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Abstract
Purpose Developing animal models for human diseases is critical for studying complex diseases such as type 2 diabetes
mellitus (T2DM). Since inbred colonies of Chinese hamsters tend toward spontaneous development of diabetes, we
investigated them as a possible model.
Methods We regarded individuals with fasting blood glucose (FBG) higher than 6.0 mmol/L and post-prandial blood
glucose (PBG) higher than 7.0 mmol/L as diabetic based on the mean and 95% frequency distribution values of FBG and
PBG. Diabetic hamsters were characterized based on metabolic profiles, histopathological features, and changes in the
expression of genes involved in glucose and lipid metabolism.
Results Metabolic analyses showed that diabetic hamsters exhibited mild hyperglycemia, hypertriglyceridemia, glucose
intolerance, and insulin resistance. Histopathological analysis revealed that cell nuclei migrated inward in skeletal muscle
and obvious partial liver lipid deposition and focal necrosis was found. We additionally observed mild injury, atrophy, and
occasional vacuolization in islet cells. Changes in the expression of several genes related to glucose and lipid metabolism
were observed. Decreased expression of adiponectin and GLUT4 and increased expression of PPARγ, Akt, and leptin was
observed in skeletal muscle. Decreased expression of adiponectin with increased expression of PPARγ and leptin was
observed in the liver.
Conclusions These results indicate that we have established a spontaneous diabetic hamster line that closely mimics human
T2DM, which may hold potential for further research on the pathogenesis and treatment of this disease.

Keywords Chinese hamster ● Differentially expressed genes ● Glucose intolerance ● Insulin resistance ● Type 2 diabetes
mellitus

Introduction

Diabetes is considered a complex endocrine metabolic dis-
ease, primarily characterized by hyperglycemia, subject to
multiple susceptibility genes and environmental factors [1, 2].
In recent years, the global prevalence of diabetes has been
increasing, with a projected increase from 451 million patients
in 2017 to 693 million by 2045 [3]. Among the different
forms of diabetes, type 2 diabetes mellitus (T2DM) accounts
for over 90% of diagnosed patients and constitutes a serious
threat to human health [4]. However, because of its complex
etiology, the underlying molecular mechanisms for some
aspects of human T2DM remain to be described [5, 6]. This
poses serious challenges and difficulties for identifying ther-
apeutic targets and prognostic indicators for the disease [7, 8].
Therefore, a meaningful animal model with clinical features
similar to human T2DM is critical for future study.
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Existing T2DM animal models include spontaneous
models based on genetic predisposition or experimentally
induced models whereby chemical agents, dietary changes,
genetic modifications, or a combination of these factors are
used to cause disease [9]. Experimentally induced animal
models are often established by injecting drugs (alloxan or
streptozotocin) or provisioning with high-fat diets [10]. The
dose and composition of diets affect the pathogenesis of
diabetes, and the chemicals used to induce diabetes can
cause severe dose-dependent damage to β cells, while lower
doses may fail to induce diabetes [10, 11]. Genetic animal
models are valuable tools for the study of genetic factors
contributing to T2DM [6], particularly when both patho-
genesis and metabolic characteristics are similar to those
observed in humans. However, only a few polygenic animal
models have thus far been developed [12]. Existing rodent
models have characteristics applicable to specific condi-
tions, such as Nagoya-Shibata-Yasuda (NSY) mice [13],
Tsumura-Suzuki obese diabetes (TSOD) mice [14], TAL-
LYHO/Jng (TH) mice [15], and Mongolian gerbils [4, 16].
These models exhibit varying degrees of obesity and are
resources for understanding the genetic causes of
obese T2DM, but they are not good representatives of non-
obese T2DM. Goto-Kakizaki (GK) rats [17] are a non-obese
animal model of T2DM, but are characterized by deficient
insulin secretion, and are therefore not suitable for studying
T2DM caused by insulin resistance. As such, non-obese
insulin-resistant T2DM is not currently represented by a
non-induced animal model.

In human clinical cases, T2DM manifests with insulin
resistance and defects in glucose utilization. Insulin resis-
tance is a chronic inflammatory condition, closely linked to
cytokines secreted by adipose tissue such as leptin, adipo-
nectin, resistin, and others [18]. Peroxisome proliferator-
activated receptors (PPARs) are the main regulators of
adipocytokines. Among these, PPARγ plays a valuable role
in adipocyte differentiation and glucose metabolism
[19, 20]. Alteration in PPARγ expression or its mutation
may induce insulin resistance and/or affect basal glucose
uptake in peripheral tissues [19, 21]. Insulin-sensitive per-
ipheral tissues, such as skeletal muscle and adipose tissue,
contain at least two different glucose transporter isoforms,
glucose transporter (GLUT)-1 and GLUT4, which partici-
pate in glucose uptake [22], of which GLUT4 is the major
insulin-regulated transporter [22, 23]. In addition, the
phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt)
signal transduction pathway is associated with GLUT4
translocation, which is regulated by insulin stimulation [24].
In contrast, GLUT2 is not dependent upon insulin action
and mediates plasma glucose uptake in hepatocytes [25].

Chinese hamsters were first reported as a potential dia-
betic model in 1963 when they were found to have

developed spontaneous diabetes in their colony after four to
five generations of inbreeding [26–28]. One strain of these
hamsters, an inbred sub-line called SHANXI MU, was
recently developed using selective breeding to display non-
obese hyperglycemia with slightly increased fasting blood
glucose (FBG). In the present study, we characterized the
diabetic phenotypes of these hamsters by monitoring levels
of glucose, lipids, and insulin in the blood, and by analyzing
pathological features in the pancreas, liver, and skeletal
muscle. In addition, we investigated mRNA and protein
expression in liver and skeletal muscle of five genes related
to glucose and lipid metabolism, including Lep, Adipoq,
Glut4, Pparg, and Akt. An understanding of the underlying
metabolic characteristics of Chinese hamsters could provide
the basis for new insights into the molecular pathogenesis of
T2DM in this hamster strain, as well as contribute to further
understanding of T2DM in general.

Materials and methods

Animals and housing

Chinese hamsters (license number: SCXK2015-001) were
bred and maintained at the Center for Experimental Animals
of Shanxi Medical University. Animals were individually
housed in wire cages (40 × 20 × 30 cm) with sawdust bed-
ding and were kept under standard laboratory conditions at
22 ± 2 °C, 50–70% humidity, and 12/12-h light/dark cycle
with free access to sterile food and water. All experimental
procedures of this study were approved by the Experimental
Animal Ethics Committee of Shanxi Medical University.

Selective inbreeding of diabetic Chinese hamsters

Beginning at the age of 3 months, FBG and post-prandial
blood glucose (PBG) levels of hamsters were measured by
an Accu-Chek Active Blood Glucose Meter (Roche Diag-
nostics GmbH, Germany) once a month for 1 year. Based
on the mean value and the 95% frequency distribution of
FBG and PBG values, we regarded individuals having
FBG ≤ 4.5 mmol/L and PBG < 6.0 mmol/L as non-diabetic
control animals and individuals having FBG ≥ 6.0 mmol/L
and PBG > 7.0 mmol/L as diabetic. One litter of eight
individuals contained three hamsters (one female and two
males) that met the criteria for hyperglycemia at the age of
23 weeks. These three hamsters were designated as the
parent generation for production of a diabetic line. Fol-
lowing their mating, we measured FBG and PBG of their
offspring from F1–F7 generations and chose individuals
showing signs of diabetes for brother–sister or backcrossed
mating. Body weight was measured from 4 weeks of age for
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all individuals. Nasal–anal length was also measured at 12,
24, 36, and 48 weeks, and body mass index (BMI) was
calculated as body weight (g) divided by the square of
nasal–anal length (cm). After body weight and blood glu-
cose stabilized, 48-week-old hamsters were selected for
metabolic index detection and pathological analysis.

Glucose metabolism assay: oral glucose tolerance
test (OGTT)

OGTT was performed after a 12-h fast. Hamsters were
given glucose orally (10 g/kg) via a gavage needle. After
glucose administration, blood glucose content was mea-
sured at 0, 30, 60, and 120 min from the tail tip using an
Accu-Chek Active Blood Glucose Meter. Blood samples
(200 μL) were drawn from the retro-orbital sinus at 0, 15,
30, and 60 min, clotted for 30 min, and centrifuged for
20 min at 4 °C and 1300 g. Serum was collected for insulin
measurement using an ELISA kit (Millipore, USA). Using
these measures, we then applied the trapezoidal rule to
calculate the area under the curve (AUC) [29].

Lipid metabolism assay: serum triglyceride (TG) and
total cholesterol (TC) content

Animals were fasted for 12 h, and 400 μL of blood was drawn
from the retro-orbital sinus, clotted for 1 h, and centrifuged for
20 min at 4 °C and 1300 g. Serum was collected and stored at
−20 °C. Levels of TG and TC were measured using an
automatic biochemical analyzer (Hitachi 7020, Japan).

Insulin content and insulin tolerance test (ITT)

Concentrations of fasting serum insulin were measured
using an ELISA kit (Millipore, USA). The optical density
(OD) of each well was determined using a microplate reader
(BioTek, USA) equipped with a 450 nm wavelength filter.
Statistical analyses were performed comparing the mean
values of each set of duplicate wells. We then calculated a
homeostasis model assessment of insulin resistance
(HOMA-IR) as [fasting insulin (μU/mL) × fasting glucose
(mmol/L)]/22.5.

ITT was performed after 5 h of fasting. Hamsters were
given insulin (Novolin, China) by intraperitoneal injection
(0.75 IU/kg). After insulin administration, blood glucose
was measured at 0, 30, 60, 120, and 180 min at the tail tip
using a blood glucose meter.

HbA1c content and determination assay

Animals were fasted for 12 h and 100 μL of blood was
collected from the retro-orbital sinus and stored in a cen-
trifuge tube containing EDTA to prevent coagulation. The

concentrations of HbA1c were measured using glycosylated
hemoglobin Alc assay kits (Nanjing Jiancheng Bio Inc.,
China). HbA1c (700 nm) levels were expressed as percen-
tage concentration.

Body composition and metabolism assay

Hamsters were anesthetized by intraperitoneal injection of
50 mg/kg pentobarbitone sodium (Sigma, USA). Body
composition, including body mass, bone mineral content
(BMC), total fat mass, lean mass, bone mineral density
(BMD), and the percentage of fat distributed in tissue, was
detected using an InAlyzer Dual Energy X-ray Animal
Body Composition Analysis System (Medikors Inc.,
Korea). Daily food and water consumption were measured
using an Oxymax Lab Animal Monitoring System
(Columbus Instruments Inc., USA).

Histological analysis and liver glycogen content
assay

At the end of the experiment, hamsters were euthanized
with an overdose of pentobarbitone sodium by intraper-
itoneal injection. Skeletal muscle and pancreatic, and liver
tissues were collected, and divided into three and four
portions, respectively. One portion was used for histo-
pathological analysis and two were stored at −80 °C used
for quantitative real-time PCR and western blot analysis. In
addition, another portion of fresh liver tissue for hepatic
glycogen detection was taken, according to the instruction
manual of liver glycogen assay kits (Nanjing Jiancheng Bio
Inc., China).

For histopathological analysis, tissues were first fixed in
4% paraformaldehyde for about 48 h. These were then
dehydrated, embedded in paraffin, cut into 4 μm slices,
placed on glass slides, and stained with hematoxylin and
eosin (HE). Frozen sections of liver tissue were also stained
with Sudan III dye. These were then observed using a
microscope.

Leptin, adiponectin, GLUT4, PPARγ, and Akt mRNA
abundance assays

Total RNA in skeletal muscle and liver was extracted using
Trizol Reagent (Takara Bio Inc., Japan) from control and
diabetic hamsters. Complementary DNA was synthesized
using 2 μg of total RNA in a 20 μL reaction mixture using
PrimeScriptTM RT Master Mix (Perfect Real-Time) Kit
(Takara Bio Inc., Japan). Real-time PCR was performed in a
StepOnePlus RT-PCR system (Applied Biosystems, USA)
using a SYBR® Premix Ex TaqTM II (Tli RNaseH Plus) Kit
(Takara Bio Inc., Japan). PCR conditions consisted of one
cycle of denaturation at 95 °C for 30 s, followed by 40
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cycles of denaturation at 95 °C for 5 s with annealing and
extension at 60 °C for 30 s. A reaction melting curve ana-
lysis was performed to verify the specificity of the amplified
products. Gene expression relative to β-actin mRNA was
calculated. Specific primers were designed using Primer
5.0 software, which were synthesized by TaKaRa (Takara
Bio Inc., Japan) (Table 1).

Immunohistochemical analysis

To detect levels of insulin in the pancreas and GLUT4 in the
liver, we cut the tissue of interest into 4 μm slices and
placed them on glass slides. Immunohistochemistry was
performed with insulin (1:200 dilution; Boster, China),
GLUT4 (1:300 dilution; ABclonal, China), and secondary
biotin-conjugated antibody (Boster, China). We observed
the dye distribution and intensity in immunostained tissues,
then calculated mean ODs using a fluorescence microscope
with a DP70 digital imaging system (Olympus, Japan) and
Image-Pro Plus 6.0 (Media Cybernetics, USA).

Total protein extraction and western blot analysis

Total protein in skeletal muscle and liver was extracted
using a protein extraction kit (Boster, China). Con-
centration of total protein was measured using a
bicinchoninic acid (BCA) kit (Boster, China). Each pro-
tein sample was separated by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis and trans-
ferred to a nitrocellulose (NC) membrane. After blocking
with 5% nonfat milk, the NC membrane was incubated
overnight at 4 °C with the following primary antibodies:
leptin (1:400 dilution; Boster, China), ADIPOQ (1:1000
dilution; ABclonal, China), GLUT4 (1:1000 dilution;
Boster, China), AKT (1:400 dilution; Boster, China),
PPARγ (1:1000 dilution; ABclonal, China), GLUT2
(1:1000 dilution; ABclonal, China), and β-actin (1:1000

dilution; Bioworld, China). Following this, the NC
membrane was washed and incubated for 1 h at room
temperature with horseradish peroxidase-conjugated goat
anti-rabbit or anti-mouse IgG antibody (1:4000 dilution;
Bostser, China). The immunoreactive band was detected
by enhanced chemiluminescence and quantified using a
chemiluminescence imaging system (G:Box Chemi XX9,
UK).

Statistical analysis

All data were analyzed using SPSS 16.0 software (IBM,
USA). Student’s t-test was used to compare control and
diabetic groups. One-way analysis of variance was used to
compare FBG, PBG, BMI, HOMA-IR, and TG between the
control and diabetic groups at the indicated weeks. To
evaluate differences in the incidence of diabetes, the chi-
squared test was used. Results are presented as mean ±
standard deviation. P-values < 0.05 were considered sta-
tistically significant.

Results

Establishment of diabetic Chinese hamsters

As the number of breeding generations increased, the
incidence of diabetes gradually increased (Fig. 1). In the
F7 generation hamsters, the total incidence was 36.73%,
twice as high as that F1 hamsters (Fig. 1a), but this dif-
ference was not statistically significant. In addition, sig-
nificant differences in the incidence of diabetes were not
observed between the F3 to F6 generations and the F1
generation. There was also no significant difference in the
incidence of diabetes between males and females (Fig.
1a). Individual onset of hyperglycemia varied, with the
earliest onset occurring at 15 weeks of age and some as
late as 37 weeks. With increasing age, FBG and PBG
values gradually increased (Fig. 1b, c), which means that
hamsters spontaneously developed diabetes in an age-
dependent manner. The FBG values of diabetic hamsters
were significantly higher than those of the control group at
the age of 12, 24, 36, and 48 weeks (Fig. 1b). The PBG
values were significantly higher in diabetic hamsters
compared with those in the control at the age of 24, 36,
and 48 weeks (Fig. 1c). Further, compared with 12-week-
old hamsters, FBG values in control and diabetic hamsters
(Fig. 1b), and PBG values in diabetic group hamsters (Fig.
1c) were higher at 48 weeks of age. We therefore focused
our studies on hamsters at 48 weeks of age; 15 males and
15 females of this age were randomly selected from each
experimental group.

Table 1 PCR primer sequences and corresponding sizes

Gene Primers (5ʹ-3ʹ) Sizes (bp)

β-actin F: 5ʹ-AGCCATGTACGTAGCCATCC-3ʹ 20

R: 5ʹ-ACCCTCATAGATGGGCACAG-3ʹ 20

Adipoq F: 5ʹ-GGACAAGGCTGTTCTCTTCACC-3ʹ 22

R: 5ʹ-ATCCCCATCCCCATACACC-3ʹ 19

Glut4 F: 5ʹ-ATCCCACAAGGCACTCTCACTAC-3ʹ 23

R: 5ʹ-GCCAGCATAGCCCTTTTCC-3ʹ 19

Pparg F: 5ʹ-GGAGCCTAAGTTTGAGTTTGCTGTG-3ʹ 25

R: 5ʹ-TGCAGCAGGTTGTCTTGGATG-3ʹ 21

Akt F: 5ʹ-GCCTGCCCTTCTACAACCA-3ʹ 19

R: 5ʹ-GCCTCTGTGTGGGGTCTTTC-3ʹ 20
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Clinical features

Male hamsters began to gain weight faster than females from
the age of 6 weeks in experimental groups (Fig. 2a). Within
gender, there was no difference between the control and
diabetic groups (Fig. 2a). A significant decrease in BMI was

observed in both male and female diabetic individuals at
48 weeks (Fig. 2b). At this point, total daily food intake
significantly increased in diabetic individuals (Fig. 2c), and
while total water intake also showed an increasing trend, this
was not significantly different from the control group (Fig.
2d). Body composition analysis showed that the total per-

Fig. 1 Incidence of diabetes in each generation and fasting blood
glucose (FBG), post-prandial blood glucose (PBG) at 12, 24, 36, and
48 weeks in Chinese hamster. a Percentages of diabetes animals with
FBG ≥ 6.0 mmol/L and PBG > 7.0 mmol/L in male, female and total
hamsters from F1 to F7. b, c FBG and PBG at 12, 24, 36, and

48 weeks (control, n= 30; diabetic, n= 15). Statistical differences
were analyzed by independent samples t-test. Data are shown as mean
± SD. Diabetic vs. Control: *P < 0.05, **P < 0.01, ***P < 0.001.
aaP < 0.01 vs. 12 weeks in control group, bP < 0.05 vs. 12 weeks in
diabetic group, bbP < 0.01 vs. 12 weeks in diabetic group

Fig. 2 Body weight, BMI, food intake, water consumption and body
composition in Chinese hamster. a Body weight in male and female
hamsters in both control (n= 38) and diabetic (n= 25) groups. b Body
mass index (BMI) was calculated as body weight (g) divided by the
square of the anal–nasal length (cm) at the indicated ages in both
control (n= 38) and diabetic (n= 25) groups. Mean daily food intake
c and water consumption d were measured at the indicated ages. The
body composition, including bone mineral content (BMC), fat mass,
lean mass, percent fat in tissue e and bone mineral density (BMD) f,

were measured by the InAlyzer dual-energy X-ray animal body
composition analysis system. The percentages of BMC, fat mass and
lean mass were also calculated. e Statistical differences were analyzed
by the independent-samples t-test. Data are shown as mean ± SD.
Control, n= 12; diabetic, n= 14. In b, *P < 0.05, **P < 0.01 and
***P < 0.001 vs. male hamsters of the control group; ##P < 0.01 and
###P < 0.001 vs. female hamsters of the control group. In c and e, **P
< 0.01 and ***P < 0.001 vs. control
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centage of fat mass and the percentage of fat distributed
within tissues were considerably lower in diabetic individuals
(Fig. 2e). It is worth noting that the proportion of fat in tissues
decreased by 37% in diabetic hamsters. Contrastingly, in the
diabetic group, the percentage of lean mass was significantly
greater. There were no obvious differences in BMD (Fig. 2f)
or percent BMC (Fig. 2e) between the control and diabetic
groups. These data indicated that this hamster strain sponta-
neously developed non-obese T2DM.

Metabolic parameters: FBG, PBG, serum lipid (TC,
TG), HbA1c, insulin, HOMA-IR, and liver glycogen

Measures of FBG, PBG, TG, insulin, HOMA-IR, and liver
glycogen levels in diabetic hamsters were all significantly
higher than they were in the controls (Table 2). Among them,
FBG and PBG values were not significantly different between
control and diabetic hamsters before the age of 12 weeks
(Online Resource 1a, b). At the age of 36 weeks, the values of
HOMA-IR and TG began to significantly increase in diabetic
hamsters compared with the control group (Online Resource
1c, d). Serum TC in the diabetic group exhibited an increasing
trend, but this was not statistically significant compared with
the control group (Table 2). The level of HbA1c, a long-term
marker for hyperglycemia, showed more than a 1.3-fold
increase in the diabetic group (Table 2). These results indi-
cated that the diabetic hamsters used in this study exhibited
insulin resistance and metabolic disease.

OGTT and ITT assays

Impaired glucose tolerance in diabetic hamsters was evident
at the 30-min time point of the OGTT (9.93 ± 1.63 versus
14.43 ± 3.25 mmol/L; Fig. 3a). Accordingly, the AUC
increased by 40% in diabetic hamsters (Fig. 3b). These
results indicated marked impairment in glucose tolerance.
After glucose loading, the serum insulin level of the ham-
sters showed similar increases in control and diabetic
groups from 0 to 15 min (Fig. 3c). At 30 min, the control
group showed significantly lower measures, whereas serum
insulin levels remained high in diabetic hamsters (Fig. 3c).
Insulin AUC (Fig. 3d) was also significantly higher in the

diabetic group. This suggested that diabetic hamsters had
defective glucose-stimulated insulin secretion.

To further evaluate the contribution of insulin resistance,
we also measured changes in the blood glucose of diabetic
hamsters in response to exogenous insulin. Exogenous
insulin treatment induced a rapid reduction in blood glucose
within 30 min in control hamsters, followed by gradual
return to euglycemia over 120min (Fig. 3e). Although low
blood glucose level was also observed in the diabetic group
in the first 30 min after recombinant human insulin injection,
it was ultimately maintained at a higher level (Fig. 3e).
These data indicated that these diabetic hamsters exhibited
impaired glucose intolerance and insulin resistance.

Pathological analysis of the diabetic target organs

Microscopic analysis of stained slides showed inward
migration of cell nuclei in the skeletal muscle of diabetic
hamsters (Fig. 4a). Partial liver steatosis and focal
necrosis were also observed (Fig. 4b). Further Sudan III
staining of liver showed a deposition of lipids in the
diabetic group (Fig. 4c).

Pancreatic tissue of the control group showed normal lob-
ular architecture, with islet cells morphologically identical and
evenly distributed (Fig. 4d). In contrast, mild injury and
abnormal distribution of islet cells, partial nuclear shrinkage,
and occasional vacuolization were observed in the diabetic
group (Fig. 4d). We also examined insulin expression by
immunohistochemistry analysis. In the control group, insulin
was evenly distributed and relatively abundant. The distribu-
tion of insulin in the diabetic group was not uniform, and
insulin granules could be clearly seen after staining (Fig. 4e, f).
This suggested continuous, potent stimulation of insulin
secretion in diabetic hamsters.

Analysis of candidate diabetic gene expression in
liver and skeletal muscle

We found that the expression of level adiponectin, based on
observations of both mRNA and protein levels, was sig-
nificantly lower in diabetic hamsters (Fig. 5a, b). Expression
of GLUT4 varied in different tissues. In the skeletal muscle

Table 2 The metabolic parameters of Chinese hamster in control and diabetic group

Groups FBG (mmol/L) PBG (mmol/L) TC (mmol/L) TG (mmol/L) HbA1c (%) Insulin (μU/mL) HOMA-IR Liver glycogen content (mg/g)

Control (n= 14) 3.96 ± 0.16 5.81 ± 0.42 4.29 ± 0.54 1.84 ± 0.65 6.57 ± 1.12 36.25 ± 8.27 6.31 ± 1.29 2.16 ± 0.28

Diabetic (n= 12) 6.90 ± 0.37*** 7.85 ± 0.63** 4.58 ± 0.55 2.66 ± 0.62*** 9.16 ± 1.46*** 52.15 ± 13.05* 14.78 ± 3.51*** 3.96 ± 0.70***

Data are mean ± standard deviations (SD)

FBG fasting blood glucose, PBG post-prandial blood glucose, TC total cholesterol, TG triglyceride, HbAlc glycosylated hemoglobin Alc,
HOMA-IR homeostasis model assessment of insulin resistance, HOMA-IR fasting insulin (μU/mL) × fasting blood glucose (mmol/L)/22.5

Results from Student’s t-test. Diabetic vs. Control: *P < 0.05, **P < 0.01, ***P < 0.001
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of diabetic hamsters, GLUT4 mRNA and protein levels
were lower than in the controls (Fig. 5c). In the liver,
GLUT4 expression increased at the mRNA level, but
showed a near-significant decreasing trend at the protein
level in diabetic hamsters (P= 0.053; Fig. 5d). Immuno-
histochemistry of GLUT4 in liver showed similar results
(P= 0.058; Online Resource 2a, b). Similarly, a trend for a
lower level of GLUT2 was observed in the liver of diabetic
hamsters (Online Resource 2c). In addition, Akt (Fig. 5e)
and PPARγ (Fig. 5f) mRNA and protein level in skeletal
muscle and PPARγ protein level in liver (Fig. 5g) were
significantly higher in diabetic hamsters. Leptin protein
expression was significantly greater in both skeletal muscle
and liver of diabetic hamsters (Fig. 5h, i). These results
suggested that diabetes-related genes may have contributed
to the diabetic phenotypes in this animal model.

Discussion

T2DM in humans is a complex polygenic disease and is often
associated with insulin resistance and defects in glucose uti-
lization. The progression of diabetes in the strain of Chinese
hamsters investigated in this study closely resembled features
of human T2DM in terms of spontaneous disease develop-
ment and individual metabolic profiles.

Aberrations in indicators of glucose metabolism,
including FBG and PBG, were significantly higher in dia-
betic hamsters compared with the control group. HbA1c, a
well-established clinical marker of glycemic control,
increased along with FBG and PBG. In addition, OGTT
indicated that the diabetic hamsters were glucose intolerant.
Impaired glucose tolerance is considered to be a precursor
for the development of T2DM in humans [18]. Progression
from glucose intolerance to diabetes is related to inadequate
insulin secretion or the degree of insulin sensitivity in
response to glucose [30].

Higher fasting serum insulin level and lower insulin
sensitivity were detected in the diabetic hamsters.
Immunohistochemical analysis of insulin in islet cells
showed that insulin granules could be clearly seen in
diabetic individuals, suggesting that the islet β cells of
diabetic hamsters retained the ability to synthesize and
release insulin in response to glucose, whereas HOMA-IR
indicated that diabetic hamsters were insulin resistant.
During OGTT, the control group exhibited significantly
lower serum insulin level than the diabetic hamsters at
30 min. This indicates that insulin resistance in diabetic
hamsters was primarily induced by decreased insulin
sensitivity, with unaddressed high blood glucose leading
to continuous and burdensome stimulation of the islet β
cells. The mild injury and atrophy, as well as lymphocytic

Fig. 3 Oral glucose tolerance test (OGTT), insulin secretion and
insulin tolerance test (ITT) between control and diabetic group in
Chinese hamsters. OGTT was performed after 12-h fasting and ham-
sters were given glucose orally (10 g/kg) by a gavage needle. After
glucose administration, blood glucose levels a were measured at 0, 30,
60, and 120 min, serum insulin levels c were measured at 0, 15, 30,
and 60 min. Area under the curve (AUC) of glucose b and serum

insulin d during the OGTT was also calculated. ITT was performed by
insulin intraperitoneal injection (0.75 IU/kg) after 5-h fasting. Blood
glucose levels e were measured at 0, 30, 60, 120, and 180 min after
injection. Statistical differences were analyzed by independent samples
t-test. Data are shown as mean ± SD. Control, n= 12; diabetic, n= 9.
Diabetic vs. Control: *P < 0.05, **P < 0.01, ***P < 0.001
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infiltration, seen in and around the islet cells was indica-
tive of chronic overstimulation.

Abnormal lipid metabolism is also associated with dia-
betes, and fasting hypertriglyceridemia was observed in
diabetic hamsters. Normal levels of TGs are associated with
lower fasting glucose levels and improved insulin sensi-
tivity [31]. Roden et al. [32] reported that intravenous
administration of a TG emulsion to healthy individuals can
reduce muscle glycogen synthesis and the rate of glucose
uptake. It is therefore possible that the occurrence of severe
hypertriglyceridemia precedes hyperglycemia and might
even contribute to the development of diabetes in these
hamster models, but this remains to be tested.

In general, metabolic disturbance will result in altered
BMI and body composition (including BMC, BMD, fat and
muscle content, among others). BMI is often used as an
indicator of an individual’s risk of obesity-related illnesses.
In both male and female hamsters in the diabetic group,
BMI decreased significantly. Body composition is a risk
factor for numerous conditions such as diabetes and heart
disease [33, 34]. In diabetic hamsters, the overall percentage
of body fat mass and fat in tissues were markedly decreased,
whereas the percentage of lean tissue significantly
increased. Together, these BMI and body composition
results established that these spontaneous T2DM hamsters
represent a non-obese animal model. Several animal models

Fig. 4 Pathological analysis of target organs between control (n= 8)
and diabetic (n= 6) group: skeletal muscle a, liver b, c, and pancreas
d, e, f. a Hematoxylin and eosin (HE) stain of skeletal muscle (×400)
showed partial cell nucleus inward migration in the diabetic hamsters
(arrows). b HE stain of liver (×200) showed partial hepatic steatosis
(arrows) and focal necrosis (arrow heads) in diabetic hamsters. c Sudan
III stain of liver (×200) in diabetic hamsters showed a orange-red
deposition (arrows) of lipids. d HE stain of pancreas (×200) showed
mild injury of islet, maldistribution of islet cells, partial nuclear

shrinkage, and occasional vacuolation (arrows) in diabetic hamsters. e
Photomicrographs of pancreatic tissue in immunohistochemistry
(200×) of insulin. The distribution of insulin in diabetic hamsters was
not uniform, but the insulin granule could be clearly seen after stain-
ing. f The mean optical density of insulin in pancreas. Scale bar, 50 µm
or 100 µm. Statistical differences were analyzed by independent
samples t-test. Data are shown as mean ± SD. Diabetic vs. Control:
*P < 0.05, **P < 0.01, ***P < 0.001
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of T2DM have been reported, including TSOD mice, which
develop T2DM with severe obesity [14]; NSY mice, which
develop diabetes with moderate obesity and/or severe
hyperinsulinemia [13]; and TH mice and gerbils, which also
show some degree of obesity when developing T2DM
[15, 16]. Like GK rats, our spontaneous T2DM hamster
strain represents a non-obese diabetes model [35, 36].
However, T2DM in GK rats is caused by defective insulin

secretion, while Chinese hamsters in the current study
exhibited insulin resistance. Therefore, this hamster model
has potential scientific value for the study of non-obese
T2DM caused by insulin resistance. Further studies are
needed to determine the molecular mechanisms behind the
decreased fat content in non-obese diabetic hamsters.

T2DM can affect physiological functions and metabolic
processes in some peripheral tissues and target organs. In

Fig. 5 Expression of candidate genes in skeletal muscle and liver of
control and diabetic hamsters by RT-qPCR and western blot. a Adi-
ponectin mRNA and protein expression levels in skeletal muscle. b
Adiponectin mRNA and protein expression levels in liver. c GLUT4
mRNA and protein expression levels in skeletal muscle. d GLUT4
mRNA and protein expression levels in liver. e Akt mRNA and protein

expression levels in skeletal muscle. f PPARγ mRNA and protein
expression levels in skeletal muscle. g PPARγ protein expression level
in liver. h Leptin protein expression level in skeletal muscle. i Leptin
protein expression level in liver. Statistical differences were analyzed
by independent samples t-test. Data are mean ± SD, n= 9 per group.
Diabetic vs. Control: *P < 0.05, **P < 0.01, ***P < 0.001
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the diabetic hamsters in this study, this was evident in the
form of damage observed histologically in the pancreas,
skeletal muscle, and liver. Mild injury and abnormal dis-
tribution of pancreatic islet cells is characteristic of diabetes
[37] and were observed in the diabetic hamsters; however,
insulin secretion was unimpaired, suggesting insulin resis-
tance. Skeletal muscle, as the tissue responsible for the bulk
of glucose absorption and fatty acid oxidation, plays an
important role in the totality of glucose metabolism [38].
The liver also participates in glucose metabolism and has
important influence on the storage, distribution, and reg-
ulation of its levels in the blood [39]. In the diabetic group,
we observed inward migration of cell nuclei in skeletal
muscle and deposition of lipids in the liver, which may have
been associated with fasting hyperglycemia and impaired
glucolipid metabolism. In addition, compared with the
control group, liver glycogen was significantly increased in
diabetic hamsters. This result indicated abnormal regulation
of glucose in the liver, and this phenomenon may be related
to insulin resistance in the liver. More research is needed to
explore the molecular characteristics of the defective tissues
in diabetic hamsters to further understand the causative
mechanisms underlying this T2DM model.

To explore the molecular characteristics of the diabetic
phenotype, we measured the expression of adiponectin, leptin,
GLUT2, GLUT4, PPARγ, and Akt, which are associated with
metabolic disorders. These results showed that the expression
levels of both adiponectin mRNA and protein were reduced in
liver and skeletal muscle, whereas leptin expression increased
at the protein level. Leptin and adiponectin are important fac-
tors in the regulation of lipid metabolism and blood glucose
homeostasis [40, 41]. Minokoshi et al. [42] and Yamauchi
et al. [43] both reported that leptin and adiponectin regulate
fatty acid oxidation by activating AMP-activated protein kinase
in skeletal muscle. Adiponectin is an insulin-sensitizing hor-
mone, and severely low levels can cause lipid accumulation in
non-adipose tissues such as the liver. This can cause functional
impairments known as lipotoxicity [18]. In addition, PPARγ
serves as a key regulator of adipocyte differentiation and lipid
and carbohydrate metabolism [19]. In diabetic hamsters,
PPARγ was increasingly expressed in both liver and skeletal
muscle. Yu et al. [44] reported that a high level of PPARγ is
needed to induce lipogenesis and lipid accumulation in mouse
liver. Our results indicate that liver steatosis may be related to
the increased expression of PPARγ in liver of diabetic ham-
sters. Although further studies are needed, we speculate that
spontaneous diabetes in hamsters may be associated with
altered expression of leptin, adiponectin, and PPARγ.

Impaired glucose uptake in skeletal muscle may be
explained by the reduced GLUT4 level and/or changes in its
translocation to the plasma membrane [30]. In the basal

condition, GLUT4 protein remains in specialized vesicles
within the cell [23]. When post-prandial glucose levels rise,
insulin receptor signal transduction is activated and GLUT4
protein is translocated to the plasma membrane, thus com-
pleting the transport of glucose and reducing blood glucose
concentration [23, 30]. Miura et al. [45] have reported that
impaired GLUT4 translocation in skeletal muscle is partly
responsible for insulin resistance. Meanwhile, PI3K/Akt is an
important signaling pathway for GLUT4 translocation by
regulating insulin stimulation [24]. In diabetic hamsters, Akt
mRNA and protein expression increased, whereas the levels
of GLUT4 decreased in the skeletal muscle. However, there
were no significant changes in protein expression of GLUT4,
or Akt in the liver. Hence, it is possible that the translocation
of GLUT4 is defective in diabetic hamsters, which may be
correlated with the expression of Akt in skeletal muscle. The
specific relationship between the PI3K/Akt signaling pathway
remains to be investigated.

In summary, we have established a spontaneous diabetic
hamster model for non-obese T2DM. Metabolic abnorm-
alities in Chinese hamster diabetic models are similar to
those observed in human T2DM, which makes this model a
valuable resource for studying the molecular mechanisms
underlying this condition.
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