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Abstract. An increase in liver gluconeogenesis is an important 
pathological phenomenon in type 2 diabetes mellitus (T2DM) 
and oxymatrine is an effective natural drug used for T2DM 
treatment. The present study aimed to explore the effect of 
oxymatrine on gluconeogenesis and elucidate the underlying 
mechanism. Male Sprague‑Dawley rats were treated with a 
high‑fat diet and streptozotocin for 4 weeks to induce T2DM, 
and HepG2 cells were treated with 55 mM glucose to simulate 
T2DM in  vitro. T2DM rats were treated with oxymatrine 
(10 or 20  mg/kg weight) or metformin for 4  weeks, and 
HepG2 cells were treated with oxymatrine (0.1 or 1 µM), 
metformin (0.1 µM), or oxymatrine combined with MK‑2206 
(AKT inhibitor) for 24 h. Fasting blood glucose and insulin 
sensitivity of rats were measured to evaluate insulin resis‑
tance. Glucose production and uptake ability were measured 
to evaluate gluconeogenesis in HepG2 cells, and the expres‑
sion of related genes was detected to explore the molecular 
mechanism. Additionally, the body weight, liver weight 
and liver index were measured and hematoxylin and eosin 
staining was performed to evaluate the effects of the disease. 
The fasting glucose levels of T2DM rats was 16.5 mmol/l, 
whereas in the control rats, it was 6.1 mmol/l. Decreased 
insulin sensitivity (K‑value, 0.2), body weight loss (weight, 

300 g), liver weight gain, liver index increase (value, 48) and 
morphological changes were observed in T2DM rats, accom‑
panied by reduced AKT phosphorylation, and upregulated 
expression of phosphoenolpyruvate carboxykinase (PEPCK) 
and glucose‑6‑phosphatase (G6Pase). High‑glucose treatment 
significantly increased glucose production and decreased 
glucose uptake in HepG2 cells, concomitant with a decrease 
in AKT phosphorylation and increase of PEPCK and G6Pase 
expression. In vivo, oxymatrine dose‑dependently increased 
the sensitivity of T2DM rats to insulin, increased AKT phos‑
phorylation and decreased PEPCK and G6Pase expression 
in the liver, and reversed the liver morphological changes. 
In vitro, oxymatrine dose‑dependently increased AKT phos‑
phorylation and glucose uptake of HepG2 cells subjected to 
high‑glucose treatment, which was accompanied by inhibition 
of the expression of the gluconeogenesis‑related genes, PEPCK 
and G6Pase. MK‑2206 significantly inhibited the protective 
effects of oxymatrine in high‑glucose‑treated cells. These data 
indicated that oxymatrine can effectively prevent insulin resis‑
tance and gluconeogenesis, and its mechanism may be at least 
partly associated with the regulation of PEPCK and G6Pase 
expression and AKT phosphorylation in the liver.

Introduction

Diabetes mellitus (DM) is a common chronic metabolic 
disease, which is primarily characterized by an increase in 
blood glucose levels and its complications are usually caused 
by insulin resistance or deficiency  (1). In China, ~11% of 
the population are diagnosed with DM at present, and the 
age of onset has been decreasing in recent years (2). As the 
most common type of diabetes, type 2 DM (T2DM) accounts 
for 90‑95% of all DM cases (3). It has been confirmed that 
abnormal glucose metabolism in the liver is one of the primary 
pathological factors of T2DM, and diabetic patients often 
exhibit disrupted glycogenesis and glycogenolysis, with the 
role of glycogenesis being particularly important (4). In the 
process of gluconeogenesis, phosphoenolpyruvate carboxylase 
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(PEPCK) and glucose‑6‑phosphatase (G6Pase) are the key 
enzymes in the liver regulating the conversion of non‑sugar 
substances into glucose. The increase in their expression 
is associated with the enhancement of gluconeogenesis (5). 
Therefore, PEPCK and G6Pase are important targets for 
diabetes treatment and development of novel drugs.

The insulin signaling pathway serves an important role in 
T2DM. Normal insulin signaling can inhibit the occurrence of 
gluconeogenesis in hepatocytes, reduce the output of glucose, 
and increase the utilization of glucose by peripheral tissues (6). 
AKT is a key downstream molecule in the insulin signaling 
pathway, and its abnormal phosphorylation is closely associated 
with insulin resistance and gluconeogenesis, which is consid‑
ered as a marker of T2DM (7). Therefore, screening drugs that 
target AKT based on traditional Chinese herbal medicines that 
exhibit anti‑gluconeogenic or anti‑insulin resistance properties 
may be useful for the treatment of diabetes.

Oxymatrine is an important active component of the 
traditional Chinese herbal medicine Sophora  flavescens 
Ait. It has a variety of pharmacological effects, such as 
anti‑inflammatory, antiallergic, antiviral, antifibrotic, blood 
sugar‑ and blood lipid‑lowering properties (8‑13). It was previ‑
ously demonstrated that oxymatrine has anti‑T2DM properties 
and may be used for obesity‑related diseases as an adjuvant 
therapy (14,15). Its mechanism is associated with the regulation 
of the PI3K/AKT pathway (15); however, the exact mechanism 
remains to be elucidated. It was demonstrated that oxymatrine 
can effectively improve the sensitivity of T2DM rats to insulin, 
indicating that oxymatrine may be a new therapeutic strategy 
for anti‑gluconeogenesis in patients with T2DM (16). However, 
few studies to date have explored whether the protective 
mechanism of oxymatrine on diabetes is associated with the 
phosphorylation of AKT and the regulation of the expression 
of gluconeogenesis‑related genes.

The aim of the present study was to explore the effect of 
oxymatrine on gluconeogenesis in T2DM rats, and to deter‑
mine whether its mechanism of action is associated with the 
regulation of PEPCK and G6Pase expression, as well as AKT 
phosphorylation in the liver.

Materials and methods

Animal experiments. A total of 40 male Sprague‑Dawley rats 
(8 weeks old; weight, 270±20 g) were provided by Hunan SJA 
Laboratory Animal Co., Ltd. All rats were raised according to the 
standard conditions: 12‑h light/dark cycle, 25˚C ambient tempera‑
ture and 60% humidity. All rats were provided ad libitum access 
to food and water. The study was performed in accordance with 
the National Research Council (US) Committee guidelines for 
the care and use of experimental animals (16), and was approved 
by the Veterinary Animal Care and use Committee of Hunan 
Normal University (approval no. 2019111).

The T2DM rat model was established as described by 
Ma et al (17) with some modifications: The rats were fed a 
high‑fat diet from the beginning of the experiments, and were 
administered streptozotocin by intraperitoneal injection (from 
week 1 to 4) every 2 days, at a dose of 15 mg/kg body weight. 
At the end of the 4th week, 500 µl blood was collected from 
the tail vein to evaluate glucose levels, and a fasting glucose of 
≥11.1 mmol/l indicated that the T2DM model was successfully 

established. From the 5th to the 8th week, the diabetic rats were 
administered oxymatrine once per day (Fig. 1). The chemical 
structure of oxymatrine is shown in Fig. S1. The animals were 
randomly divided into 5 groups (n=8 per group) as follows: 
Control group, rats were fed a normal diet and injected with 
normal saline; model group, T2DM group; high‑dose oxyma‑
trine (CAS registry no. 2318‑18‑5; XiXisys Group Co., Ltd.); 
intervention group, T2DM rats were given oxymatrine at 
20 mg/kg body weight by gavage; low‑dose oxymatrine inter‑
vention group, T2DM rats were given oxymatrine at 10 mg/kg 
body weight by gavage; and metformin group, T2DM rats 
were given metformin at 25 mg/kg body weight. The levels of 
blood glucose and insulin sensitivity were assessed at the end 
of the 8th week. At the end of the experiments, all rats were 
sacrificed by acute blood loss by severing the femoral artery 
under anesthesia via intraperitoneal injection of 3% pentobar‑
bital sodium (40 mg/kg weight). After death was confirmed by 
lack of heartbeat and breathing, the liver tissues were collected 
and stored in liquid nitrogen for mRNA and protein analysis.

Measurement of fasting blood glucose levels. Blood samples 
of 500 µl were obtained from the caudal vein of each rat using 
a needle (size 7) and the blood glucose levels were measured 
by a blood glucose meter (Sano).

Insulin sensitivity test in rats. A glucose‑insulin tolerance test 
was used for the analysis of insulin sensitivity of rats. The 
rats were anesthetized by intraperitoneal injection of sodium 
pentobarbital at a dose of 50 mg/kg body weight following 
8 h of fasting. The femoral vein and femoral artery were 
intubated following administration of glucose and insulin 
at 700 mg/kg and 0.175 U/kg, respectively. Blood samples 
were collected from the femoral artery 3, 6, 9, 12 and 15‑min 
after insulin injection, and the blood glucose levels were 
measured. The K‑value was used for the analysis of sensitivity 
to insulin, which reflects the reduction rate of blood glucose 
between 3 and 15 min (18).

Determination of body weight and liver index. The weights of 
the body and liver were measured using an electronic scale. 
The liver index was calculated as the ratio of liver weight to 
body weight.

Hematoxylin and eosin (HE) staining. The liver tissues 
were subjected to the following process: They were fixed in 
Carnoy's solution at 4˚C for 20 min, dehydrated in ethanol, 
transparentized in xylene, embedded in paraffin and cut into 
5‑µm sections. The paraffin sections were then dewaxed and 
subjected to HE staining at 4˚C for 10 min. Then, morpho‑
logical analysis was performed under a light microscope 
(magnification, x200; Olympus IX71, Olympus Corporation).

Cell culture and protocols. The HepG2 cell line was provided 
by China Center for Type Culture Collection. The cells were 
cultured in DMEM (Gibco; Thermo Fisher Scientific, Inc.) 
supplemented with 10% FBS (Gibco; Thermo Fisher Scientific, 
Inc.), 100 U/ml penicillin and 100 µg/ml streptomycin, and 
cultured in a humidified incubator with 95% air and 5% CO2 
at 37˚C. The cells were subjected to different treatments after 
they had reached 70% confluence as follows: i) Control group, 
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cells were cultured in DMEM containing 5.5 mM glucose for 
24 h; ii) high‑glucose group, cells were cultured in DMEM 
containing 55 mM glucose for 24 h; iii) low‑dose oxymatrine 
treatment group, cells were cultured in DMEM containing 
55 mM glucose and 0.1 µM oxymatrine for 24 h; iv) high‑dose 
oxymatrine treatment group, cells were cultured in DMEM 
containing 55 mM glucose and 1 µM oxymatrine for 24 h; 
v) metformin treatment group, cells were cultured in DMEM 
containing 55 mM glucose and 0.1 µM metformin for 24 h; 
vi) oxymatrine and MK2206 combination treatment group, 
cells were cultured in DMEM containing 55 mM glucose, 
0.1  µM oxymatrine and 3  µM MK‑2206 (AKT inhibitor; 
cat.  no. SF2712, Beyotime Institute of Biotechnology) for 
24 h. Then, the cells were collected for mRNA and protein 
expression analysis, or glucose production and uptake assays.

Glucose production and uptake assays of HepG2 cells. For 
the glucose production assay, the HepG2 cells were rinsed 
with PBS to remove glucose and then incubated in glucose 
production assay medium (glucose‑ and phenol red‑free 
DMEM) for 3 h. Subsequently, the supernatant was collected 
for glucose concentration measurement by using a commercial 
colorimetric glucose assay kit (Sigma‑Aldrich; Merck KGaA). 
The readings were then normalized to the total protein content 
determined from the whole‑cell lysates.

The glucose uptake rate was measured using the methods 
established by Yoshioka et al (19) with slight modifications. 
Briefly, HepG2 cells were washed twice with PBS and then 
incubated with 200  µM 2‑NBDG in glucose‑free culture 
medium for 30 min. Cells incubated with glucose‑free medium 
without 2‑NBDG served as a negative control. Finally, the cells 
were rinsed with PBS and fluorescence was determined using 
a microplate reader (Infinite M1000, Tecan Austria GmbH) 
with excitation at 488 nm and emission at 520 nm.

RNA extraction and reverse transcription‑quantitative 
PCR (RT‑qPCR) analysis. Total RNA from liver tissues 

was separated and extracted using an RNA extraction 
buffer (TRIzol®, Takara Bio, Inc.), and the concentration 
and purity of RNA were determined by spectrophotometry. 
According to the operating instructions of the transcription 
kit (cat. no. DRR037A; Takara Bio, Inc.), 200 ng RNA was 
extracted from each sample for reverse transcription ampli‑
fication. The 10‑µl reverse transcription reaction system 
consisted of random primers (0.5 µl), Oligo dT Primer (0.5 µl), 
5X PrimeScript buffer (2 µl), RT Enzyme (0.5 µl), RNase‑Free 
dH2O (4.5 µl) and RNA (2 µl). The reverse transcription reac‑
tion conditions were 37˚C for 10 min, followed by 85˚C for 
5 sec. Subsequently, the cDNA was mixed with SYBR premix 
reagent (Takara Bio, Inc.) and primers to create a 25‑µl reac‑
tion system (10 µl SYBR Premix Ex Taq™, 0.5 µl forward 
primer, 0.5 µl reverse primer, 0.5 µl 50X ROX Reference Dye, 
4 µl RNA and 4.5 µl RNase‑Free dH2O). The thermocycling 
conditions were as follows: Pre‑denaturation (95˚C, 30 sec), 
denaturation (95˚C, 30 sec), annealing (60˚C, 30 sec) and elon‑
gation (70˚C, 31 sec), for a total of 35 cycles. The sequences 
of the PCR primers used were as follows: PEPCK forward, 
5'‑GGA​TGT​GGC​CAG​GAT​CGA​AA‑3' and reverse, 5'‑ATA​
CAT​GGT​GCG​GCC​TTT​CA‑3'; G6Pase forward, 5'‑GAT​
TCC​GGT​GCT​TGA​ATG​TCG‑3' and reverse, 5'‑GCA​TTG​
TAG​ATG​CCC​CGG​AT‑3'; and β‑actin forward, 5'‑CCC​ATC​
TAT​GAG​GGT​TAC​GC‑3' and reverse, 5'‑TTT​AAT​GTC​ACG​
CAC​GAT​TTC‑3'. The mRNA levels of PEPCK and G6Pase 
in the liver were analyzed using an ABI 7300 amplifier 
(Thermo Fisher Scientific, Inc.). The 2‑ΔΔCq method was used 
for data analysis and results were normalized to β‑actin (20).

Western blot analysis. Tissues or cells were treated with lysis 
buffer containing PMSF (1% mmol/l; cat. no. ST505, Beyotime 
Institute of Biotechnology) and Phosphatase inhibitor cock‑
tail A (cat. no. P1081, Beyotime Institute of Biotechnology), 
and total protein was obtained. A BCA protein assay kit 
(cat. no. P0001, Beyotime Institute of Biotechnology) was used 
for protein concentration determination. Then, the proteins 

Figure 1. Schematic diagram of the time course of the experiment. Control group, normotolerant rats; model group, diabetic rats; treatment group, diabetic rats 
treated with oxymatrine (10 or 20 mg/kg body weight); and metformin group, diabetic rats treated with metformin (250 mg/kg body weight).
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were denatured at 99˚C for 5 min. Following denaturation, 
40 µg protein from each sample was loaded per lane, subjected 
to 10% SDS‑PAGE and transferred to a PVDF membrane, 
which was then blocked using 20% skimmed milk powder in 
TBS‑T. Subsequently, the membrane was rinsed with water 
and incubated with primary antibodies (dilution 1:1,000) 
against PEPCK (cat. no. sc‑271029, Santa Cruz Biotechnology, 
Inc.), G6Pase (cat. no. sc‑25840, Santa Cruz Biotechnology, 
Inc.), AKT (cat. no. sc‑81434, Santa Cruz Biotechnology, Inc.), 
pAKT (cat. no. sc‑514032, Santa Cruz Biotechnology, Inc.) and 
β‑actin (cat. no. AF5001, Beyotime Institute of Biotechnology) 
overnight at 4˚C. Then, the membrane was rinsed with 
Tris‑EDTA buffer and water, followed by a 2‑h incubation at 
25˚C with horseradish peroxidase‑conjugated secondary anti‑
bodies (cat. no. A0208, goat anti‑rabbit IgG; cat. no. A0216, 
goat anti‑mouse IgG; dilution 1:2,000, Beyotime Institute of 
Biotechnology). The signals were visualized using an enhanced 
chemiluminescence kit (GE Healthcare). ImageJ version 1.43 
(National Institutes of Health) was used for optical density 
analysis. In order to ensure the accuracy of sample addition, 
β‑actin was used as the loading control.

Statistical analysis. SPSS software (version 17; SPSS, Inc.) 
was used for statistical analysis. The data are expressed as the 
mean ± standard deviation. A one‑way ANOVA followed by a 
Tukey's post hoc test was used for comparison between multiple 
groups. All experiments were repeated three times. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Effects of oxymatrine on fasting blood glucose in T2DM rats. 
After inducing T2DM in SD rats with a high‑fat diet and 
intraperitoneal injection of streptozotocin, the fasting blood 
glucose levels of the rats was measured. As shown in Fig. 2, 
compared with the control group (6.1 mmol/l), the fasting 
blood glucose levels of T2DM rats were increased signifi‑
cantly (16.5 mmol/l), indicating that the T2DM model was 
successfully established. Then, the T2DM rats were admin‑
istered oxymatrine and it was observed that oxymatrine could 
reduce the fasting blood glucose levels in a dose‑dependent 
manner (Fig. 2). This suggested that oxymatrine may be effec‑
tive for lowering blood glucose concentration.

Effects of oxymatrine on insulin sensitivity in T2DM rats. 
Considering that the levels of blood glucose are closely associ‑
ated with insulin activity, the next experiment was designed 
to observe the role of oxymatrine in the insulin sensitivity of 
T2DM rats. As shown in Fig. 3, compared with the control, the 
insulin sensitivity of T2DM rats was significantly decreased, 
while oxymatrine improved the insulin sensitivity of T2DM 
rats in a dose‑dependent manner. These results indicated that 
oxymatrine may increase the sensitivity of insulin in T2DM 
rats.

Effects of oxymatrine on the expression of AKT, PEPCK and 
G6Pase in the liver of T2DM rats. As the increase in hepatic 
gluconeogenesis caused by insulin resistance is an important 
pathological characteristic of T2DM, the effect of oxymatrine 
on the expression of PEPCK and G6Pase in liver tissues was 

examined. As shown in Fig. 4A‑E, compared with the control 
group, the mRNA and protein levels of PEPCK and G6Pase 
in the livers of T2DM rats were significantly increased, and 
oxymatrine dose‑dependently inhibited the expression of 
PEPCK and G6Pase. Due to the important role of AKT in 
T2DM, the effect of oxymatrine on the expression of AKT 
in the rat liver was examined. As shown in Fig. 4C and F, 
compared with the control group, the phosphorylation levels of 
AKT in the livers of T2DM rats was significantly decreased, 
and oxymatrine dose‑dependently increased the phosphoryla‑
tion levels of AKT in the livers of T2DM rats. These results 
indicated that the protective function of oxymatrine in T2DM 
rats may be associated with the inhibition of gluconeogenesis 
and the regulation of AKT phosphorylation.

Effects of oxymatrine on liver index and liver tissue morphology 
in T2DM rats. The next experiment was performed to observe 
the effect of oxymatrine on the body weight, liver weight 
and liver index of T2DM rats. The results revealed a notable 
decrease in body weight, and an increase in liver weight and 
liver index of diabetic rats, whereas oxymatrine dose‑depend‑
ently reversed these phenomena  (Fig. 5A‑C). HE staining 
revealed that the liver tissues of diabetic rats exhibited 
obvious morphological changes, such as karyopyknosis and 
fibrosis, whereas oxymatrine dose‑dependently prevented the 
morphological changes to liver tissues (Fig. 5D). These results 
indicated that oxymatrine exerts hepatoprotective effects.

Effects of oxymatrine on glucose production and uptake in 
HepG2 cells. To observe whether oxymatrine can inhibit 
the gluconeogenesis of liver cells under diabetic conditions, 
HepG2  cells were treated with different concentrations 
of glucose and oxymatrine. As shown in Fig.  6A, the 
HepG2 cells treated with high glucose (55 mM) exhibited 
higher glucose production activity when compared with 
the control cells, and oxymatrine significantly reduced 
glucose production in a dose‑dependent manner (Fig. 6A). 

Figure 2. Effect of oxymatrine on fasting blood glucose in T2DM rats. The 
differences in the values between groups were analyzed using a one‑way 
ANOVA. All experiments were repeated 3 times and all data are presented 
as the mean ± standard deviation. ***P<0.001 vs. control; ##P<0.01, ###P<0.001 
vs. T2DM. T2DM, type 2 diabetes mellitus; +oxymatrine (L), type 2 diabetic 
rats treated with 10 mg/kg body weight oxymatrine; +oxymatrine (H), type 2 
diabetic rats treated 20 mg/kg body weight oxymatrine; +Metformin, type 2 
diabetic rats treated with 250 mg/kg body weight metformin.
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The next experiment was designed to observe the effect of 
oxymatrine on the glucose uptake ability of HepG2 cells. 

As shown in Fig. 6B, the HepG2 cells treated with high 
glucose (55 mM) exhibited weaker glucose uptake ability, 

Figure 4. Effect of oxymatrine on the expression of AKT, PEPCK and G6Pase in the liver of type 2 diabetic rats. (A) mRNA expression levels of PEPCK and 
(B) G6Pase. (C) Protein expression levels of PEPCK, G6Pase, AKT and pAKT. (D) Ratio of PEPCK to β‑actin. (E) Ratio of G6Pase to β‑actin. (F) Ratio of 
pAKT to β‑actin. Differences between groups were compared using a one‑way ANOVA. All experiments were repeated 3 times and all data are presented as 
the mean ± standard deviation. ***P<0.05 vs. control; #P<0.05, ##P<0.01 vs. T2DM. T2DM, type 2 diabetes mellitus; +oxymatrine (L) type 2 diabetic rats treated 
with 10 mg/kg body weight oxymatrine; +oxymatrine (H) type 2 diabetic rats treated 20 mg/kg body weight oxymatrine; +Metformin, type 2 diabetic rats 
treated with 250 mg/kg body weight metformin; p, phospho; PEPCK, phosphoenolpyruvate carboxykinase; glucose‑6‑phosphatase.

Figure 3. Effect of oxymatrine on insulin sensitivity in T2DM rats. (A) Blood glucose levels and (B) K value in the treated rats. Differences between groups 
were compared using a one‑way ANOVA. All experiments were repeated 3 times and all data are presented as the mean ± standard deviation. ***P<0.001 vs. 
control; #P<0.05, ##P<0.01, ###P<0.001 vs. T2DM. T2DM, type 2 diabetes mellitus; +oxymatrine (L), type 2 diabetic rats treated with 10 mg/kg body weight 
oxymatrine; +oxymatrine (H) type 2 diabetic rats treated 20 mg/kg body weight oxymatrine; +Metformin, type 2 diabetic rats treated with 250 mg/kg body 
weight metformin
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and oxymatrine improved the glucose uptake ability of 
high‑glucose‑treated cells in a dose‑dependent manner. 

These data suggested that oxymatrine may promote liver 
cell gluconeogenesis.

Figure 6. Effect of oxymatrine on glucose production and uptake in HepG2 cells. (A) glucose production assay, and (B) 2‑NBDG uptake assay in the 
treated cells. Differences between groups were compared using a one‑way ANOVA. All experiments were repeated 3 times and all data are presented as the 
mean ± standard deviation. ***P<0.001 vs. control; #P<0.05, ##P<0.01 vs. High Glucose. +oxymatrine (L) cells treated with 0.1 µM oxymatrine; +oxymatrine 
(H) cells treated with 1 µM oxymatrine; +Metformin, cells treated with 0.1 µM metformin.

Figure 5. Effects of oxymatrine on liver index and liver tissue morphology of the T2DM rats. (A) Body weight, (B) liver weight and (C) liver index of the 
treated rats. (D) Representative images of HE staining of the liver. Differences between groups were compared using a one‑way ANOVA. All experiments were 
repeated 3 times and all data are presented as the mean ± standard deviation. ***P<0.001 vs. control; #P<0.05, ##P<0.01, ###P<0.001 vs. T2DM. T2DM. T2DM, 
type 2 diabetes mellitus; +oxymatrine (L), type 2 diabetic rats treated with 10 mg/kg body weight oxymatrine; +oxymatrine (H) type 2 diabetic rats treated 
20 mg/kg body weight oxymatrine; +Metformin, type 2 diabetic rats treated with 250 mg/kg body weight metformin; HE, hematoxylin and eosin.
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Effects of oxymatrine on the expression of PEPCK and G6Pase 
and the phosphorylation of AKT in HepG2 cells. The effect 
of oxymatrine on the expression of gluconeogenesis‑related 
genes in liver cells was next assessed. As shown in Fig. 7, when 
compared with the control cells, HepG2 cells treated with high 
glucose (55 mM) exhibited significantly increased expression 
of PEPCK and G6Pase at both the mRNA and protein levels, 
but decreased phosphorylation of AKT. In accordance with 
the animal experimental results, oxymatrine significantly 
inhibited the expression of PEPCK and G6Pase at both the 
mRNA and protein level in HepG2 cells, and increased the 
phosphorylation level of AKT. These data indicated that the 
effect of oxymatrine on gluconeogenesis was associated with 
the regulation of PEPCK and G6Pase expression, as well as 
AKT phosphorylation.

MK‑2206 reverses the effect of oxymatrine on the expression 
of PEPCK and G6Pase, and the phosphorylation of AKT 
in HepG2 cells. To further observe whether the regulatory 
effect of oxymatrine on the expression of PEPCK and G6Pase 
was associated with the regulation of AKT phosphorylation, 
HepG2 cells were treated with oxymatrine in combination 
with the AKT inhibitor, MK‑2206. As shown in Fig. 8A and B, 
oxymatrine significantly increased AKT phosphorylation in 
HepG2 cells subjected to high glucose treatment, and this 
effect was reversed when the cells were treated with MK‑2206. 

The MK‑2206 and oxymatrine combination treatment signifi‑
cantly increased the expression of PEPCK and G6Pase when 
compared with oxymatrine alone  (Fig. 8C‑G). These data 
suggested that the effect of oxymatrine on the expression of 
PEPCK and G6Pase was associated with the regulation of 
AKT phosphorylation.

Discussion

The present study demonstrated that the rats fed with a 
high‑fat diet and injected with streptozotocin, or HepG2 cells 
treated with high concentrations of glucose, exhibited 
reduced phosphorylation of AKT and high expression of 
PEPCK and G6Pase, whereas oxymatrine dose‑dependently 
reversed these phenomena. It was also observed that the AKT 
inhibitor significantly reversed the effect of oxymatrine on 
AKT phosphorylation, and PEPCK and G6Pase expression 
in HepG2 cells. This indicated that the inhibitory effect of 
oxymatrine against gluconeogenesis was associated with the 
regulation of the expression of PEPCK and G6Pase, which was 
at least partly associated with the regulation of AKT phos‑
phorylation in the liver (Fig. S2).

AKT has an important function in insulin signaling, and 
its dysfunction causes insulin resistance, which is a character‑
istic of T2DM (6). AKT participates in numerous biological 
functions in mammalians, such as cell cycle regulation, cell 

Figure 7. Effect of oxymatrine on the expression of AKT, PEPCK and G6Pase in HepG2 cells. (A) mRNA expression levels of PEPCK and (B) G6Pase in the 
treated cells. (C) Protein expression of PEPCK, G6Pase, AKT and pAKT. (D) Ratio of PEPCK, (E) G6Pase and (F) pAKT to β‑actin. Differences between 
groups were compared using a one‑way ANOVA. All experiments were repeated 3 times and all data are presented as the mean ± standard deviation. ***P<0.001 
vs. control; #P<0.05, ##P<0.01 vs. High Glucose. +oxymatrine (L) cells treated with 0.1 µM oxymatrine; +oxymatrine (H) cells treated with 1 µM oxymatrine; 
+Metformin, cells treated with 0.1 µM metformin; PEPCK, phosphoenolpyruvate carboxykinase; glucose‑6‑phosphatase; p, phospho.
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survival, glucose metabolism, protein synthesis and NO 
production, by phosphorylating its downstream target 
genes (21). However, activation of AKT itself is also regulated 
by several factors, such as insulin‑like growth factor and 
transforming growth factor (21). The inactivation of AKT is 
associated with the dephosphorylation of AKT phosphorylase, 
PI3K, and is mediated by PTEN (21). The present and previous 
studies found that the levels of AKT phosphorylation in the 
liver of T2DM rats decreased significantly, indicating that 
abnormal AKT expression is an important factor implicated in 
the occurrence and development of T2DM (22‑24). Therefore, 
the AKT signaling pathway may serve an important role in 
blood glucose homeostasis, and insulin/AKT signaling may 
represent a potential target for T2DM therapy.

The liver is the primary site of gluconeogenesis, which 
can convert non‑sugar substances, such as glycerin, lactic 
acid and glycogenic amino acids, into glucose. The process 
of gluconeogenesis is regulated by a number of factors, such 
as the regulation of glycogenic substrates, key enzymes and 
transcription factors, amongst which, the regulation of gluco‑
neogenesis rate‑limiting enzymes is particularly important (4). 
Pyruvate, as the key substrate of gluconeogenesis, is converted 
to oxaloacetic acid by pyruvate carboxylase and malate 
dehydrogenase, and then to phosphoenolpyruvate by PEPCK; 
phosphoenolpyruvate undergoes multiple chemical reactions 
and is converted to fructose‑1,6‑diphosphate, which is further 
converted to fructose‑6‑phosphate; fructose‑6‑phosphate is 
then converted into glucose‑6‑phosphate and transported to 

the endoplasmic reticulum, where it is converted into glucose 
under the action of G6Pase  (4). PEPCK and G6Pase are 
both key and rate‑limiting enzymes in gluconeogenesis, and 
this has been confirmed by experiments in which PEPCK 
knockout mice lost the ability to synthesize glucose using 
lactic acid, which adversely affected survival, and G6Pase 
knockout mice exhibited symptoms such as hyperlipidemia 
and lactic acid accumulation  (25,26). The regulation of 
PEPCK expression is a complex biological process. PEPCK 
can be acetylated by histone acetylase P300 and then labeled 
by ubiquitin and subjected to proteasome degradation, while 
Sirt2 can deacetylate PEPCK and increase its expression (27). 
In addition, the expression of PEPCK and G6Pase may also 
be regulated by several transcription factors, such as cAMP 
response element‑binding protein (CREB), FoxO1 and 
CCAAT enhancer‑binding protein α/β (28‑30). Inhibition of 
the transcription activity of CREB significantly decreased the 
expression of PEPCK and G6Pase, which was accompanied 
by reduced glucose production (31). Moreover, it was reported 
that the expression of CREB and FoxO1 may be regulated 
by the AKT signaling pathway and the expression of PEPCK 
and G6Pase may be associated with AKT phosphorylation 
deficiency (32,33). Consistently, the present study demon‑
strated that AKT phosphorylation in the liver of T2DM rats 
was significantly decreased, while the expression of PEPCK 
and G6Pase was significantly increased, which was accom‑
panied by an increase in blood glucose concentration. The 
results demonstrated that when AKT phosphorylation was 

Figure 8. Effect of inhibition of AKT on the expression of AKT, PEPCK and G6Pase in HepG2 cells. (A) Protein expression of AKT and pAKT. (B) Ratio of 
pAKT to AKT. mRNA expression levels of (C) PEPCK and (D) G6Pase. (E) Protein expression of PEPCK and G6Pase. Ratio of (F) G6Pase to β‑actin and 
(G) PEPCK to β‑actin. Differences between groups were compared using a one‑way ANOVA. All experiments were repeated 3 times and all data are presented 
as the mean ± standard deviation. **P<0.01 vs. control; #P<0.05 vs. High Glucose; ++P<0.01, +++P<0.001 vs. +oxymatrine. PEPCK, phosphoenolpyruvate 
carboxykinase; G6Pase, glucose‑6‑phosphatase.
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dysregulated, the key enzymes of gluconeogenesis, PEPCK 
and G6Pase, were upregulated, and gluconeogenesis was 
significantly enhanced in the livers of T2DM rats.

In view of the important role of insulin resistance and 
gluconeogenesis in the occurrence and development of 
T2DM, inhibiting insulin resistance and gluconeogenesis 
may prove to be valuable methods for prevention and therapy 
of T2DM. However, some of the drugs currently used for 
treatment of T2DM are not specific, for example, rosigli‑
tazone and metformin, and drug resistance usually develops 
after long‑term use (34). Therefore, novel drugs for T2DM are 
urgently required. China has a long history of research and 
application of Chinese herbal medicines (12,35). Screening 
out the effective components related to insulin resistance and 
gluconeogenesis in herbal medicines that exhibit beneficial 
effects against insulin, may be an effective method for iden‑
tifying novel drugs for T2DM therapy (12). It was previously 
reported that oxymatrine can protect obese rats from injury 
by reducing the triglyceride and total cholesterol levels, and 
increasing serum insulin content (35). In addition, oxyma‑
trine can increase the synthesis of glycogen (including liver 
and muscle glycogen) and the expression levels of glucose 
transporter 4 (35). Our previous study found that oxymatrine 
protects diabetic rats from insulin resistance through the 
regulation of phosphorylation of AKT (18). These results 
suggest that the function of oxymatrine in protecting diabetic 
rats from hyperglycemia may be associated with insulin resis‑
tance and gluconeogenesis. Of note, a clinical trial performed 
by Yu et al  (36) demonstrated that the administration of 
oxymatrine in combination with metformin was beneficial 
for diabetic patients by inhibiting the symptoms of insulin 
resistance. The present study demonstrated that oxymatrine 
exerted protective effects in T2DM rats by improving insulin 
sensitivity and reducing the blood glucose levels. The under‑
lying mechanism involved the regulation of the expression 
of PEPCK, G6Pase and AKT in the liver, which suggests 
that oxymatrine may be a novel candidate drug for T2DM 
therapy. However, one limitation of the present study was 
the use of only male rats for the experiments, as the possible 
differences in oxymatrine action according to sex could 
not be evaluated. Therefore, further studies are required to 
address these issues.

In conclusion, to the best of our knowledge, the present 
study was the first to demonstrate that the effect of oxymatrine 
against gluconeogenesis was associated with the regulation 
of PEPCK and G6Pase expression in the liver, and that its 
effects were at least partly mediated via regulation of AKT 
phosphorylation.
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