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Abstract. Pancreatic and duodenal homeobox (PdX)‑1 is a 
gene that plays an important role in pancreatic development 
and function. Type‑2 diabetes mellitus (T2dM) is a metabolic 
disease associated with insulin resistance and impaired islet 
β‑cell function. There is evidence that methylation of PdX‑1 
plays a role in the development of T2dM. acarbose is an 
α‑glucosidase inhibitor that can effectively delay the absorp‑
tion of glucose by the body. The aim of the present study was 
to examine the effect of acarbose on PdX‑1 methylation in islet 
β‑cells in spontaneous type‑2 diabetic db/db mice. The effect 
of acarbose on glucose and lipid metabolism in these mice 
was assessed by measuring food intake, body weight, glycated 
hemoglobin (Hba1c), glucagon, serum total cholesterol and 
triglyceride levels, and fasting blood glucose (FBG). Blood 
glucose levels were also analyzed using intraperitoneal glucose 
tolerance and insulin tolerance tests. immunohistochemistry 
was used to evaluate the effect of acarbose on pathological 
changes in the pancreas. Moreover, a Brdu assay was used 
to analyze cell proliferation. lastly, the effect of acarbose 
on PdX‑1 methylation was evaluated in mice using methyl‑
ation‑specific PCR and western blot analysis. In the present 
study, body weight significantly increased in the acarbose 
group, compared to the normal group. The levels of Hba1c 
and glucagon in the T2dM group significantly increased, 
compared with the normal group, but significantly decreased 
in acarbose‑treated mice. Moreover, FBG levels significantly 
decreased in the acarbose groups compared with T2dM mice. 
acarbose also promoted cell proliferation, compared with 
untreated T2dM mice. in addition, PdX‑1 methylation and 
cytoplasmic expression levels were both downregulated in the 
acarbose group, compared with the T2dM group. in conclu‑
sion, these results suggested that acarbose could promote the 
proliferation of islet β‑cells and inhibit PdX‑1 methylation in 

islet β cells from diabetic mice. Thus, acarbose may provide a 
new strategy to treat T2dM.

Introduction

diabetes mellitus is a common group of clinical syndromes 
that are mainly manifested in disorders of glucose metabolism 
and fluid imbalance (1,2). More than 400 million patients 
are diagnosed with the disease worldwide, and it has high 
mortality and disability rates (3). notably, type‑2 diabetes 
mellitus (T2dM) accounts for up to 90% of these patients. 
T2dM is characterized by hyperglycemia induced by multiple 
factors, including genetic inheritance, various environmental 
factors (such as exercise habits and work pressure) and life‑
style (4). T2dM is caused by impaired islet β‑cell function and 
insulin resistance (5).

in recent years, researchers have carried out exploratory 
work on T2DM in the field of epigenetics, including DNA 
methylation (6) and histone acetylation (7), in an effort to 
explain the epigenetic mechanism of T2dM (8). changes in 
dietary habits cause epigenetic changes (9). epigenetic research 
related to the environment is becoming increasingly important 
in the prevention and treatment of diseases (10). dna meth‑
ylation is one of the most well‑studied epigenetic processes 
in transcriptional regulation and gene silencing. PdX‑1 is a 
gene that plays an important role in pancreatic development 
and function (11,12). Previous studies have suggested that 
the methylation of PdX‑1 plays a role in the development of 
T2dM (13,14).

acarbose is an α‑glucosidase inhibitor that functions by 
competing with oligosaccharides to inhibit α‑glucosidase 
activity of intestinal wall cells, thereby delaying the process of 
carbohydrate degradation and effectively delaying the absorp‑
tion of glucose by pancreatic tissues (15). However, the effect 
of acarbose on PdX‑1 methylation in islet β cells remains 
unclear. The purpose of the study was to evaluate the effect of 
acarbose on PdX‑1 methylation in islet β‑cells in spontaneous 
type 2 diabetic db/db mice.

Materials and methods

Animal studies and experimental design. Male, 8‑week‑old 
db/db mice and male ‑+/db mice (n=28; weight, ~18 g) were 
purchased from Shanghai Xipu‑bikai experimental animal 
Co., Ltd. The mice were housed at 22‑25˚C with 60±5%, 
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12‑h light/dark cycles and sufficient water and were fed a 
commercial diet over one week of adaptation. The mice were 
then randomly divided into four groups. in the normal group 
(n=8), male ‑+/db mice were fed a commercial diet. Mice with 
fasting blood glucose >11.1 mmol/l were considered diabetic 
and selected in the T2dM groups. in the T2dM group (n=8), 
mice were fed a high‑fat diet (T2dM model group). The mice 
in the acarbose‑treated diabetic group (T2dM+acarbose 
group; n=8) were given 9 g/kg/day acarbose extract 
(cat. no. 1906208B; Zhongmei Huadong Pharmaceutical co., 
ltd.) by gavage for four weeks. The mice in the alkylresorcinol 
(ar; cat. no. 3158‑56‑3; Sigma‑aldrich; Merck KGaa)‑treated 
T2dM group (T2dM+ar group; n=8) received 60 mg/kg/day 
ar extract by gavage for 4 weeks as a positive control (16). 
This study was performed in strict accordance with the 
niH guidelines for the care and use of laboratory animals 
(niH Publication no. 85‑23 rev. 1985) and was approved by 
the animal care and use committee of Zhejiang chinese 
Medical university (approval no. ZSll‑2019‑102). Food 
intake, body weight, serum total cholesterol (Tc) and triglyc‑
eride (TG) levels, glucagon, and fasting blood glucose (FBG) 
were measured. All mice were euthanized with 5% isoflurane. 
Mice were monitored until complete cessation of the heartbeat, 
sustained involuntary respiration for 2‑3 min and absence of 
blinking or toe contraction reflex.

Routine measurements. during the experimental period, 
food intake, body weight, and FBG were recorded weekly. 
Before measuring FBG, the mice were fasted for 24 h (with 
sufficient water), blood (1 ml; total 5 ml) was collected from 
the tail vein, and FBG was measured with a blood glucose 
meter (Jiangsu Yuyue Medical equipment & Supply co., 
Ltd.) weekly until the mice were sacrificed. Four weeks after 
treatment, glycosylated hemoglobin (Hba1c) was measured 
using a dca2000 analyzer (Bayer aG). The levels of 
glucagon were measured by eliSa (cat. no. MoeS01072; 
uScn Kit, inc.).

Lipid profiles in serum. The serum total cholesterol (Tc) and 
triglyceride (TG) levels were measured by direct enzymatic 
methods using a cX‑7 Biochemical autoanalyser (Beckman 
coulter, inc.).

Glucose and insulin tolerance tests. intraperitoneal glucose 
tolerance tests (iPGTTs) and insulin tolerance tests (iTTs) 
were performed on different days. Four weeks after treatment, 
all mice were fasted overnight before analysis. Glucose was 
administered at a dose of 2 g/kg by intraperitoneal injection, 
and tail vein blood glucose levels were measured using a 
glucose meter (Yuyue301) at 0, 30, 60, and 120 min. The mice 
were injected with 1 u/kg humulin r (eli lilly) after fasting 
for 4 h for the iPGTT. The glucose levels were measured at 
0, 30, 60, 90 and 120 min after injection.

Methylation‑specific PCR (MSP). The MSP was performed 
on a 7300 thermocycler (applied Biosystems; Thermo Fisher 
Scientific, inc.). The primers for Methylation PdX‑1 and 
unmethylated PdX‑1 were based on the genomic sequence 
(accession nos. nT_024524100 and nT_024524) of the PdX‑1 
gene. Primer sequences were as follows: i) unmethylated 

PdX‑1‑forward, 5'‑Gcc TcG aGc Gca Gac TGa GTc caG 
aGT G‑3' and reverse, 5'‑cGa aGc TTc GGT GaT TTc TTc 
aGG Gaa a‑3'; ii) Methylation PdX‑1‑forward, 5'‑GTT 
TTT TTc GGa GGG aGTc‑3' and reverse, 5'‑TTT cca cGc 
GTa aac TTT aa‑3'. cellular dna was extracted using the 
Qiamp dna mini kit (Qiagen GmbH) from mouse pancre‑
atic samples according to the manufacturer's instructions. 
Bisulphate modification of the DNA was performed using the 
eZ Methylation‑Gold kit (Zymo research, corp.) according 
to the manufacturer's protocol. dna elements with methyl‑
ated cytosins remained unmodified after bisulfite treatment, 
whereas unmethylated cytosins were completely converted 
into uracil nucleosides and further to thymine after Pcr, 
thus giving different primer recognition sequences for MSP. 
PCR‑mix (2X; 12.5 µl; Fermentas; Thermo Fisher Scientific, 
Inc.) was added to 2 µl bisulfonated/unmodified DNA sample 
followed by 0.8 µl forward and reverse primers (400 nM each) 
and 8.5 µl water.

The Pcr reaction was run using the Taq Gc Buffer 
amplification system (Takara Biotechnology Co., Ltd.) and the 
following thermocycling conditions: 94˚C for 2 min; followed 
by 35 cycles at 94˚C for 10 sec, 60‑70˚C for 20 sec and 72˚C 
for 20 sec; and terminated at 72˚C for 4 min followed by 
immediate cooling to 4˚C.

after staining with 6X loading dye solution (Fermantas; 
Thermo Fisher Scientific, inc.), the Pcr products were 
analyzed on 2% agarose gels and visualized under uV illu‑
mination using a labWorks gel imaging system (version 4.6; 
uVP, llc).

Extraction of nuclear extracts and pancreatic tissue 
homogenate. nuclear extracts were isolated from pancreatic 
tissues using ne‑Per™ extraction reagent (Thermo Fisher 
Scientific, inc.), according to the manufacturer's protocol. 
Frozen pancreatic tissues were placed on ice and pulverized in 
a pre‑cooled mortar with liquid nitrogen. Tissues were lysed 
in 500 µl riPa buffer (Beyotime institute of Biotechnology) 
supplemented with phosphatase and protease inhibitor cock‑
tail (Thermo Fisher Scientific, inc.) and then centrifuged 
at 10,000 x g for 20 min at 4˚C. The soluble extracts were 
collected for western blotting. The determination of protein 
concentrations was performed using a bicinchoninic acid 
assay (Thermo Fisher Scientific, Inc.).

Western blot analysis. Soluble lysates (40 µg) and nuclear 
extracts (20 µg) were separated by SdS‑PaGe on 8% gels 
and transferred to PVdF membranes (eMd Millipore). The 
membranes were blocked with 5% nonfat milk in TBS‑T 
(10 mM Tris, pH 7.6, 150 mM nacl, and 0.05% Tween‑20) 
for 2 h at room temperature and probed with primary anti‑
bodies against PdX‑1 (42 kda; rabbit; 1:1,000; cat. no. 5679; 
cell Signaling Technology), β‑actin (45 kda; rabbit; 1:1,000; 
cat. no. ab8227; abcam) and Pcna (36 kda; rabbit; 1:1,000; 
cat. no. 13110; Cell Signaling Technology) overnight at 4˚C. A 
peroxidase‑conjugated goat anti‑mouse igG secondary anti‑
body (1:2,000; cat. no. sc‑516102; Santa cruz Biotechnology, 
inc.) was then added for 1.5 h at room temperature. The bands 
were visualized using an enhanced chemiluminescence kit 
(Beyotime Institute of Biotechnology) and quantified using 
imageJ software (version 6.0; national institutes of Health).
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β‑cell proliferation assessment. After fixation by perfusion 
with 4% paraformaldehyde for 5 min at room temperature, 
the mouse pancreas was removed. after sectioning into 
5‑µm, dewaxing and microwave antigen recovery, the slides 
were briefly incubated with 0.2% Triton X‑100 and 10% BSA 
(cat. no. a3858; Sigma‑aldrich; Merck KGaa), then kept 
overnight at 4˚C with guinea pig anti‑insulin (cat. no. ab7842; 
1:1,000; abcam) and mouse anti‑Brdu (cat. no. ab8152; 
1:1,000; abcam) antibodies followed by alexa Fluor 568 goat 
anti‑guinea pig (cat. no. aP108B; 1:1,000; Sigma‑aldrich; 
Merck KGaa) and FiTc goat anti‑mouse (cat. no. ab6785; 
1:1,000; abcam) secondary antibodies. nuclei were coun‑
terstained with daPi (cat. no. ab104139; abcam). all Brdu+ 
cells and insulin+ cells (representing total β‑cells) from 
50 pancreatic islets per mouse were counted using a confocal 
microscope (Zeiss aG). The percentage of β‑cell proliferation 
was determined by dividing the number of Brdu+ β‑cells by 
the total number of β‑cells.

Immunohistochemistry. Pancreatic tissues were fixed in 
10% neutral‑buffered formalin for 5 min at room temperature 
and embedded in paraffin. after a xylene wash to remove 
the paraffin and a rehydration step with serial dilutions of 
alcohol, the 5‑µm thick sections were incubated in 0.3% H2o2 
for 15 min to block endogenous peroxidases and heated at 
98˚C for 15 min for antigen retrieval. Samples were blocked 
with 5% BSa for 1 h at room temperature. The sections were 
then incubated overnight at 4˚C with primary antibodies 
against inducible neurogenin 3 (nGn3; cat. no. sc‑374442; 
mouse; 1:60; Santa cruz Biotechnology, inc.), insulin (mouse; 
cat. no. BM4310; 1:50; Wuhan Boster Biological Technology, 
ltd.), PdX‑1 (cat. no. 5679; rabbit; 1:50; cell Signaling 
Technology, inc.) and Forkhead box o1 (FoXo1; cat. no. 2880; 
rabbit, 1:100; cell Signaling Technology). after a series of 
washes, peroxidase‑conjugated goat anti‑mouse igG/goat 
anti‑rabbit igG secondary antibodies (cat. nos. sc‑516102 and 
sc‑2357; 1:100; Santa cruz Biotechnology, inc.) were applied. 

Figure 1. effect of acarbose on glucose and lipid metabolism in diabetic mice. (a) Weight, (B) food, (c) fasting blood glucose, (d) glucagon, (e) Hba1c, 
(F) Tc, (G) TG (H) ldl‑c and (i) Hdl‑c levels were determined. n=8. *P<0.05, **P<0.01, ***P<0.001, vs. normal group; &P<0.05, &&P<0.01, vs. T2dM 
group. ar, alkylresorcinol; T2dM, type‑2 diabetes mellitus; Hba1c, glycated hemoglobin; Tc, total cholesterol; TG, triglycerides; ldl‑c, low‑density 
lipoprotein‑cholesterol; Hdl‑c, high‑density lipoprotein‑cholesterol.
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The sections were stained with diaminobenzidine solution 
(oriGene Technologies, inc.) washed, dehydrated, permeabi‑
lized, mounted and examined under bright‑field microscopy. 
images were examined using an lSM 710 laser scanning 
confocal microscope (carl Zeiss aG).

Statistical analysis. Data are presented as the mean ± SEM 
of at least three independent experiments. Statistical analysis 
was performed using SPSS version 13.0 (SPSS, inc.). one‑way 
anoVa followed by Bonferroni correction was used for 
multi‑group comparisons. a t‑test was performed to identify 
significant differences between two groups. P<0.05 were 
considered to indicate a statistically significant difference.

Results

Effect of acarbose on glucose and lipid metabolism 
in diabetic mice. T2dM mice exhibited a significant 
increase and body weight, compared with normal mice 
(Fig. 1a and B). Furthermore, T2dM mice demonstrated 

a significant increase in FBG compared with normal mice, 
and the increased FBG levels were maintained throughout 
the entire experiment (Fig. 1c). These results are considered 
common signs of diabetes. importantly, in all diabetic mice 
mice, glucagon, Hba1c, Tc, TG and ldl‑c levels were all 
significantly increased, compared with the normal group 
(Fig. 1d‑H), while Hdl‑c levels remained unchanged 
(Fig. 1i), indicating that hyperlipidemia symptoms were also 
successfully established in the diabetes group. Moreover, 
acarbose significantly decreased glucagon, Hba1c, Tc, 
TG and ldl‑c levels in serum, compared with untreated 
T2dM mice.

Effect of acarbose on the IPGTT and ITT. Blood glucose 
levels were measured at 30, 60, 90 and 120 min. in the normal 
group, the initial and final blood glucose levels were similar. 
By contrast, blood glucose levels remained high in T2dM 
mice at the 120‑min timepoint, compared with the initial 
timepoint (Fig. 2A). Interestingly, blood glucose significantly 
decreased in the acarbose‑ or ar‑treated groups, compared, 

Figure 3. effects of acarbose on pancreatic islet number and structure in diabetic mice based on hematoxylin and eosin staining. High glucose‑mediated 
damage to pancreatic tissue were reversed by Acarbose. Magnification, x200 or x400. n=8.

Figure 2. effect of acarbose on fasting blood glucose. (a) Fasting blood glucose was analyzed in iPGTTs. (B) Fasting blood glucose was analyzed in iTTs. 
n=8. **P<0.01, ***P<0.001, vs. normal group; &P<0.05, &&P<0.01, vs. T2dM group. ar, alkylresorcinol; T2dM, type‑2 diabetes mellitus; iPGTT, intraperitoneal 
glucose tolerance test; iTT, insulin tolerance test.
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with T2dM mice, suggesting that acarbose could reduce 
glucose rapidly and stably. Similarly, in the iTT, the acar‑
bose‑treated mice displayed reduced blood glucose levels at 
30, 60, 90 and 120 min compared to the T2dM model mice 
(Fig. 2B).

Effects of acarbose on pancreatic islet number and structure in 
diabetic mice. He staining of pancreatic tissue demonstrated that 
high‑fat diet administration elicited severe injury to the pancreas, 
including decreased islet cells and diminished pancreatic islet 

diameter. additionally, the structure of the pancreatic islets 
was disordered, vacuoles appeared, and nuclei were swollen in 
T2dM mice. These effects were reversed by acarbose (Fig. 3).

Effects of acarbose on insulin, PDX‑1, FoxO1 and Ngn3 
expression in islets. Active PDX‑1 induces the efficient produc‑
tion of insulin. The strong nuclear expression of PdX‑1 was 
shown in the islet β‑cells of nc pancreatic tissues, while PdX‑1 
staining was weak in the dM group and was restored by acar‑
bose (Fig. 4a). conversely, strong nuclear expression of Foxo1 

Figure 4. effects of acarbose on insulin, PdX‑1, Foxo1 and nGn 3 expression in islets. (a) insulin, PdX‑1, Foxo1 and ngn3 expression in the islet β‑cells 
of pancreatic tissue sections. Magnification, x200 or x400. (B) GLP‑1 levels. (C) Numbers of insulin‑positive and BrdU‑positive β‑cells. n=8. **P<0.01,  
***P<0.001, vs. the normal group; &P<0.05, &&P<0.01, vs. the T2dM group. ar, alkylresorcinol; T2dM, type‑2 diabetes mellitus; FoXo1, forkhead box o1; 
NGN3, neurogenin 3; PDX‑1, pancreatic and duodenal homeobox‑1; GLP‑1, zinc finger GATA‑like protein 1.
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was observed in the pancreatic tissues of T2dM model mice, 
which was reversed by acarbose (Fig. 4a). The ngn3 level in 
the pancreas was obviously increased in the T2dM model mice 
and was obviously decreased by acarbose (Fig. 4a). Moreover, 
strong insulin staining was observed in normal mice but 
weak staining was observed in T2dM model mice. However, 
acarbose increased insulin levels (Fig. 4a). the level of GlP‑1 
was determined, and the results showed that GlP‑1 level was 
decreased in T2dM group compared to normal group, which 
partly reversed by acarbose and alkylresorcinol (Fig. 4B). 
Similarly, the number of insulin‑positive/Brdu‑positive 
β‑cells increased dramatically in the T2dM + acarbose group 
compared with the T2dM group (Fig. 4c).

Effects of acarbose on PDX‑1 promoter hypermethylation in 
diabetic mice. Hypermethylation of the PdX‑1 promoter was 
not observed in normal mice but was significantly increased 
in T2dM model mice. additionally, PdX‑1 hypermethylation 
was inhibited by acarbose and alkylresorcinol (Fig. 5a‑c). 
Moreover, a significant redistribution of PdX‑1 from the 
nucleus to the cytoplasm was observed in pancreatic tissues 
of T2dM model mice compared with that in normal mice. in 
contrast, acarbose prevented the nuclear export of PdX‑1 in 
T2dM model mice (Fig. 5d).

Discussion

The prevalence of T2dM has been increasing each year, in 
parallel to the increase in the population with a high risk 

for diabetes development (17). acarbose is one of the safest 
antidiabetic agents available and is commonly prescribed for 
the treatment or prevention of T2dM (18). The most important 
function of pancreatic β‑cells is to maintain blood glucose 
homeostasis by secreting insulin upon glucose stimulation. 
loss of pancreatic islet mass and β‑cell dysfunction accom‑
panied by a decrease in insulin synthesis are crucial factors 
for initiating the development of dM (19). The present study 
confirmed that acarbose could alleviate pancreatic β‑cell 
damage and impaired insulin secretion in T2dM mice by 
reducing the methylation of PdX‑1.

insulin resistance is reported to be involved in the disorder 
of glucose metabolism and lipid metabolism (20). in the 
present study, a diabetic mouse model was established that 
exhibited hyperglycemia and insulin resistance. acarbose 
significantly reduced blood glucose levels and improved 
insulin sensitivity in diabetic mice. it also reduced the elevated 
levels of glucagon, Tc and TG seen in diabetic mice and 
promoted β‑cell proliferation. in addition, acarbose promoted 
the nuclear expression of PdX‑1 with a concomitant decrease 
in acetylated Foxo1 levels, both of which led to increased 
production of insulin.

PdX‑1 is predominately expressed in β‑cells and can 
induce β‑cell differentiation and insulin transcription (21). 
conversely, mutation or downregulation of PdX‑1 results in 
β‑cell dysfunction and glucose intolerance in humans and 
animals (22), indicating that the activation of PdX‑1‑regulated 
responses is an important therapeutic target for preventing 
the development of dM. The present study demonstrated 

Figure 5. effects of acarbose on PdX‑1 promoter hypermethylation in diabetic mice. (a‑c) PdX‑1 hypermethylation was inhibited by acarbose and ars. 
(d) acarbose prevented the nuclear export of PdX‑1 in T2dM model mice, Pcna and β‑actin were used as loading controls for nuclear and cytoplasmic 
fractions, respectively. n=8. **P<0.01, vs. normal group; &P<0.05, &&P<0.01, vs. T2dM group. ar, alkylresorcinol; T2dM, type‑2 diabetes mellitus; PdX‑1, 
pancreatic and duodenal homeobox‑1; Pcna, proliferating cell nuclear antigen; M methylated; u, unmethylated.
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increased cytoplasmic PdX‑1 levels and decreased nuclear 
PdX‑1 in β‑cells from diabetic mice, compared with control 
mice, and acarbose blocked the diabetes‑mediated nucleocy‑
toplasmic shuttling of PdX‑1, suggesting that acarbose could 
promote insulin production by preserving nuclear PdX‑1. 
interestingly, in PdX‑1+ β‑cells, Foxo1 is largely local‑
ized in the cytoplasm, but in PdX‑1‑ β‑cells, Foxo1 mainly 
accumulates in the nucleus (23), suggesting the mutual exclu‑
sion of Foxo1 and PdX‑1. ngn3 is a basic helix‑loop‑helix 
protein and a progenitor cell marker in islets (24). Moreover, 
the increase in ngn3 resulted from the dedifferentiation of 
pancreatic β‑cells in the islets and was probably attributed to 
the decrease in β‑cells (25). A significant increase in Ngn3 
levels was observed in the model group compared with the 
control group. Moreover, the levels of insulin, glucagon and 
PdX‑1 in islets were increased in the T2dM group. These data 
may support the hypothesis that alterations to the genes leads 
to a decrease in β‑cells and that acarbose could prevent β‑cell 
proliferation.

a previous study suggested that dna methylation may 
be involved in controlling cell‑specific PDX‑1 expression in 
human islets (22). in support of this, increased PdX‑1 methyla‑
tion was observed in T2dM mouse β‑cells, leading to reduced 
PdX‑1 levels. Moreover, acarbose blocked the increase in 
methylated PdX‑1 in T2dM mouse β‑cells.

However, our study had some limitations. First, the 
levels of dna methylases dnmt1, dnmt3a or dnmt3b were 
not measured in islets. Second, whether the notch1/ngn3 
signaling pathway mediates dedifferentiation needs further 
examination in vitro. Third, the effect of acarbose on oxidative 
stress was not analyzed.

in summary, the present study demonstrated that acarbose 
may improve glucose metabolism in db/db mice. Furthermore, 
acarbose maintained β‑cell identity by preventing prolifera‑
tion through the regulation of ngn3, Foxo1 and PdX‑1. This 
process probably involved PdX‑1 methylation.
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