of rats treated with zinc. This

suggests that the induction of MTs in liver, which has
been shown to be important in scavenging free radicals,
could be one of the underlying mechanisms of zinc
supplementation on reducing MDA levels in liver. Fi-
nally, we found that zinc levels in liver were increased
while there was no change in serum zinc levels,
indicating that local zinc level might be a critical
factor for the induction of MTs. Also, the level of
MTs could potentially be an index of zinc bio-
availability. Taken together, these results suggest
that both zinc and MT could play an important
role in balancing nutrition and metabolism to pre-
vent diabetic development.
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Dyslipidemia . Oxidative stress

Introduction

Diabetes mellitus (DM) is a global public health prob-
lem which not only has a negative impact on the
quality of life but also places a heavy financial burden
to health care systems worldwide [27]. The prevalence
of diabetes in China has been markedly increased
during the last decade [31]. Type 2 diabetes, the most
common form of diabetes, is mainly manifested as
hyperglycemia and often associated with a cluster of
metabolic disorders such as dyslipidemia and in-
creased oxidative stress [12, 19]. The development of
diabetes involves a chronic process which may be
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delayed or prevented through nutritional or lifestyle
interventions.

Zinc is a trace metal and acts as an active compo-
nent of various enzymes. Zinc deficiency has been
suggested to be associated with the development of
diabetes [14], possibly due to its essential roles in the
process of crystallization and secretion of insulin.
Metallothioneins (MTs), a family of small molecular
(less than 10 kDa), cysteine-rich proteins, binds metals
such as zinc and copper and acts as an antioxidant to
scavenge or quench various free radicals or reactive
oxygen species [30]. Zinc has been reported to have a
physiological capability to induce MTs [2].

Despite the potential therapeutic benefit of zinc
supplementation in the prevention and treatment of
DM has been reported, debates still exist, not devoid
of contradictory results [6, 9, 20]. Therefore, more
studies will be necessary to corroborate the effects of
zinc supplementation and to explore specific molecu-
lar targets of zinc, which will provide more informa-
tion and choice for patients who might really benefit
from zinc supplementation.

Our study investigated the effects of zinc supple-
mentation during the development of diabetes using a
double-disease model mimicking hyperlipidemia and
diabetes and explored whether zinc administration
through alimentary tract could alleviate diabetic symp-
toms and diabetes-associated metabolic disorders such
as dyslipidemia and oxidative stress by inducing MT
proteins in liver.

Materials and methods

Chemicals

Streptozotocin (STZ) was obtained from Sigma (St.
Louis,MO, USA). Streptavidin-biotin complex (SABC)
kit and diaminobenzidine (DAB) were purchased from
Boston Corp (Wuhan, China). Mouse anti-MT antibody
and secondary goat anti-mouse antibody were obtained
from Beijing Zhong Shan-Golden Bridge Biological
Technology (Beijing, China). Maldondialdehyde
(MDA) kit was purchased from Nanjing Jiancheng
Bioengineering Institute (Nianjing, China).
ZnSO4·7H2O and cholesterol was purchased from
Shenyang First Chemical Reagent Factory (She-
nyang, China), and all other chemicals used were
of analytical grade.

Diet

The normal diet consisting of the whole value grain
(GB19429.3-2001) was purchased from the Animal
Facilities of Jilin University (Changchun, China).
The major contents of the diet include crude pro-
tein, ≥20 %; crude fat, ≥4.0 %; crude fiber, ≤5.0 %;
crude ash, ≤8.0 %; water, ≤10 %; calcium, 1.0∼1.8 %;
phosphorus, 0.6∼1.2 %; iron, ≥120 mg/kg; copper,
10 mg/kg∼250 mg/kg; zinc, ≥30 mg/kg; and manga-
nese, ≥75 mg/kg.

High-fat diet contains primarily the normal diet
(88.8 %) supplemented with 10 % maize oil, 1.0 %
cholesterol, and 0.2 % bile salts.

Animals and experimental design

The study had approval of Animal Ethical Committee
from Jilin University. Male Wistar rats (180∼220 g, n0
76)were provided by the Animal Experimental Center of
the Bethune Medical School of Jilin University (China).
The experimental design was shown in the Table 1.

In this study, most of theWistar rats with high-fat diet
became hyperlipidemic (except for three rats) character-
ized by increased serum levels of total cholesterol (TC),
triglycerides (TG), and low-density lipoprotein choles-
terols (LDL-C) after feeding with high-fat diet for
35 days. Furthermore, intraperitoneal injection of STZ
(40 mg/kg) in the rats with high-fat diet successfully
induced hyperglycemia (the fasting glucose level is
above 16.7 mmol/L) and typical diabetes symptoms
such as polydipsia, polyphagia andweight loss. So, there
were 71 rats at the end of the experiment (except two rats
died of operation and three rats failed to show hyperlip-
idemia). All rats were divided into six groups: normal-
diet control (NC; n010), high-fat diet (FC; n09); high-
fat diet with STZ-induced diabetes (DM; n013); high-
fat diet with ZnSO4 treatment group (FZ; n014); rats
with high-fat diet treated with ZnSO4 before the STZ
injection (ZD group; n012); and rats with high-fat diet
treated with ZnSO4 after the STZ injection (DZ group;
n013). The rats in FZ and ZD groups were treated with
ZnSO4 solution at 15 mg/kg daily by intragastric admin-
istration, and the others were treated with distilled water.

Collection of blood and tissue samples

Blood samples were collected according to a standard
protocol, stored in the refrigerator at 4°C for 1.5 h and
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then centrifuged at l,000 rpm for 5 min, and serum
samples were collected and stored at −80°C until
analysis. Liver samples of all rats were isolated and
frozen in liquid N2 and stored at −80°C for patholog-
ical examination and determination of zinc levels.

Plasma lipids and glucose measurements

Serum TC, TG, LDL-C, and HDL-C were determined
by the HITACHI 7060 Automatic Analyzer (Tokyo,
Japan). Blood glucose was measured by Arkray Glu-
cocard 01-Mini Blood Glucose Monitoring System
(Kyoto, Japan). Radioimmuneassay (RIA) was used
to examine insulin level by SN-695 Intelligent Mea-
suring Instrument of γ RIA (Shanghai, China).

MDA measurement

The levels of MDA in liver were determined by thio-
barbituric acid reactive substances (TBARS) assay. In
brief, liver homogenates (10 %) was incubated with
thiobarbituric acid (TBA) for 15 min at room tempera-
ture and the formation of MDA-TBA adduct was mea-
sured at 532 nm. The levels of MDA were then
calculated according to a standard curve.

Immunohistochemistry

The presence of MTs in liver tissue was determined by
immunohistochemistry. Liver samples were cut into 5-
μm thick sections, deparaffinized with xylene, and
rehydrated. After soaking in 3 % H2O2 for 10 min at
room temperature, the sections were immersed in
0.01 M citrate (pH06.0) and incubated in microwave
at 500 W for 10 min for antigen retrieval. After washing
twice with PBS (pH07.5), the sections were then incu-
bated with mouse anti-MT antibody at 1:1,000 dilutions
in Tris-buffered saline (TBS) containing 3 % BSA and
0.1 % Tween 20 (Beyotime Institute of Biotechnology,
Shanghai, China) for 10 h at 4°C. The sections were
then incubated with biotinylated anti-mouse antibody at
1:2,000 in TBS for 20 min at room temperature. Then,
the sections were reacted with SABC for 20 min after
wash. The color development of DAB and hematoxylin
was captured by a pm 10AD scan (Olympus, Japan).
Five high-powered fields were chosen, and the positive
cells (shown as brown nucleus) were counted and
expressed as the signal integral optical density detected
by the Image Pro Plus 5.0 imaging analysis software.T
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Atomic absorption spectrometry

Zinc levels in serum and liver were measured by
atomic absorption spectrometry. Liver samples
(∼0.6 g) were digested in 1.0 ml HNO3, 0.5 ml
H2O2, and 6 ml H2O. After digestion, the samples
were treated with 5 % vitamin C and 5 % sulfocarba-
mide to prevent oxidation. For serum, the samples
were diluted at 1:5 ratios with distilled water. The
concentrations of zinc in liver and serum samples were
then measured by an atomic absorption spectrometer
(TAS-986, Beijing, China) and calculated according to
a series of dilution of ZnSO4 solution.

Statistical analysis

Data are expressed as mean±SD and analyzed by
SPSS 13.0 statistical software. Differences between
groups were determined by one-way ANOVA fol-
lowed by least significant difference comparison.
The level of statistical significance was set at P<0.05.

Results

Effect of zinc supplementation on food intake, water
intake, and body weight

There was no significant change in food intake, water
intake, and body weight shortly after STZ treatment in
DM, ZD, and DZ groups. On the 14th day after STZ
injection, rats in DM group showed a dramatic in-
crease in both food intake and water intake (P<0.01)
compared with the FC group, indicating the symptoms
of polydipsia and polyphagia caused by diabetes.
Compared with the DM group, food intake of the DZ
group (P<0.05) was increased and water intake of the
ZD group was reduced (P<0.01) as shown in Fig. 1a,
b. As shown in Fig. 1c, rats in the FZ, DM, ZD, and
DZ groups all showed a reduction of body weight
compared with the FC group (P<0.05).

Effect of zinc supplementation on serum lipid profiles

To investigate whether zinc could play a role in lipid
metabolism during high-fat diet without and with dia-
betic conditions, serum TC, TG, LDL-C, and HDL-C
levels were determined. As shown in Fig. 2a–d, rats in
the FC and FZ group showed a significant increase in

the TC, TG, and LDL-C levels (all P<0.05) while
there was no change in the HDL-C levels.

After STZ injection, rats in the DM group showed a
marked increase in the TC, TG, LDL-C, and HDL-C
levels compared with the NC and FC group (all P<
0.01). Furthermore, compared with the DM group, rats
in the ZD and DZ groups showed a further increase in
the TG levels (both P<0.05) (Fig. 2b) while rats in the
DZ group showed a significant increase in the HDL-C
levels (3.62±2.73 vs. 2.44±1.16 mmol/l; P<0.05)
(Fig. 2d).

Effect of zinc supplementation on fasting blood
glucose and serum insulin level

To investigate the effects of zinc supplementation on
diabetes parameters, fasting glucose and serum insulin

Fig. 1 Effect of zinc supplementation on food intake, water
intake and body weight. Rats were fed and treated as NC, FC,
DM, FZ, ZD, and DZ groups according to the study design. The
daily food intake, water intake and body weight were recorded.
Average food intake (a), water intake (b), and body weight (c)
were calculated. Data are means±SD. *P<0.05; **P<0.01 vs.
NC; #P<0.05; ##P<0.01 vs. DM; ΔP<0.05; ΔΔP<0.01 vs. FC.
Abbreviations and “n” values as in Table 1
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levels were determined. No significant change was
observed shortly after STZ treatment in the DM, ZD,
and DZ groups. The values rose markedly in the DM
group compared with NC and FC groups from the 7th
day after STZ injection (P<0.01). Rats in the ZD and
DZ groups remained hyperglycemic (Fig. 3a).

For serum insulin levels, FC did not affect insulin
levels compared with rats in NC group (Fig. 3b).
Compared with the NC and FC groups, rats in the
FZ group showed a significant reduction in serum
insulin levels (both P<0.01). Similarly, rats in the
DM and ZD groups showed a lower serum insulin
level (both P<0.01). Rats in the DZ group showed a
further reduction of serum insulin level compared with
the DM group (P<0.05).

Effect of zinc supplementation on MDA levels in liver

To investigate the effects of zinc supplementation on
oxidative stress, the MDA levels in liver from rats with
various treatments were determined. As shown in Fig. 4,
rats in the FC group showed an increase in MDA con-
tents in liver (P<0.01) compared with the NC group.
Similarly, rats in the DM group also showed a signifi-
cant increase (P<0.01). The MDA levels of rats in the
FZ group were significantly reduced compared with the
FC group (by 2-fold, P<0.01) and were markedly

reduced in the ZD and DZ groups compared with the
DM and FC groups (both P<0.01).

Fig. 2 Effect of zinc supplementation on serum lipid profiles.
Rats were fed and treated as NC, FC, DM, FZ, ZD, and DZ
groups according to the study design, and blood were collected
on day 35. Serum levels of total cholesterol (TC) (a),

triglycerides (TG) (b), LDL-C (c), and HDL-C (d) were deter-
mined by the HITACHI 7060 Automatic Analyzer. Data are
means±SD. *P<0.05; **P<0.01 vs. NC and FC; #P<0.05 vs.
DM. Abbreviations and “n” values as in Table 1

Fig. 3 Effect of zinc supplementation on fasting glucose levels
(a) and serum insulin levels (b). Rats were fed and treated as
NC, FC, DM, FZ, ZD, and DZ groups according to the study
design, and glucose levels were measured by the HITACHI
7060 Automatic Analyzer. Insulin levels were measured by
radioimmunoassay. Data are means±SD. **P<0.01 vs. NC
and FC; #P<0.05 vs. DM. Abbreviations and “n” values as in
Table 1
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Effect of zinc supplementation on zinc levels in serum
and liver

To explore the effects of zinc supplementation on zinc
metabolism, zinc levels in serum and liver were
determined.

As shown in Fig. 5a, high-fat diet did not affect
serum zinc levels (FC) compared with the NC group.
Zinc supplementation, however, reduced serum zinc

levels of rats in the FZ group (P<0.01). A deficiency
in serum zinc levels was observed in the DM group
after STZ injection, and no statistical difference was
detected in zinc supplementation groups (ZD and DZ)
compared with the DM group. But a significant reduc-
tion of serum zinc levels were observed in both the ZD
and DZ groups when compared with the FC group
(both P<0.05).

Zinc levels in liver were shown as Fig. 5b. Com-
pared with the NC, high-fat diet significantly reduced
zinc contents (P<0.05) and rats in the DM group also
showed a trend of reduction (P>0.05). Zinc supple-
mentation (FZ, ZD, and DZ) reversed the downward
trend of zinc levels in the FC group (P<0.01, P<0.05,
and P<0.01). Meanwhile, zinc levels were increased
with zinc supplementation after STZ injection (DZ)
compared with the DM group (P<0.05).

Effect of zinc supplementation on MT protein
expression in liver

MT protein expression was determined by immuno-
histochemistry as the brown staining and mainly lo-
calized in hepatic lobules (Fig. 6a). The number of MT
positive cells was determined and expressed as per-
centages of MT-positive area as shown in Fig. 6b.
Overall, the DM, ZD, and DZ groups showed a higher
percentage of MT positive cells and there was an
increase of MT-positive cells in the ZD and DZ groups
compared with the DM group.

MT protein expressions in liver was semi-quantified
as computer-based grey value. As shown in Fig. 6c,
there was a further increase in MT protein expressions
in DM group (P<0.01) compared with the NC and FC
groups. But it is important to note that there was a
significant increase of MT protein expressions in DZ
group compared with the DM group (P<0.01).

Discussion

DM is characterized by disordered metabolism of glu-
cose, lipids and proteins. The present study investigated
the effects of zinc supplementation on type 2 diabetes
parameters and liver MT expressions in Wistar rats.

The food intake in the DZ group was increased by
zinc supplementation compared with the DM group
after STZ injection, which indicated that zinc could
have a potential role in increasing food intake. Zinc

Fig. 4 Effect of zinc supplementation on liver MDA levels.
Rats were fed and treated as NC, FC, DM, FZ, ZD, and DZ
groups according to the study design, and liver tissue were
collected and processed on STZ 14 days. MDA levels were
measured by TBARS assay. Data are means±SD. **P<0.01
vs. NC and FC; ##P<0.01 vs. DM; ΔΔP<0.01 vs. FC. Abbrevia-
tions and “n” values as in Table 1

Fig. 5 Effect of zinc supplementation on serum and liver zinc
levels. Rats were fed and treated as NC, FC, DM, FZ, ZD, and
DZ groups according to the study design, and blood and liver
samples were collected and processed on STZ 14 days. Zinc
levels in serum (a) and liver (b) were measured by atomic
absorption spectrometry. Data are means±SD. *P<0.05; **P<
0.01 vs. NC and FC; #P<0.05 vs. DM; ΔP<0.05; ΔΔP<0.01 vs.
FC. Abbreviations and “n” values as in Table 1
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Fig. 6 Effect of zinc supplementation on MT protein expression
in liver. Rats were fed and treated asNC, FC, DM, FZ, ZD, andDZ
groups according to the study design, and liver were collected at
the end of the experimentation. The immunohistochemical stain-
ing of theMT protein in each group (magnification, ×200) (a). The
distribution of MT protein was shown as brown staining and

quantified as proportions (in percent) (b). The number of MT-
positive cells in liver histology was quantified by computerized
image pattern analysis, and MT protein expressions in each group
was expressed as the grey density (c). Data are means±SEM for
groups of six. **P<0.01 vs. NC and FC; #P<0.05 vs. DM
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deficiency is associated with a profound anorexia in
experimental animals and orally administration of zinc
stimulates food intake by increasing the expression of
orexigenic peptides [29]. Furthermore, the study also
found that zinc supplementation (ZD) reduced water
intake compared with the DM group, suggesting that
pretreatment with zinc before STZ injection could
improve polydipsia in diabetic conditions.

Since fasting blood glucose and insulin levels are
critical parameters for determination of diabetic con-
ditions, the study showed a significant increase in
fasting glucose and reduction in insulin levels after
STZ injection(40mg/kg), indicating a diabetic condition
induced by STZ. This is consistent with the findings
reported by other groups that STZ injection could in-
duce the type 2 diabetes in rat models at 40 mg/kg [13,
18], 35 mg/kg [15], 30 mg/kg [33], and other doses[17].
Though the glucose values of rats with zinc supplemen-
tation (ZD and DZ) took on a relative moderately down-
ward trend compared with the DM group, no significant
differences were found among the three groups. This
result was similar to an earlier research showing that
zinc supplementation on diabetic patients had no
beneficial effects on glucose metabolism [32] but
inconsistent with the majority of published results
showing zinc supplementation was favorable to re-
ducing the blood glucose level. Probably, different
result will be obtained when given the prolongation
of observation period or adjusted dose of STZ. Be-
sides, the mechanism of cooperation between zinc
and other elements should be another key aspect to
be taken into account. So, we could not simply deny
the benefits of zinc supplementation in prevention
and treatment of DM.

In addition, there was an inhibitory effect on serum
insulin levels of the rats with zinc treatment compared
with controls. This is similar to a previous study which
reported that zinc supplementation significantly re-
duced the fasting plasma levels of glucose and insulin
in ob/ob mice [8] due to a direct effect of zinc on
attenuating pancreatic insulin secretion or indirectly
stimulated peripheral tissue unitization of insulin [5].
Meanwhile, it is reported that [28] inhibiting insulin
secretion could help prevent diabetes. Zinc could help
to prevent diabetes, partly because of its own insulin
activity. And zinc supplementation could ensure that
insulin-producing β-cells in the pancreas do not lose
too much zinc. Besides, another report [3] has shown
that MT in insulin target tissues, subcellular partitioning

and signaling of zinc could suffer loss of function be-
cause cysteine accounts for ≈35 % of the amino acids,
which contribute to altered insulin responsiveness. And
the indiscriminate release of zinc caused by homocys-
teine and insulin secretion needs to be studied further.

Another interesting observation in this study was
that the HDL-C level of rats in the DZ group was
increased significantly compared with the DM group.
This was in consistence with a previous study showing
that serum HDL-C levels were increased by zinc sup-
plementation in diabetic rats [22]. Besides, another
study on patients with type 2 diabetes verified that
there was no adverse effects of zinc supplementation
on HDL-C levels [1]. Early report had found that the
low-baseline HDL cholesterol was seen commonly in
coronary heart disease [4]. Meanwhile, diabetes, as an
important component of the complex of common car-
diovascular risk factors, was responsible for accelera-
tion and worsening of atherothrombosis [10]. It was
found that lower levels of HDL-C might be an indica-
tor and provided additional information regarding the
severity of coronary artery disease compared with
other lipidemic factors [24]. And the level of HDL-
cholesterol was found to be able to predict diabetes
incidence in a multivariate model [9]. In general,
higher HDL-C levels could be seen as an important
parameter of potential benefits from zinc supplemen-
tation for type 2 diabetes.

The study showed that oxidative stress marker
MDA levels in liver were significantly reduced by
zinc treatment, which was associated with an increase
in liver zinc levels and MTs protein expressions. Oxida-
tive stress has an important intermediary effect on the
development of diabetic complications [11, 25]. It has
been reported that the progressive damage of pancreases
and disturbance of lipid metabolism enhanced lipid
peroxidation in liver of rat models [21]. In the
present study, we demonstrated that both hyperlipid-
emia with high-fat diet and STZ-induced diabetes
(DM) were associated with an increase in lipid per-
oxidation measured as MDA content, indicating an
oxidative status. With zinc supplementation, MDA
levels of rats with high-fat diet were significantly
reduced. Previous study has reported that zinc sup-
plementation had a potential beneficial effect on type
2 diabetes patients attributed by its antioxidant prop-
erty [26]. In addition, we also observed an increase
in MT protein expressions in liver of zinc-
supplemented rats (DZ). This is in consistence with
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a previous report that the expression of MT was in-
creased in liver after zinc supplementation [7]. The
synthesis of MT proteins has been proven to be induced
by zinc; probably both MT and zinc could play impor-
tant roles in balancing nutrition and metabolism to pre-
vent some diabetic complications [23]. Therefore, we
postulated that the induction of MT proteins in liver,
which have been shown to be important in scavenging
free radicals [16], could be one of the underlying mech-
anisms of zinc supplementation on reducing MDA lev-
els in liver. Furthermore, we determined the zinc content
in both serum and liver. Although there was no change
in serum zinc levels, liver zinc levels in DZ group were
increased significantly compared with DM group,
which could be a possible explanation for the higher
MT proteins level in DZ group than DM group. Also,
MT in liver could be potentially used as an index of zinc
bioavailability.

The results showed that the effect of zinc supple-
mentation before or after STZ injection was not in-
completely accordant, but both do good to animals
with hyperlipidemia and diabetes. In conclusion, the
present study could verify the beneficial effects of zinc
supplementation. Zinc supplementation alleviated
diabetes-associated polydipsia, increased serum
HDL-C levels and reduced liver lipid peroxidation,
which was associated with an increase in the levels
of both zinc and MT proteins in liver. Furthermore, the
beneficial effect of zinc might be presented by its
capability to induce MTs, which has been shown to
be important in scavenging free radicals. Therefore,
zinc supplementation could be seen a potential adju-
vant therapy for diabetes.
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