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Abstract. The development of diabetes mellitus (DM) is accom-
panied by hyperglycemia-induced oxidative stress. Hyperoside 
is a major bioactive component in Zanthoxylum bungeanum 
leaves (HZL) and is a natural antioxidant. However, the effects 
of HZL on DM and its mechanisms of action remain unde-
fined. The present study evaluated the anti-hypoglycemic and 
hepatocyte-protective effects of HZL in mice with diabetes 
induced by a high-carbohydrate/high-fat diet (HFD) and 
alloxan. We also aimed to eludicate the underlying mecha-
nisms. Our resutls demonstrated that the administration of 
HZL significantly reduced body weight gain, serum glucose 
levels and insulin levels in diabetic mice compared with 
the vehicle-treated mice. In addition, the levels of dyslipi-
demia markers including total cholesterol, triglyceride and 
low‑density lipoprotein cholesterol in the HFD-treated mice 
were markedly decreased. Further experiments using hepa-
tocytes from mice revealed that HZL significantly attenuated 

liver injury associated with DM compared with vehicle treat-
ment, as evidenced by lower levels of alanine aminotransferase 
and aspartate aminotransferase in serum and by lower levels 
of lipid peroxidation, nitric oxide content and inducible nitric 
oxide synthase activity in liver tissues. Nuclear factor-κB 
(NF-κB) and mitogen-associated protein kinase (MAPK) 
signaling pathways were investigated to elucidate the mole-
cular mechanisms responsible for the protective effects of 
HZL against diabetic liver injury. The results indicated that 
HZL inhibited the phosphorylation of p65/NF-κB, MAPK 
(including p38, JNK and ERK1/2) and activating transcription 
factor 3 protein expression, with an additional suppression of 
Bax, cytochrome c, caspase-9 and caspase-3 in the liver tissues 
of diabetic mice. Taken together, our findings suggest that 
HZL, which was effective in inhibiting oxidative stress-related 
pathways may be beneficial for use in the treatment of DM.

Introduction

Diabetes mellitus (DM) is a metabolic disorder characterized 
by chronic hyperglycemia resulting from a defect in insulin 
metabolism and impaired function of carbohydrate, lipid and 
protein metabolism that lead to long-term complications. 
DM is associated with the generation of reactive oxygen 
species (ROS), which cause oxidative damage, particularly 
to the liver, kidney, eyes, small and large blood vessels, 
immune and gastrointestinal systems (1-3). The liver, an insu
lin‑dependent organ, plays a pivotal role in glucose and lipid 
homeostasis, and is severely affected during the progression 
of DM (4,5). Furthermore, the liver is the focal organ involved 
in oxidizing and detoxifying processes, as well as free radical 
reactions (6-8). Accumulating literature reviews suggest that 
enhanced oxidative stress and significant reduced antioxidant 
defenses are considered to play an important role in diabetic 
liver injury (9,10).

Zanthoxylum  bungeanum (Z.  bungeanum) belongs to 
the Zanthoxylum genus of the Rutaceae family. The fruit 
of Z.  bungeanum, locally called ‘Huajiao’, is one of the 
best‑known and widely used plants in traditional Chinese 
medicine. Young Z. bungeanum leaves have been used as 
foodstuffs, and mature Z. bungeanum leaves are considered 
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carminative, stimulant and sudorific (11). The previous studies 
revealed that Z.  bungeanum leaves are rich in flavonoids 
with good radical scavenging abilities (12,13). Some studies 
have indicated that hyperoside is the major flavonoid of 
Z. bungeanum leaves (12-15). Pharmacological investigations 
have demonstrated that hyperoside have diverse biological 
activities such as antioxidant (12,16), anticancer (17), anti‑in
flammatory  (18), anticoagulant  (19) and cardioprotective 
activities (20). Moreover, hyperoside has been found to play 
crucial roles in rat lens aldose reductase inhibition  (21). 
Previously, it has been reported that hyperoside has a pivotal 
role in blood glucose level in streptozotocin-induced hyper-
glycemia by improving the function of pancreatic islets, 
increasing glycolysis and decreasing gluconeogenesis (22). 
Hyperoside may be one of the primary glucosidase inhibitor 
constituents of Agrimonia pilosa Ledeb (23). However, only 
a few researchers have paid attention to investigating the 
preventive effects of hyperoside from Z. bungeanum leaves on 
diabetic liver injury. Currently, there are no available studies 
on the effects of hyperoside on diabetes induced by a high-
carbohydrate/high-fat diet (HFD) and alloxan in mice, at least 
to the best of our knowledge. Since flavonol supplements in 
dietary food may evoke protective effects under oxidative 
stress, the present study determined the protective effects of 
hyperoside from Z. bungeanum leaves (HZL) on hypergly-
cemia and the liver damaged induced by HFD diet and alloxan 
in mice.

Materials and methods

Reagents. Leaves of Z. bungeanum were collected in Shaanxi, 
China in August 2015 and identified by experts in the College 
of Forestry, Northwest A&F University (Xian, China). 
Alloxan was purchased from Sigma-Aldrich; Merck KGaA 
(Darmstadt, China). Blood glucose was measured using kits 
from Shanghai Rongsheng Biotechnology Co., Ltd. (Shanghai, 
China). The levels of total cholesterol (TC, cat. no. A111-1), 
triglyceride (TG, cat. no. A110-1), low‑density lipoprotein 
cholesterol (LDL-C, cat. no. A113-1), high‑density lipoprotein 
cholesterol (HDL-C, cat. no. A112‑1), nitric oxide (NO, cat. 
no. A012-1), malondialdehyde (MDA, cat. no. A003-1), and 
the activities of Na+/K+ ATPase (cat. no. A070-2), inducible 
nitric oxide synthase (iNOS, cat. no. A014-1-1), plasma alanine 
aminotransferase (ALT, cat. no. A009-2), aspartate amino-
transferase (AST, cat. no. C010-2), superoxide dismutase (SOD, 
cat. no. A001-1-1), catalase (CAT, cat. no. A007-1-1), gluta-
thione peroxidase (GPx, cat. no. A005) were detected using 
kits from the Nanjing Jiancheng Bioengineering Research 
Institute (Nanjing, China). Insulin levels were determined 
using a radioimmunoassay kit from Biosino Bio-Technology 
and Science, Inc. (Beijing, China). Rabbit anti-active p65, 
p-p65, p38, p-p38, JNK, p-JNK, ERK, p-ERK activating tran-
scription factor 3 (ATF3), Bcl-2, Bax, cytochrome c (Cyt c), 
caspase-9, and caspase-3 polyclonal antibodies were all 
purchased from Cell Signaling Technology, Inc. (Danvers, 
MA, USA); β-actin antibodies (cat. no.  SC10731) were 
purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, 
USA). All the chemicals were of analytical grade. Hyperoside 
was isolated from Z. bungeanum leaves. Z. bungeanum leaves 
were soaked in a 70% ethanol solvent (1:10, w/v) for 2.5 h and 

sonicated in an ultrasonic bath at 200 kHz at 55˚C for 45 min. 
Samples were filtered, concentrated and dried using a rotary 
evaporator. The remaining ethanol crude extracts was further 
fractioned by column chromatography on silica gel (silica 
gel 200-300 mesh, 120x10 cm i.d., flow rate 10 ml/min), 
successively eluting with petroleum ether, chloroform, ethyl 
acetate, acetone and methanol. A fraction of ethyl acetate was 
further separated and purified by high-performance liquid 
chromatography. The chromatographic conditions used were 
as follows: the column was a SB-C18 (250 mm x 4.6 mm i.d., 
5 µm) at ambient temperature. The injection volume was 20 µl 
and the detection wavelength was 254 nm. The mobile phase 
consisted of water with 0.5% trifluoroacetic acid (solvent A) 
and acetonitrile with 0.5% trifluoroacetic acid (solvent B). 
The flow rate was 0.8 ml/min. The gradient program was set 
as follows: from 0 to 30 min, eluent B was increased from 
15 to 35%; from 30 to 35 min, eluent B was increased from 
35 to 65%; and from 35 to 55 min, eluent B was increased 
from 65 to 100% and then maintained at 100% for 10-20 min. 
Samples were filtered through a 0.22 µm membrane filter 
prior to injection. The eluent was concentrated using the 
rotary vacuum evaporator and vacuum-dried to obtain hype-
roside from HZL. The structure of the isolate was determined 
by reverse phase high-performance liquid chromatography 
in comparison with authentic hyperoside (National Institute 
for the Control of Pharmaceutical and Biological Products, 
Beijing, China).

Animals, diets and experimental design. Male Chinese 
Kunming mice (6-week-old, weighing 20±2 g, n=90) were 
obtained from the Experimental Animal Center of Xi'an 
Jiaotong University (Xi'an, China) and were allowed to accli-
matize for 1 week before being randomly assigned to different 
experimental groups. All of the mice were maintained on a 
12 h light/dark cycle on a standard chow diet until experimental 
analysis. The experimental animal protocol was approved by 
the Experimental Animal Ethics Committee of Xi'an Jiaotong 
University. The experimental procedures were carried out in 
accordance with international guidelines for the Care and Use 
of Experimental Animals.

After adaptation for 1 week, mice were randomly divi
ded into 6  groups (n=15 in each group, 5 mice/cage) as 
follows: i)  normal group; ii) normal  +  200  mg/kg body 
weight (BW)/day HZL (HHZL) groups; iii) DM  group: 
HFD-alloxan treatment (HFD, 52.6% standard laboratory 
chow, 10% lard, 15% sucrose, 15% yolk powder, 5% casein, 
1.2% cholesterol, 0.2% bile salt, 0.6% calcium bicarbonate); 
iv) DM + 50 mg/kg BW/day HZL (LHZL); v) DM + 100 mg/
kg BW/day HZL (MHZL); and vi) DM + 200 mg/kg BW/
day HZL (HHZL). HZL was suspended in 1% Tween-80 in 
water prior to administration. The mice in groups 2 and 4-6 
received daily administrations by gastric gavage of different 
doses HZL, and mice in groups 1 and 3 were administered 
the vehicle (1% Tween-80 in water, 10 ml/kg BW) once a 
day for 4 weeks. After 4 weeks of dietary manipulation, the 
groups of mice fed the HFD were injected intraperitoneally 
with 0.04% alloxan dissolved in sterile normal saline in a 
dose of 100 mg/kg BW The mice were allowed to continue 
to feed on their respective diets till the experimental tenure. 
Water and food were available to the animals ad libitum. 
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Body weight and food intake were recorded weekly. Two 
weeks after alloxan injection, the animals were anesthetized 
with isoflurane (3%) after fasting for 8 h, and blood samples 
were obtained by cardiac puncture. The mice were then 
sacrificed by cervical dislocation and liver were collected, 
weighed, frozen in liquid nitrogen and stored at -80˚C for 
further analysis.

Biochemical analyses of blood samples. Plasma was obtained 
by centrifuging the blood at 2,000 x g for 15 min at 4˚C. 
Fasting blood glucose level was monitored periodically during 
the treatment with the tail prick method using kits based on 
the glucose oxidase method. The blood glucose level was 
expressed as mmol/l. Plasma insulin, TC, TG, HDL-C and 
LDL-C levels were measured by adhering tothe commercial 
kits' instructions.

The oral glucose tolerance test (OGTT) was performed at 
14 days following alloxan treatment. Briefly, after fasting for 
8 h, blood was collected from the tail veins of all mice (0 min). 
Immediately after blood collection, all mice received an intra-
peritoneal injection of glucose (2 g/kg BW). Blood samples 
were successively collected at the indicated time intervals 
(0, 30, 60 and 120 min), and blood glucose levels were deter-
mined as mentioned above. The area under the curve (AUC) 
was calculated as the area under the glucose curve from 
0 to 120 min multiplied by the minutes at the measured time-
points.

Liver oxidative stress levels test. Liver were thawed, weighed 
and homogenized with Tris-HCl (5 mM containing 2 mM 
EDTA, pH 7.4). Homogenates were centrifuged (1,500 x g, 
10 min, at 4˚C) and the supernatant was used immediately 
for the assays. Na+/K+ ATPase activity, ALT activity, AST 
activities, lipid peroxidation product MDA level, SOD 
activity, CAT activity, GPx activity, iNOS activity and NO 
content were measured by following the commercial kits' 
instructions.

Western blot analysis of proteins. Whole protein lysates of 
liver tissue were extracted using radioimmunoprecipitation 
assay buffer [25  mM Tris-HCl (pH  7.6), 150 mM NaCl, 
1% NP-40, 1% sodium deoxycholate, 0.1% SDS; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA] supplemented 
with 1% protease inhibitor cocktail and 1% phenylmethyl-
sulfonyl fluoride. Protein concentrations were measured 
using a BCA Protein Assay kit (A045-3; Nanjing Jiancheng 
Bioengineering Research Institute). Aliquots containing 
50 µg of protein were loaded onto a into 8% SDS-PAGE gel, 
immunoblotted onto a polyvinylidene difluoride membrane 
(Takara Biotechnology Co., Ltd., Dalian, China), blocked 
for 1 h at room temperature with 5% bovine serum albumin 
in TBS buffer, and then incubated overnight (4˚C) with 
respective primary antibodies for anti‑p65 (cat. no. 3034), 
anti-p-p65 (cat. no. 3033), anti-p38 (cat. no. 9212), anti-p-p38 
(cat. no. 9216), anti-JNK (cat. no. 9252), anti-p-JNK (cat. 
no. 9255), anti-ERK1/2 (cat. no. 4695), anti‑p‑ERK1/2 (cat. 
no. 4370), anti-Bcl-2 (cat. no. 2876), anti-Bax (cat. no. 2772s), 
anti-Cyt c (cat. no. 4280s), anti-caspase-9 (cat. no. 95083) 
and anti-caspase-3 (cat. no.  9662s) (diluted  1:1,000; all 
from Cell Signaling Technology, Inc.) and anti-ATF3 (cat. 

no. ab7005, diluted 1:1,000; Abcam, Cambridge, UK). After 
being washed with TBS-T, membrane was incubated with 
secondary horseradish peroxidase-conjugated anti-rabbit 
IgGs (cat. no. ZB2301, diluted 1:2,000; Beijing Zhongshan 
Golden Bridge Biotechnology Co., Ltd., Beijing, China) for 
2 h at room temperature. The bound complexes were detected 
by incubating with a chemiluminescence solution purchased 
from EMD M illipore (cat. no.  WBKLS0050; Billerica, 
MA, USA) according to the manufacturer's instructions. 
Chemiluminescence was imaged on a Fujifilm LAS-3000 
system (Fujifilm, Tokyo, Japan). The immunoblot bands were 
quantified by densitometry analysis, and the ratio to β-actin 
was calculated and presented, setting the values of normal 
diet fed mice as 1.

Liver histological analysis. Liver tissues were fixed with 
10% formalin and processed for paraffin embedding. Tissue 
sections were cut to 5 µm and stained with hematoxylin and 
eosin for assessing histopathological changes. The degree 
of injury was assessed semi-quantitatively by the following 
criteria and scored based on the area affected: i) increased 
eosinophilic staining of the hepatocytes and the accumula-
tion of erythrocytes in the sinusoids (0, none; 1, <25%; 2, 25 
to  <50%; 3,  50  to  <75%; and 4,  75 to  100%); ii)  cellular 
vacuolization (0, none; 1, <25%; and 2, >25%); and iii) cell 
lysis (0, none; 1, <25%; and 2, >25%). The final score of each 
sample is the summarization of the three parameters.

Transmission electron microscope. A portion of liver (~1 mm3) 
from control and experimental groups of mice were fixed in 
3% glutaraldehyde in sodium phosphate buffer (200 mM, 
pH 7.4) for 3 h at 4˚C. Tissue samples were washed with the 
same buffer, post-fixed in 1% osmium tetroxide and sodium 
phosphate buffer (200 mM, pH 7.4) for 1 h at 4˚C. The samples 
were again washed with the same buffer for 3 h at 4˚C, dehy-
drated with graded series of ethanol and embedded in araldite. 
Thin sections were cut with LKBUM4 ultramicrotome 
using a diamond knife (Diatome Ltd., Nidau, Switzerland), 
mounted on a copper grid and stained with 2% uranyl acetate 
and Reynolds lead citrate. The grids were examined under a 
Hitachi H-7650 transmission electron microscope (Hitachi, 
Ltd., Tokyo, Japan).

Statistical analysis. All data are expressed as the means ± stan-
dard deviation of at least three independent determinations for 
each experiment. Statistical analyses were performed using 
SPSS version 13.0 (SPSS, Inc., Chicago, IL, USA). A one-way 
analysis of variance (ANOVA) with Duncan's multiple range 
test was used to examine differences between groups.

Results

Hypoglycemic and lipid metabolic effects of HZL. Hypo
glycemic effect of HZL on the body weight, fasting blood 
sugar levels and insulin levels of normal and diabetic mice 
was presented in Fig. 1. As shown in Fig. 1A-E, HHZL did 
not cause a significant (P>0.05) change in body weight, blood 
sugar levels and insulin levels in normal mice. Body weight, 
fasting blood glucose levels and insulin levels in the mice with 
HFD-alloxan-induced diabetes were significantly increased 
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(P<0.01, P<0.01 and P<0.01, respectively) in comparison to 
the normal mice during 6 weeks. The administration of 200, 
100 and 50 mg/kg BW HZL (HHZL, MHZL and LHZL) 
in the diabetic groups led to a significant decrease (P<0.01, 
P<0.01 and P<0.05, respectively) in body weight as compared 
with untreated diabetic mice in 6 weeks. In serum glucose 
level, administration HHZL, MHZL and LHZL in diabetic 
treated groups lead to significant decrease (P<0.01, P<0.01 
and P<0.01, respectively) as compared with untreated diabetic 
mice at 6 weeks. In OGTT, compared with diabetic mice, HZL 
lowered the blood glucose after glucose loading and reduced 
the AUC (Fig. 1D), indicating that HZL improved the glucose 
tolerance. Also, a noticeable decrease (P<0.01, P<0.01 and 
P<0.01, respectively) was observed in serum insulin level in 
HHZL, MHZL and LHZL groups than the diabetic treated 
group at 6 weeks. Fig. 1F-I showed the mean values of TC, TG, 
LDL-C and HDL-C levels of both control and experimental 
groups after 6 weeks. An increased HDL-C level (P<0.01) 
and a decreased LDL-C level (P<0.05) were observed in 
HHZL-treated normal mice, albeit with marginal change of 
TC and TG levels (P>0.05). HFD-alloxan-treatment resulted 
in obvious development of DM in mice, characterized by 
elevated blood TC, TG and LDL-C level (P<0.01, P<0.01 and 
P<0.01, respectively), and decreased HDL-C level (P<0.01). 

The mice with HFD-alloxan-induced diabetes that were 
treated with HHZL, MHZL and LHZL exhibited lowered TC, 
TG (P<0.01, P<0.01 P>0.05 for TC; P<0.01, P<0.01, P<0.01 
for TG, respectively) and largely restored HDL-C levels 
(P<0.01, P<0.01 and P<0.01, respectively), compared with 
the untreated diabetic mice. In all HZL treatment groups, no 
significant change was observed in LDL-C levels (P>0.05).

Effects of HZL on hepatic dysfunction, oxidative stress 
markers and antioxidant enzymes. Fig.  2A-C present the 
mean values of Na+/K+ ATPase, AST and ALT activities in 
the livers of mice in both normal and experimental groups 
6 weeks post-treatment. HHZL treatment markedly attenu-
ated hepatic dysfunction in diabetic animals, as evidenced by 
the lowering of the elevated levels of AST and ALT (P<0.01, 
P<0.01, respectively) and the restoration of the undermined 
Na+/K+ ATPase activities (P<0.01). Fig.  2D-F present the 
mean values of oxidative stress markers in both normal and 
experimental groups after 6 weeks in the liver. In diabetic 
mice the MDA levels, NO contents and iNOS activity were 
significantly increased (P<0.01, P<0.01 and P<0.01, respec-
tively). Treatment with HZL significantly reversed the MDA 
and NO productions and iNOS activity in diabetic mice. In the 
present study, HFD-alloxan induction caused an obvious loss 

Figure 1. Hypoglycemic and lipid metabolic effects of HZL on diabetic mice. (A) Body weight; (B) blood glucose levels; (C) OGTT; (D) AUC; (E) insulin 
levels; (F) TC; (G) TG; (H) LDL-C levels; and (I) HDL-C levels. Data are presented as mean ± standard deviation. aP<0.05, bP<0.01 vs. normal group; cP<0.05, 
dP<0.01 vs. DM group. HZL, hyperoside from Z. bungeanum leaves; OGTT, oral glucose tolerance test; AUC, area under the curve; TC, total cholesterol; TG, 
triglyceride; DM, diabetes mellitus; LHZL, DM + 50 mg/kg BW/day HZL; MHZL, DM + 100 mg/kg BW/day HZL; HHZL, DM + 200 mg/kg BW/day HZL; 
LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol.
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in antioxidant enzyme (SOD, GPx and SOD) activities in the 
liver, a representative sign of DM. Nevertheless, HZL treat-
ment markedly increased the activities of SOD, GSH and CAT 
(P<0.01, P<0.01 and P<0.05, respectively) in a dose-dependent 
manner (Fig. 2G-I).

Hepatic apoptosis-related protein expressions. Following this, 
the authors determined the mechanisms behind the protective 
effects of HZL against HFD-alloxan-induced damage to liver. 
As shown in Fig. 3, HFD-alloxan treatment caused signifi-
cantly increase in ATF3, p-p65, p-p38, p-Erk1/2 and p-JNK 
protein levels (P<0.01, P<0.01, P<0.01, P<0.01 and P<0.01, 
respectively) compared with the normal mice. Whereas admi
nistration of HZL cause dose-dependent decrease the protein 
levels of ATF3 (Fig. 3A and B), p-p65, p-p38, p-Erk1/2 and 
p-JNK (Fig.  3C-G) compared with the untreated diabetic 
mice. Those results were consistent with the change of p65, 
p38, Erk1/2 and JNK expression levels.

Being considered to be one of meaningful events during 
hepatic damage caused by DM, apoptosis of hepatocytes was 
examined in the present study. Analysis of caspase‑apoptosis 
pathway revealed that treatment with HFD-alloxan led to a 
marked increase in Bax and Cyt c, and a decrease in Bcl-2 
levels, and thus enhanced the cleavage of caspase-9 and 
caspase-3 (P<0.01, P<0.01, P<0.01, P<0.01 and P<0.01, 
respectively; Fig. 4). Not surprisingly, HZL treatment mark-
edly decreased apoptotic signaling by lowering the protein 

levels of Bax  (Fig.  4C), Cyt  c  (Fig.  4E  and F ), elevating 
expression of Bcl-2 (Fig. 4A and B) and inhibiting cleavage of 
caspase-9 (Fig. 4D) and caspase-3 (Fig. 4G and H).

Histopathological analysis. The liver tissue sections indi-
cated that healthy control mice had normal hepatic cells with 
well‑preserved cytoplasm, nucleus and central vein (Fig. 5). In 
the diabetic group, the loss of hepatic architecture was observed, 
accompanied by lymphocytic inflammation and focal necrosis 
of hepatic cells. HZL treatment markedly restored the struc-
tural integrity of the damaged cells. Nevertheless, total loss of 
hepatic architecture and partially lymphocytic inflammation 
was observed in LHZL and MHZL group. Overall, status of 
liver tissues in the HHZL group was better than the LHZL 
and MHZL group and had almost returned to the normal 
level (Fig. 5A and B).

The ultrastructural changes occurred in hepatic of mice 
are presented in Fig. 6. Fig. 6A represents the EM image of 
hepatic of control mice, showing the intact cellular organelles 
such as mitochondria, endoplasmic reticulum (ER) and Golgi 
complex, and HZL treatment alone no obvious influence on 
hepatocytes (Fig. 6B). The EM image of hepatocytes from 
diabetic mice  (Fig. 6C) exhibited a noticeable destruction 
of hepatic accompanied with loss of mitochondrial cristae, 
vacuolization with ballooning appearance of mitochondria, as 
well as dilation of the rough ER, which could be considerably 
prevented by HZL treatment during the progression of DM 

Figure 2. Effects of HZL on hepatic dysfunction, oxidative stress markers and antioxidant enzyme activity in the liver of normal and diabetic mice. 
(A) Na+/K+ ATPase activity; (B) AST activity; (C) ALT activity; (D) MDA level; (E) NO level; (F) iNOS activity; (G) SOD activity; (H) GSH activity; and 
(I) CAT activity. Data are presented as mean ± standard deviation. aP<0.05, bP<0.01 vs. normal group; cP<0.05, dP<0.01 vs. DM group. HZL, hyperoside from 
Z. bungeanum leaves; AST, aspartate aminotransferase; ALT, alanine aminotransferase; MDA, malondialdehyde; NO, nitric oxide; iNOS, inducible nitric 
oxide synthase; SOD, superoxide dismutase; GPx, glutathione peroxidase.
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induced by HFD-alloxan, as evidenced by minimal nuclear 
membrane damage, minimal loss in the cristae with weak 
swelling of mitochondria and no vacuolarization of cyto-
plasmic region of hepatic (Fig. 6D).

Discussion

DM is currently considered a worldwide epidemic and 
finding effective therapeutic strategies against this disease 
is highly important. In the present study, the authors 
investigated the effects of the potent antioxidants hype-
roside isolated from Z.  bungeanum leaves in mice with 
HFD-alloxan-induced diabetes. The daily administration of 
HHZL (200 mg/kg BW) for 42 days led to significant decline 
in LDL-C levels, iNOS activity, cleavage of caspase-9 and 
caspase-3, as well as evident increases in HDL-C levels, GPx 
activity, CAT activity and protein levels of ATF3 comparison 
with normal groups. Insignificant difference in body weight 

gain, blood glucose levels, insulin levels, TC levels, Na+/K+ 
ATPase activity, AST activity, ALT activity, MDA levels, 
NO levels, SOD activity, as well as phosphorylation of p65, 
p38 and Erk1/2 were observed. These results indicated that 
hyperoside isolated from Z. bungeanum leaves was no toxic 
effects on normal mice.

A previous study demonstrated that hyperoside can 
decrease blood glucose levels in streptozotocin-induced 
hyperglycemia by improving the function of pancreatic 
islets and increasing glycolysis and decreasing gluconeo-
genesis  (22). In the present study, HFD-alloxan led to a 
significant increase in body weight, blood glucose levels and 
insulin levels in the experimental mice. Body weight gain, 
blood glucose levels and insulin levels were reduced in the 
HZL-treated groups in a dose-dependent manner when 
compared with the diabetic mice. These results supported the 
notion that HZL may be developed as an anti-hyperglycemic 
agent for the treatment of DM.

Figure 3. The protein expression of ATF3 and the phosphorylation p65, p38, ERK1/2 and JNK1/2/3 in the liver of normal and diabetic mice. (A and C) Western 
blotting and quantitative analysis of renal (B) ATF3; (D) p-p65; (E) p-p38; (F) p-Erk1/2; and (G) p-JNK expression. Data are presented as mean ± standard 
deviation. aP<0.05, bP<0.01 vs. normal group; cP<0.05, dP<0.01 vs. DM group. ATF3, activating transcription factor 3; HZL, hyperoside from Z. bungeanum 
leaves; DM, diabetes mellitus; LHZL, DM + 50 mg/kg BW/day HZL; MHZL, DM + 100 mg/kg BW/day HZL; HHZL, DM + 200 mg/kg BW/day HZL; 
Con, control.
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The mice with HFD-alloxan-induced diabetes showed 
abnormalities in lipid metabolism, as evidenced by increased 
TG, TC and LDL-C levels and decreased HDL-C levels, 
similar to the characteristics of human type 2 diabetes (24,25). 
Hypertriglyceridemia may occur due to increased absorption 
and formation of triglycerides in the form of chylomicrons 
following consumption of a diet rich in fat or through increased 
endogenous production of TG-enriched hepatic VLDL and 
decreased TG uptake in peripheral tissues (26). In the present 
study, a decrease in TC, TG and LDL-C levels and an increase 
in HDL-C levels were observed in the serum of HZL-treated 
diabetic mice in a dose-dependent manner, suggesting that 
HZL regulated hepatic lipid metabolism.

In experimental diabetes, alloxan exerts its toxic effects on 
liver and other organs in addition to pancreatic β-cells (27,28). 
The higher levels of ALT observed in the diabetic mice indi-
cates a certain degree of hepatic damage. In this study, the 
diabetic hyperglycemia produced elevation of hepatic AST 
and ALT levels, which were considered as typical signs of 
liver dysfunction. HHZL decreased the elevated levels of AST 

and ALT in diabetic mice. In experimental diabetes, changes 
in Na+/K+ ATPase activity have been reported in different 
tissues. The diabetic mice had significantly decreased activi-
ties of Na+/K+ ATPase in erythrocytes and tissues (29,30). A 
significant increase in Na+/K+ ATPase activity was observed 
in HZL-treated diabetic mice. These results, concomitant with 
the effect on histological changes, indicated that HZL protects 
against diabetic liver injury.

Oxidative stress is considered to be the main factor 
contributing to development of diabetic complications and 
tissue injury (31). The insulin insufficiency and hyperglycemia 
further augment liver damage through ROS mediated lipid 
peroxidation of hepatocellular membrane  (32,33). Hepatic 
Na+/K+ ATPase activity was reduced, which may also be due to 
the membrane peroxidative damage induced by increased lipid 
peroxidation status (34). In diabetic mice, the authors observed 
a significant increase in MDA levels, whereas HZL treatment 
significantly reduced MDA levels in diabetic mice. Excess NO 
by iNOS has been reported to induce deleterious effects in the 
liver (35). These data showed that treatment with HZL caused 

Figure 4. Bcl-2, Bax, Cyt c, caspase-9 and caspase-3 protein expression in the liver of normal and diabetic mice. (A, E and G) Western blotting and quantitative 
analysis of renal (B) Bcl-2; (C) Bax; (D) caspase-9; (F) Cyt c; and (H) caspase-3 expression. Data are presented as mean ± standard deviation. aP<0.05, bP<0.01 
vs. normal group; cP<0.05, dP<0.01 vs. DM group. HZL, hyperoside from Z. bungeanum leaves; DM, diabetes mellitus; LHZL, DM + 50 mg/kg BW/day HZL; 
MHZL, DM + 100 mg/kg BW/day HZL; HHZL, DM + 200 mg/kg BW/day HZL; Con, control.
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marked reduction in NO production and iNOS activity in 
diabetic liver. These results indicated that the protective effect 
of HZL be related to antioxidant activity.

Antioxidant therapy is considered to be a significant phar-
macological prelude for the management of diabetes, as their 
benefits are not only attributed to its radical quenching but also 
to their ability to interact with numerous basic cellular activities. 
In this context, several studies have reported the declined activi-
ties of these antioxidant enzymes in the diabetic liver and HZL 
with antioxidant activities has been shown to restore activities 
of these antioxidant enzymes in liver of diabetic mice. These 
findings suggested that the HZL may exert its hepatic protect 
effect through the enhancement of cellular antioxidant system.

ATF3 is an adaptive response transcription factor for vari
ous cell types to cope with extra and/or intracellular changes, 
including cytokines, chemokines, growth factors, hormones, 

hypoxia, DNA damage and nutrient deprivation. Expression of 
its corresponding gene is induced by oxidative stress signals 
in a variety of tissues, including the liver (36). ATF3 has been 
proven to regulate apoptotic cell death in response to oxidant 
stress through suppressing NF-κB-dependent transcription of 
anti-apoptotic genes (37,38), triggering the MAPKs (39,40), 
mediating the caspase activation (41). Researchers also have 
demonstrated that oxidative stress mediates the activation 
of MAPK, NF-κB and caspase-dependent signaling path-
ways (42). Overexpression of activated NF-κB, MAPK and 
caspase proteins is considered as an important factor contrib-
uting to the development of diabetic liver injury  (43-45). 
NF-κB, as an oxidative stress‑responsive transcription factor, 
enhances the inducible nitric oxide synthase expression 
leading to the elevated generation of NO (46). Meanwhile, 
NF-κB is an appropriate target to treat hepatocellular 
toxicity  (47). ROS exert a significant effect on hepatocyte 
apoptosis in diabetes (48). Literature also suggests that exten-
sive cell apoptosis eventually resulting in loss of function in 
tissues is associated with upregulation of Bax, and release of 
Cyt c (49). Cyt c released from mitochondria leads to activa-
tion of caspase-9 that induced apoptosis, which has been 
implicated in the pathogenesis of diabetic liver injury. For all 
these reasons, the authors evaluated the phosphorylation of 
p65/NF-κB, MAPK (including p38, JNK and ERK), expres-
sion of apoptosis related proteins such as Bcl-2, Bax, Cyt c and 
activation of caspase-9 and caspase-3 in diabetic induced liver 
injury and evaluated the inhibitory effects of HZL on these 
risk factors. The results of western blot analysis revealed that 
HFD-alloxan treatment promoted the phosphorylation of p65, 
p38, JNK and ERK proteins, whereas HZL administration 
decreased this phosphorylation. These results indicated that 

Figure 6. Transmission electron micrographs of hepatocytes of normal and 
diabetic mice (magnification, x15,000). (A) Normal; (B) normal + HHZL; 
(C) diabetic; and (D) diabetic + HHZL. HHZL, DM + 200 mg/kg BW/day 
hyperoside from Z. bungeanum leaves. ER, endoplasmic reticulum; M, mito-
chondria.

Figure 5. HZL attenuates diabetic liver injury in mice. (A) A representa-
tive figure of hepatic morphological changes using hematoxylin and eosin 
staining (magnification, x200); (B) the graph shows the quantitative analysis 
of inflammatory cell infiltration. Data are presented as mean ± standard devia-
tion. bP<0.01 vs. normal group; dP<0.01 vs. DM group. HZL, hyperoside from 
Z. bungeanum leaves; DM, diabetes mellitus; LHZL, DM + 50 mg/kg BW/day 
HZL; MHZL, DM + 100 mg/kg BW/day HZL; HHZL, DM + 200 mg/kg 
BW/day HZL.
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the protect effects of HZL may be associated with the suppres-
sion of NF-κB and MAPK signaling pathways in the livers of 
diabetic mice. Furthermore, HZL treatment of diabetic mice 
significantly suppressed hepatic protein levels of Bax, Cyt c, 
caspase-9 and caspase-3, although there were no changes 
in Bcl-2 protein levels among all experimental groups. The 
results presented here suggested that HZL could prevent 
apoptosis-induced hepatic damage, at least in part, through the 
amelioration of oxidative stress‑induced diabetic liver injury.

Recently, the effect of hyperoside on alleviating diabetes 
and diabetic complications has been receiving increasing 
attention (50-52). The authors further studied the effect of 
HZL in islet cells, and results show that HZL could inhibit 
HFD-alloxan-induced islet cells injury by downregulating 
p65/NF-κB and ERK/MAPK signals and inhibiting apoptosis 
(unpublished data). In addition, a study by Martin et al (53) 
showed that Cocoa phenolic extract including hyperoside 
protects pancreatic β-cells against oxidative stress. Instre
ptozotocin-induced type 2 diabetic rats, hyperoside could 
directly lower glucose levels by improving the function of 
pancreatic islets and increasing glycolysis and decreasing 
gluconeogenesis (22). Moreover, many studies have shown that 
quercetin as aglycone of hyperoside prevented and protected 
streptozotocin-induced oxidative stress and β-cell damage in 
the rat pancreas (54-57). These results theoretically support 
the notion that HZL protect the islet cells from the injury 
caused by oxidative stress. Furthermore, studies on the effect 
of HZL in islet cells are required to get a deeper understanding 
of molecular mechanisms of the HZL hyperglycemic effect.

In conclusion, the present study demonstrated that 
hyperosides from Z. bungeanum leaves exerted significant 
anti-hyperglycemic and hepatocyte-protective effects in 
mice with HFD- and alloxan-induced diabetes. The observed 
hepatocyte protection, as well as the antioxidant potential of 
hyperoside was partially responsible for its anti-diabetogenic 
properties. Its hepatocyte-protective mechanisms involved the 
inhibition of the NF-κB, MAPK and caspase-dependent apop-
totic pathways. These maybe helpful to understand the role of 
Z. bungeanum leaves in the clinical treatment of DM and its 
secondary complications.
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