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Abstract

This article explored the protective effects of zinc supplementation on diabetic liver injury and studied
the underlying mechanisms that zinc supplementation reduced ER stress and autophagy in diabetic
liver. Type 2 diabetes mellitus-like Wistar rat models were intragastrically administrated with ZnSO4 15
mg/kg daily for 53 days. Liver changes were examined by biochemical assay of serum, histopathological
assay, immunohistochemical assay, radioimmunoassay and Western blotting. In results, compared with
diabetes model control, zinc supplementation reduced the lipid peroxidation MDA levels, and enhanced
the anti-oxidation T-AOC levels (P<0.05). H&E staining showed that pathological changes in diabetic
liver were improved by zinc supplementation. Zinc supplementation enhanced MT protein expression in
diabetic liver. In immunohistochemical assay, the amount of p-Akt positive cells was apparently
increased, and the amount of LC3-II positive cells were lowered. Western blots of autophagy-associated
LC3-II protein and endoplasmic reticulum(ER) stress-associated GRP78 proteins were lowered
following a long-term zinc supplementation. In conclusion, zinc supplementation enhanced MT protein
synthesis and Akt/PKB phosphorylation, which relieve GRP78-linked ER stress and LC3-II-linked
autophagy. Zinc supplementation improved liver conditions in T2DM rat models through multiple
pathways, in which GRP78-linked ER stress and LC3-II-linked autophagy are ameliorated to some
degree. This finding is conducive to understanding the mechanisms that zinc supplementation prevent
diabetic liver injury.
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Introduction
Type 2 diabetes mellitus (T2DM) is a common chronic
metabolic disease worldwide [1-3], in which there are high
blood glucose levels over a prolonged period, with multiple
organ damage. Pathogenesis of T2DM is involved with
multiple factors that are closely related to long-term high-fat or
high-sugar diet, and genetic factors [4]. The pathological
mechanism of T2DM involves β cell dysfunction and insulin
resistance (IR), resulting in absolute or relative lack of insulin
secretion. Deficiency of zinc over time may affect insulin
activity leading to IR in T2DM [5]. Zinc supplementation in
T2DM patients reduces oxidative stress by modulating the
glutathione metabolism and metallothionein expression and
promotes phosphorylation of insulin receptors by enhancing
transport of glucose into cells [6-8]. Zinc-binding protein
Metallothioneins (MTs) play an important role as potent
antioxidants in the process that zinc prevents various oxidative
damages in T2DM [9-12]. In addition, MTs prevent type 1

DM-induced oxidative damage, ER stress, cell death and trace
element imbalances in liver following Zinc supplementation in
OVE26 mouse model of type 1 DM [10].

Serine/threonine protein kinase B (PKB/Akt) mediates PI3K-
controlled insulin signaling events that Akt upregulates quickly
as the insulin signal pathway is stimulated by insulin [13-15].
ER stress plays an important role in the pathogenesis of
diabetes to worsen islet β-cell loss and insulin resistance
[16-19]. Elevated levels of molecular chaperone glucose-
regulated protein78 (GRP78/Bip) in ER are positive responses
to ER stress in cells, thus GRP78 can serve as an indicator for
ER stress.

Autophagy is a featured phenomenon in eukaryotic cells,
known as type II programmed cell death. Autophagic vacuoles
and microtubule-associated protein light chain 3 (LC3-II)
levels are proportional in mammalian cells, thus we can
determine autophagy status by detecting changes in LC3-II
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content [20]. Liver damage often happens in patients with DM
because of oxidative damage, endoplasmic reticulum(ER)
stress and lipid peroxidation [21,22]. However, the relation
between MT and Akt in liver in T2DM, or the impact of MT
on ER stress and autophagy in liver in T2DM remains unclear.

This article explores MT and Akt expression in T2DM rat
models, and how MT expression affects ER stress or
autophagy by detecting GRP78 or LC3-II levels.

Materials and Methods

Animal modeling and treatment
Totally 39 male Wistar rats weighing 180-220 g were kept at a
constant temperature 22 ± 2°C in The Laboratory Animal
Center of Jilin University. The animal experiments were
approved by The Jilin University Animal Ethics Committee.
Type 2 diabetes mellitus(T2DM)-like rat models were prepared
by a single intraperitoneal administration of streptozocin (STZ,
40 mg/kg weight) following 35-days high-fat dieting as
referenced to the literature [23]. Three days following STZ
injection, the fasting blood-glucose (FPG) was tested that FPG
≥ 16.7 mmol/l was diagnosed to be T2DM [24]. Subsequently,
for the DM+Zn (diabetes with Zn supplementation) group,
T2DM rats underwent intragastric (ig) administration of 15 mg
ZnSO4 in 5 ml double-distilled water per kilogram bodyweight
daily until sacrificed. Diabetes-free normal control (NC) and
T2DM model control (MC) groups were treated with
equivalent volumes of double-distilled water. Rats in the NC
group always took normal diet, and rats in the DM+Zn group
and the MC group always took high-fat diet.

The body weight was recorded every 7 days. At 53 days
following Zn supplementation, rats were narcotized by
intraperitoneal injection of 3% pentobarbital sodium at 30
mg/kg weight, and then fixed at the supine position. Blood was
collected by abdominal vein. The whole blood was placed at
4°C for 1.5h, and then centrifuged at 3,000 ×g for 15 min at
4°C to obtain serum for inspection. Livers were removed and
placed rapidly into precooled 0.9% NaCl solution at 4°C for
rinsing off the blood. After dried by filter papers, livers were
weighed and assayed.

Biochemical assay of serum
Automatic biochemical analyzer (7170A, Hitachi Inc., Tokyo,
Japan) was used to test the FPG, alanine aminotransepherase
(ALT) and aspartate aminotransepherase (AST). Serum insulin
was assayed by a radioimmunoassay method using the Insulin
Radioimmunoassay Kit (Northern Institute of Biotechnology,
Beijing, China) according to the manufacture’s instruction. The
radioactivity was detected by SN-695 gamma radioimmune
counter (Hesuo Rihuan Photoelectric Instrument Co, LTD,
Shanghai, China).

Histological staining
Livers were cut into pieces, and fixed in 10% neutral
formaldehyde solution for histological and

immunohistochemical examinations. Fixed liver pieces were
embedded in paraffin, sectioned into slices of 4 μm thick,
dewaxed by xylene, and dehydrated by a series of graded
ethanol. A portion of dehydrated slices were conventionally
stained with hematoxylin and eosin (H&E). For
immunohistochemical assays on phosphorylated Akt/PKB (p-
Akt) and LC3-II, dehydrated slices were placed in 3% H2O2
for 10 min to block endogenous peroxidase, and boiled 10 min
in 0.01 mol/l sodium citrate buffer (pH=6.0). Then, slices on
the slides were blocked 15 min with anti-species serum
following washing by 1 mol/l PBS (pH=7.4). Goat anti-rat p-
Akt and anti-rat LC3-II polyclonal antibodies (Beyotime 
Institute of Biotechnology, Najing, Jiangsu, China) were
added at 4°C overnight. Biotinylated secondary antibody rabbit
anti-goat IgGs were added for 20 min at 37°C. Streptavidin and
biotinylated horseradish peroxidase were added for 20 min at
37°C, followed by color development using the DAB (3,3-
diaminobenzidine) kit (Jiancheng Bioengineering Institute,
Nanjing, Jiangsu, China). Brown stains indicated positives.
Microscopic examination (Olympus PM-10A0, Olympus,
Beijing, China) was done by two separately blind pathologists.
Each pathologist count the positive cells from randomly
selected 5 microscopic fields (400X) of each slice and
calculated their percentage: <5%, 525%, 2550% and 5075%
graded ±, +, ++ and +++, respectively.

Detection of tissue homogenates
Livers were put in precooled 10 mmol/l Tris-HCl buffer
(pH=7.4, at 4°C) with a mass/volume ratio of 1 g/4 ml,
homogenized on ice bath, and centrifuged at 10,000 ×g for 10
min at 4°C. Lipid peroxidation product MDA in supernatants
was assayed by the thiobarbituric acid (TBA) method [25]
using the MDA detection kit (Jiancheng Bioengineering
Institute, Nanjing, Jiangsu, China) according to the
manufacture’s instructions. Total anti-oxidation capacity (T-
AOC) was also detected using the T-AOC detection kit
(Jiancheng Bioengineering Institute, Nanjing, Jiangsu, China).
MT protein content was determined by the 109Cd hemoglobin
saturation method as referenced to the literature [26]. Briefly,
supernatants were boiled for 2 min, and centrifuged at 10,000
×g for 2 min to removed heat-precipitated proteins. An aliquot
of 200 μl supernatants were transferred into an Eppendorf tube,
and 200 μl of radioactive cadmium (2.0 mg 109CdCl2/ml with
radioactivity of 1.0 μCi/ml from Sigma, USA) was added. The
mixture was incubated for 10 min at room temperature. Free
cadmium was thoroughly removed by a repeated procedure of
2% bovine hemoglobin binding. The gamma-ray radioactivity
of cadmium-binding MT was assayed using Wizard 1470
Gamma Counter (Perkin-Elmer Corporation, Shanghai, China).
MT protein concentration was calculated by a ratio of 1 μmol
MT to 6 μmol cadmium.

LC3-II and GRP78 levels were detected by Western blotting
assay. Briefly, total protein was extracted using RIPA lysis
buffer. Protein concentrations were determined using the BCA
Protein Assay Kit (Pierce Chemical Company, Rockford, IL)
according to the manufacturer’s instructions. Proteins were
separated by 12% (w/v) SDS-PAGE and electroblot to PVDF
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membranes. Membranes were blocked for 2 h in TBS buffer
(10 mM Tris-HCl, 150 mM NaCl, 1 vol. % Tween 20)
containing 5% skimmed milk powder and 0.5% BSA at room
temperature. Anti-GRP78 and anti-LC3-II polyclonal
antibodies (Beyotime Institute of Biotechnology, Nanjing,
Jiangsu, China) were used with a dilution 1:1000 at 4°C
overnight, respectively. After washed by TBS buffer,
membranes were incubated with horseradish peroxidase(HRP)-
conjugated secondary antibody (diluted by 1:1000. Zhongshan
GoldenBridge Biotechnology Co., Ltd., Beijing, China) for 1h
at room temperature. Color was developed using an enhanced
chemiluminescence(ECL) detection kit (Pierce Chemical
Company, Rockford, IL). β-actin was inner reference. Relative
blot grayscales were determined by a ratio of test protein to β-
actin grayscales using UVP BioImaging and Analysis Systems
(UVP, LLC, Upland, CA).

Statistical analyses
SPSS12.0 software was used for statistical analyses. Data were
expressed as mean ± SEM. One-way ANOVA with Dunn’ ad
hoc test and Wilcoxon rank sum test (Mann–Whitney U test)
were used to compare between multiple groups. P<0.05 was
statistical significance.

Results

General data
High-fat diet feeding for 35 days prepared hyperlipemia
successfully in rats. Then, three days following STZ injection,
FPG was detected. The rats with FPG ≥ 16.7 mmol/l were used
in the subsequent experiments.

Table 1. Body weight, FPG and insulin at different time points after
Zn supplement started.

n Body weight (g) FPG (mmol/l) Insulin
(μIU/ml)

Day 4 Day 53 Day 0 Day 53 Day 53

NC 9 320 ± 6 401 ± 8 3.6 ± 0.7 3.9 ± 0.6 30.4 ± 1.7

MC 7 278 ± 8 a 320 ± 7 a 25.2 ± 1.6
a

26.6 ± 1.9 a 20.8 ± 1.8
a

DM+Zn 8 300 ± 9 a,b 378 ± 6 a,b 23.8 ± 1.9
a

11.9 ± 1.4
a,b

26.1 ± 1.3
a,b

P<0.05 vs. the NC group, b P<0.05 vs. the MC group. NC, normal control (n=9);
MC, diabetes model control (n=7); DM+Zn, diabetes with Zn supplementation
(n=8).

Finally, 15 T2DM-like rats were qualified, 7 and 8 rats for the
MC (diabetes model control) and DM+Zn (diabetes with Zn

supplementation) groups, respectively. Nine rats served as the
diabetes-free normal control (NC). General data of rats
including body weight, blood glucose and insulin were shown
in table 1.

Liver mass, function and redox indices
Liver mass (liver/body weight), liver function (AST/ALT),
lipid peroxidation (MDA) and anti-oxidation (T-AOC) indices
at 53 days following Zn supplementation were shown in table
2. Upon liver mass, AST/ALT levels and MDA levels, the MC
and DM+Zn groups were significantly higher than the NC
group (P<0.05). These indices in the DM+Zn group were
reduced a bit compared with the MC group (P<0.05 or
P>0.05). Anti-oxidation T-AOC levels in the MC and DM+Zn
groups were significantly lower than the NC group (P<0.05).
And T-AOC levels in the DM+Zn group were enhanced
significantly compared with the MC group (P<0.05).

Table 2. Liver mass, function and redox indices 53 days after Zinc
supplementation.

n Liver/body
weight
(mg/g)

AST (U/l) ALT (U/l) MDA
(nmol/ml)

T-AOC
(U/ml)

NC 9 27.8 ± 2.7 113 ± 17 45 ± 12 4.1 ± 0.6 10.7 ± 0.9

MC 7 58.2 ± 3.9 a 186 ± 22
a

± 14 a 5.9 ± 0.8 a 5.9 ± 0.9 a

DM+Zn 8 42.9 ± 3.6 a 141 ± 19
a

± 16 a 4.8 ± 0.7 a,b 9.4 ± 1.1 a,b

P<0.05 vs. the NC group, b P<0.05 vs. the MC group. NC, normal control (n=9);
MC, diabetes model control (n=7); DM+Zn, diabetes with Zn supplementation
(n=8).

Liver H&E staining
Pathological changes in liver tissues were observed under the
microscopic examination (see Figure 1). Upon the NC group,
lobules were integral in structure, liver cells were arranged in
order, nuclei were located in the center of cells, and
cytoplasmic staining was evenly. Small vacuolar fat droplets
were occasionally seen, and lymphocyte infiltration was not
seen. Upon the MC group, lobules were irregular, and liver
cells were disordered with severe damage. Severe fatty
degeneration and dot-like or focal necrosis were seen. Parts of
nuclei were extruded from the central position. Lobules were
atropic or disappeared. Lymphocyte infiltration was seen in
parts of liver tissues. Upon the DM+Zn group, liver cells were
arranged irregularly, and parts of them were less structured
with vacuolar fat droplets. Severe fatty degeneration was not
seen but a bit dot-like necrosis.
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Figure 1. H&E staining and immunohistochemical(IHC) staining (×400 magnification) of rat liver 53 days after Zinc supplementation. NC,
normal control; MC, diabetes model control; DM+Zn, diabetes with Zinc supplementation. pAkt, phosphorylated Akt/PKB.

Table 3. Immunohistochemical grade of positive liver cell percentages of p-Akt and LC3-II 53 days after Zinc supplementation.

Grade ± + ++ +++

p-Akt NC 28 2 0 0

MC a 9 14 7 0

DM+Zn a,b 0 5 14 11

χ2=144.8, p=0.001

LC3-II NC 30 0 0 0

MC a 0 11 18 1

DM+Zn a,b 8 18 4 0

χ2=107.1, p=0.001

Randomly 5 microscopic viewfields of each slice, 6 slices for each group. aP<0.05 vs. the NC group, bP<0.05 vs. the MC group. NC, normal control (n=9); MC, diabetes
model control (n=7); DM+Zn, diabetes with Zn supplementation (n=8).

Liver MT content detected by 109Cd hemoglobin
saturation method
MT content was detected by the 109Cd hemoglobin saturation
method. MT content of the MC group was 12.2 ± 1.5 μg/g
liver, significantly higher than 8.6 ± 0.6 μg/g of the NC group

(n=5, P<0.05). The DM+Zn group 38.1 ± 4.7 μg/g was
significantly higher than the MC group (n=5, P<0.05).
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Immunohistochemical staining of liver p-Akt and
LC3-II
Table 3 showed the immunohistochemical grade of positive
liver cell percentages 53 days after Zn supplementation. The
staining images were shown in figure 1. In results, the amount
of p-Akt positive cells in the MC and DM+Zn groups was
significantly more than the NC group (P<0.05), and that in the
DM+Zn group was significantly more than the MC group
(P<0.05). The amount of LC3-II positive cells in the MC and
DM+Zn groups was significantly more than the NC group

(P<0.05), and that in the DM+Zn group was significantly
lower than the MC group (P<0.05).

Western blots of GRP78 and LC3-II
GRP78 and LC3-II protein blots were shown in figure 2. The
NC group had no blot signal. Both relative blot grayscales of
GRP78 and LC3-II proteins in either the MC group or the DM
+Zn group were significantly higher than the NC group (n=3,
P<0.05), and the DM+Zn group significantly lower than the
MC group (n=3, P<0.05).

Figure 2. Western blots of LC3-II and GRP78 proteins of T2DM rat liver 53 days after Zinc supplementation. β-actin is inner reference.

DISCUSSION
Oxidative stress exists widely in the development of diabetes
and its complications, with sustained high blood glucose and
increased free radicals, causing oxidative damage to tissues.
Hazardous substances attack liver cell membranes, resulting in
lipid peroxidation, forming lipid peroxidation product MDA.
Then, lipid peroxidation elevates reactive oxygen species
(ROS) that lead to metabolic disorders in cells, even death. In
the current study, blood glucose levels were increased and
insulin levels were lowered in T2DM-like rats, indicating that
the high-fat diet feeding and injection of STZ induced T2DM-
like rat models. Compared with the normal control, T2DM-like
rats had an increase in liver mass index, liver function (AST/
ALT) levels and lipid peroxidation (MDA) levels, or a decrease
in anti-oxidation T-AOC levels, or presented a worsened
histological necrosis. Zinc supplementation improved these
conditions. Compared with the MC control, zinc
supplementation improved insulin levels and reduced blood
glucose levels; reduced liver mass index and liver function,
reduced lipid peroxidation MDA, enhanced anti-oxidation T-
AOC levels, and improved the histological necrosis.

MT has a protective effect on DM because of its anti-oxidation
effect, and MT molecules are the core nodes that link
intracellular zinc to redox-mediated signal transduction
[10,22]. These features are important for prevention and
mitigation of diabetes. In the current study, zinc

supplementation in the DM+Zn group promoted MT synthesis,
reduced oxidative stress, and improved weight loss in T2DM
rats. Zinc supplementation upregulated MT expression that
scavenge oxygen free radicals, subsequently enhanced the
antioxidant effect and reduced lipid peroxidation, and finally
prevented oxidative damage in diabetic liver.

In the current study, Akt phosphorylation was kept at a low
level in normal liver cells (the NC group). Akt phosphorylation
was upregulated a little in the STZ-treated MC group because
of diabetic oxidative stress. Because zinc is insulinomimetic
[27], zinc supplementation upregulated markedly pAkt levels
in diabetic liver in the DM+Zn group compared with the MC
group (P<0.05). At the same time, zinc-induced MT
upregulation was also potent to activate Akt in diabetic liver
cells [28-30].

ER stress is related to the pathogenesis of diabetes and GRP78
can serve as indicator for ER stress [11,12]. In the current
study, rats in the MC group showed high GRP78 blots,
demonstrating that severe ER stress happened in liver cells in
T2DM rats. Levels of GRP78 blots were reduced in liver in the
Zinc-supplemented DM+Zn group compared with the MC
group, but still higher than the normal control, demonstrating
that zinc supplementation is conducive to ameliorate ER stress
in diabetic liver partially. Studies have shown that Akt are
involved in the T2DM-associated ER stress through three
signaling pathways IRE-1α-JNK [31,32], CHOP [33] and
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GSK3β [34]. In the current study, zinc supplementation
upregulated MT expression in liver, subsequently and/or
simultaneously activated Akt, thus reduced ER stress in
diabetic liver.

LC3-II content indicates autophagy status in cells. In the
current study, the immunohistochemical results showed that
autophagy happened severely in liver of T2DM rats in the MC
group, zinc supplementation (DM+Zn group) downregulated
LC3-II levels significantly than the MC group, but still higher
than the normal control, demonstrating that zinc
supplementation reduced autophagy in diabetic liver partially.
The results of Western blotting obtained the consistent
outcomes. Exactly, p-Akt is reported to involve also in the
autophagy pathways [35,36]. Thus in the present study, zinc
supplementation upregulated MT and/or p-Akt levels, and
downregulated LC3-II levels, demonstrating that MT and/or p-
Akt may ameliorate autophagy in diabetic liver.

Hereby, two molecular mechanisms that improve liver
conditions by zinc supplementation in T2DM rat models were
as follows. (1) Zinc supplementation promoted MT synthesis
to reduce oxidative stress in diabetic liver, and subsequently
ameliorated GRP78-linked ER stress and LC3-II-linked
autophagy. (2) Zinc supplementation also promoted Akt
phosphorylation to suppress GRP78-linked and/or LC3-II-
linked autophagy. Therefore, improved liver conditions in
T2DM rat models in the current study were the results from
regulation of multiple pathways by zinc supplementation,
including MT and p-Akt upregulation and/or GRP78 and LC3-
II downregulation. Zinc supplementation improved liver
conditions in T2DM rat models through multiple pathways, in
which GRP78-linked ER stress and LC3-II-linked autophagy
are ameliorated to some degree.
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