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Abstract. Diabetic gastroparesis (DGP), also known as 
delayed gastric emptying, is a common complication of 
diabetes mellitus. There are numerous clinical symptoms 
associated with DGP, as well as high treatment costs and 
markedly reduced patient quality of life. However, the 
pathogenesis of DGP is not clear, thus effective treatment 
methods are yet to be established. In the present study, a DGP 
rat model was established in Sprague‑Dawley rats by the 
intraperitoneal injection of streptozotocin (STZ). DGP model 
rats were treated with different doses of atractylenolide‑1 
to detect alterations in gastrointestinal function, including 
gastroparesis, gastric emptying, gastric motility, gastric peri‑
stalsis and gastric blood flow. Compared with the DGP group, 
atractylenolide‑1 treatment significantly reduced glycaemia 
and the level of glycated hemoglobin, as well as restoring 
gastrointestinal function. Gastroparesis, gastric emptying, 
gastric motility, gastric peristalsis and gastric blood flow were 
significantly impaired in the STZ‑induced group compared 
with the vehicle control group. Moreover, the STZ‑induced 
group displayed downregulated expression levels of the DGP 
indicator KIT proto‑oncogene, receptor tyrosine kinase (c‑kit), 

as investigated by immunohistochemistry, and stem cell 
factor (SCF) protein, as assessed using ELISA, significantly 
enhanced rat interstitial cells of Cajal (ICC) apoptosis, and 
significantly altered levels of oxidative stress‑related markers 
(malondialdehyde and superoxide dismutase) in the serum and 
gastric tissues compared with the vehicle control group. By 
contrast, treatment with atractylenolide‑1 significantly coun‑
teracted the effects of DGP on peristalsis, inhibited apoptosis 
and suppressed oxidative stress by regulating the expression of 
heme oxygenase 1 in STZ‑induced DGP model rats. Further 
research indicated that atractylenolide‑1 regulated oxidative 
stress reactions and improved gastric function by activating 
the SCF/c‑kit signaling pathway. Collectively, the results of 
the present study suggested that atractylenolide‑1 promoted 
ICC survival and preserved the structure of the gastric tissue 
network in a DGP rat model via the SCF/c‑kit signaling 
pathway, providing novel insights for the treatment of DGP.

Introduction

Diabetic gastroparesis (DGP) is a common complication of 
diabetes mellitus, affecting 50‑60% of patients with type 1 
diabetes mellitus (1,2) and 30‑40% of patients with type 2 
diabetes mellitus  (3). DGP is defined as delayed gastric 
emptying without evidence of mechanical obstruction (4,5). 
The primary clinical symptoms of DGP include manifesta‑
tions of gastric neuromuscular dysfunction, such as satiety, 
weight loss, abdominal distension and pain, discomfort, 
nausea and vomiting (6,7). Therefore, treatments for DGP aim 
to correct nutritional status by improving gastric emptying, 
repairing gastric injury and restoring gastrointestinal function. 
In addition, DGP induces malnutrition, serious environmental 
disorders in the body, multiple organ dysfunction and even 
systemic organ failure, considerably impacting patient quality 
of life and resulting in a heavy economic burden (8). The chal‑
lenge with clinical treatment is that the majority of current 
DGP therapies are ineffective and are associated with several 
adverse reactions, leading to oral malnutrition and increased 
hospitalization frequency (9,10).

Previous studies on DGP have focused on hyperglycemia, 
autonomic neuropathy and interstitial cells of Cajal (ICCs) (11), 
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which are key factors that influence gastric movement and 
emptying by regulating gastrointestinal pacing (12,13). Such 
studies have provided a theoretical basis for the treatment of 
DGP. ICCs are pacemaker cells of gastrointestinal motility that 
serve an important role in the regulation of gastric emptying 
and the maintenance of normal gastric function (14‑19).

KIT proto‑oncogene, receptor tyrosine kinase (c‑kit) is a 
transmembrane tyrosine kinase receptor expressed by ICCs. 
Normal expression of the c‑kit proteins requires the main‑
tenance of normal signaling pathways that regulate gastric 
contraction (15). Furthermore, previous studies have shown 
that stem cell factor (SCF) protein can increase the number 
of ICCs, enhance gastrointestinal motility and repair ICC 
structural lesions (20,21).

Atractylodes macrocephala Koidz (A.  macrocephala) 
has been used for both the Traditional Chinese and modern 
clinical treatment of gastrointestinal diseases (22). Previous 
in vivo studies have revealed that atractylenolide‑1, one of the 
primary bioactive compounds of A. macrocephala, has the 
ability to repair the gastrointestinal mucosa of mice (23,24). 
Atractylenolide‑1 has also been reported to significantly 
improve the clinical symptoms of patients with DGP, but the 
mechanisms underlying the improvement in gastrointestinal 
function remain unclear (23,25,26). The aim of the present 
study was to reveal the potential of atractylenolide‑1 for 
treating gastroparesis and improve the current understanding 
of the molecular mechanisms underlying atractylenolide‑1 in 
DGP, providing novel insights for DGP therapy. The effec‑
tive components of atractylenolide‑1 will be the focus of 
subsequent studies, with an aim to achieve a more in‑depth 
understanding of their therapeutic effects.

Materials and methods

Animal models. All experiments used in the present study were 
approved by the Institutional Animal Ethics Committee of the 
Nanjing Medical University (approval no. IACUC‑1703031) 
and were performed in accordance with the International 
Standards and the Ethical Guidelines on Animal Welfare 
(National Research Council, 1996 and Canadian Council on 
Animal Care, 1993)  (27,28). All animals were euthanized 
using ethically approved methods and every effort was made 
to minimize discomfort and pain.

A total of 60 male Sprague‑Dawley rats (weight, 200 g; 
age, 6 weeks) were obtained from Shanghai SLAC Laboratory 
Animal Co., Ltd. The rats were maintained in a controlled 
environment (22±2˚C, relative humidity 40‑70%) with 12‑h 
light/dark cycles, and ad libitum access to food and water. Rats 
were allowed to adapt for 1 week prior to study commencement. 
For the normal control (NC) group, 12 randomly selected rats 
were fed a basal diet and simultaneously injected (intraperito‑
neal) 0.1 mol/l sodium citrate buffer (pH 4.0). The remaining 
48 rats were treated with a single daily intraperitoneal injec‑
tion of freshly prepared 0.5% streptozotocin (STZ) solution 
(60 mg/kg; Sigma‑Aldrich; Merck KGaA) in 0.1 mol/l citrate 
buffer (pH 4.0). After 7 days of treatment, blood samples were 
drawn from the caudal vein and blood glucose levels were 
measured using an Accu‑Chek Advantage blood glucose meter 
and test strip (Roche Diagnostics); a blood glucose concen‑
tration >350  mg/dl was considered to indicate successful 

establishment of the diabetic rat model. After confirmation of 
diabetes, the model rats, including NC group rats, received a 
high‑fat, high‑sugar diet for 7 weeks to promote the develop‑
ment of DGP. In order to reduce the variation between each 
rat group when grouping, 36 of the 48 DGP model rats were 
randomly assigned to the following three groups (n=12/group) 
after DGP model establishment: i)  STZ‑induced group, 
received no further treatment; ii) low‑dosage group, received 
25 mg/kg atractylenolide‑1 (intragastric; daily for 6 weeks; 
Selleck Chemicals); and iii)  high‑dosage group, received 
75 mg/kg atractylenolide‑1 (intragastric; daily for 6 weeks). The 
doses of atractylenolide‑1 used in the present study were safe 
and well tolerated in Sprague‑Dawley rats as determined by the 
Maximum Tolerated Dose study on the basis of a preliminary 
experiment (data not shown). The NC rats were assigned to the 
vehicle control group, which were intraperitoneally injected 
with 30% Solutol® HS15 + 0.5% methylcellulose (daily for 
6 weeks; Sigma‑Aldrich; Merck KGaA). After 6 weeks of 
treatment, the fasting blood glucose levels was detected by 
OneTouch® glucometer (LifeScan IP Holdings, LLC) and 
glycated hemoglobin were assessed using a rat HbA1c ELISA 
kit (cat. no. JL12389; Shanghai Jianglai Biological Technology 
Co., Ltd.), and then the rats were sacrificed with an over‑
dose of pentobarbital sodium (150 mg/kg; Sigma‑Aldrich; 
Merck KGaA) via the tail vein. Throughout the sampling 
period, the rats were anesthetized via the intraperitoneal 
injection of 10% chloral hydrate injection (0.3 g/kg), and no 
abnormal behavior or peritonitis was observed.

Gastric emptying analysis. At 30 min after the last dose of 
atractylenolide‑1, the rats received 2 ml phenol red (5%) as 
standard phenol red volume by gavage. After a further 30 min, 
the rats were euthanized. The entire stomach was placed in 
a culture dish and the gastric tissue was thoroughly washed 
with distilled water. Subsequently, 1 mol/l NaOH was added 
and evenly distributed. After standing for 1 h, the tissues were 
treated with 20% trichloroacetic acid for 30 min to remove the 
protein, and then centrifuged at 5,000 x g at 4˚C for 10 min, 
the phenol red residue was extracted into the supernatant. 
The supernatant was harvested and the absorbance value was 
measured at a wavelength of 560 nm using a spectrophotometer. 
The gastric emptying rate was calculated as follows: Gastric 
emptying rate (%) = (1‑measured phenol red residue/standard 
phenol red volume) x100.

Gastric peristalsis analysis. At 30 min after the last dose of 
atractylenolide‑1, the rats were intraperitoneally anesthetized 
with 10% chloral hydrate. After disinfection, the abdominal 
wall was cut to fully expose the gastric tissue. The pylorus 
muscle was removed with a frog‑shaped clip, and a gastric 
motility curve was constructed using a muscle tension trans‑
ducer. A total of 10 min was recorded to calculate the gastric 
peristalsis frequency, and three representative gastric motility 
contraction curves were selected to calculate the average 
gastric peristalsis amplitude.

Gastric blood flow analysis. At 30 min after the last dose of 
atracytelonolide‑1, the rats were anesthetized with 10% chloral 
hydrate. After disinfection, the gastric tissue was fully exposed 
and the probe of a laser‑Doppler blood flow meter (ALF21™; 
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Advance Co., Ltd.) was lightly placed on the surface of the 
stomach. Gastric blood flow was recorded for 30 sec after the 
measured value on the display had stabilized. The average 
gastric blood flow rate between 10 and 25 sec was recorded as 
the gastric blood flow value for each rat.

ICC isolation and in vitro culture. At 30 min after the last 
dose of atracytelonolide‑1, the rats were anesthetized with 
10% chloral hydrate. Subsequently, the rat abdominal cavity 
was opened under aseptic conditions, and the stomach tissue 
was removed and rinsed with PBS. The tissues were then 
cut into pieces and 0.25% trypsin was added for digestion at 
37˚C. The digested tissues were clarified using a mesh filter 
and centrifuged at 21,000 x g at 20˚C for 5 min. After the 
supernatants were discarded, the cells were washed with PBS 
and then centrifuged at 21,000 x g, 20˚C for 5 min again. 
The resulting ICCs were cultured at 37˚C with 5% CO2 in 
L‑DMEM (cat. no. 11885092; Gibco; Thermo Fisher Scientific, 
Inc.) containing 10% FBS (cat. no. 26140079; Gibco; Thermo 
Fisher Scientific, Inc.).

Cell proliferation assays. Cell proliferation was detected 
using Cell Counting Kit‑8 (CCK‑8; cat. no.  ab228554; 
Abcam), according to the manufacturer's protocol. ICCs 
(4,000  cells/100  µl) were inoculated into a 96‑well plate. 
After 0, 24, 48, 72 and 96 h of culturing at 37˚C, the cells 
in each well were incubated with 10 µl CCK‑8 solution for 
1 h. Subsequently, the absorbance of each well was deter‑
mined at 450 nm using Multiskan™ FC microplate reader (cat. 
no. 51119180; Thermo Fisher Scientific, Inc.). The experiments 
were performed in triplicate.

Western blotting. The gastric tissue samples from the in vivo 
experiments were lysed in RIPA Lysis and Extraction Buffer 
(cat. no. 89901; Thermo Fisher Scientific, Inc.). The obtained 
proteins were quantified using BCA Protein Assay kit (cat. 
no. ab102536; Abcam). Then, 50 µg proteins were separated 
via SDS‑PAGE on 10% gels for 90 min, and subsequently 
transferred onto PVDF membranes (EMD Millipore). These 
membranes were incubated with 5%  non‑fat milk diluted 
with Pierce™ PBS Tween™ 20 Buffer (cat. no. 28352; Pierce; 
Thermo Fisher Scientific, Inc.) for 1 h at room temperature. The 
membranes were incubated overnight at 4˚C with the following 
specific primary antibodies (all purchased from Abcam): 
Anti‑c‑kit (1:,000; cat. no. ab32363), anti‑SCF (1:5,000; cat. 
no. ab52603), anti‑P53 (1:1,000; cat. no. ab131442), anti‑Bcl‑2 
(1:1,000; cat. no.  ab32124), anti‑cleaved‑caspase 3 (1:500; 
cat. no.  ab32042), anti‑heme oxygenase 1 (1:1,000; HO‑1; 
cat. no. ab13243), anti‑β‑Catenin (1:5,000; cat. no. ab32572), 
anti‑Survivin (1:5,000; cat. no.  ab76424), anti‑GAPDH 
(1:2,500; cat. no. ab9485) and anti‑α‑tubulin (1:5,000; cat. 
no. ab7291). Subsequently, the membranes were incubated with 
HRP‑conjugated goat anti‑mouse (1:1,000; cat. no. 1706516; 
Bio‑Rad Laboratories, Inc.) or goat anti‑rabbit (1:1,000; cat. 
no. 1706515; Bio‑Rad Laboratories, Inc.) secondary antibodies 
for 1 h at room temperature. After washing three times with TBS 
containing 5% Tween‑20 (Sigma‑Aldrich; Merck KGaA), the 
blots were visualized using Novex™ ECL Chemiluminescent 
Substrate Reagent Kit (cat. no. WP20005; Invitrogen; Thermo 
Fisher Scientific, Inc.). Image Lab 3.0 software (Bio‑Rad 

Laboratories, Inc.) was used to semi‑quantify protein expres‑
sion of each band. GAPDH and α‑tubulin were used as the 
loading controls.

ELISA assay. The ELISA kits for SCF (cat. no. ab100740; 
Abcam), HbA1c (cat. no.  JL12389; Shanghai Jianglai 
Biological Technology Co., Ltd.) and SOD (cat. no. JL22893; 
Shanghai Jianglai Biological Technology Co., Ltd.) were 
incubated at room temperature for 30 min prior to use and 
performed according to the manufacturer's protocol. Then, 
50 µl standard and diluted serum from different groups of 
rats were added into the wells of plates. Subsequently, 100 µl 
enzyme‑linked reagents from ELISA kits were added into each 
well and incubated at 37˚C for 1 h. The mixture supernatant 
in each well was discarded and the developing agents were 
added at room temperature for 20 min in the dark. Finally, 
the absorbance of each well was determined at 450 nm using 
Multiskan™ FC microplate reader (cat. no. 51119180; Thermo 
Fisher Scientific, Inc.)

Membrane protein isolation and evaluation. The membrane 
proteins from snap‑frozen stomach tissue samples were 
isolated using the Minute™ Plasma Membrane Protein 
Isolation and Cell Fractionation Kit (cat. no. SM‑005; Invent 
Biotechnologies, Inc.) according to the manufacturer's 
protocol. Samples were collected and resuspended with buffer 
A in the Minute™ Plasma Membrane Protein Isolation and 
Cell Fractionation Kit supplemented with protease inhibitor 
cocktail (cat. no. ab65621; Abcam). Total membrane proteins 
were isolated from buffer A supplemented with protease 
inhibitor cocktail and evaluated by western blotting, according 
to the aforementioned method, using β‑catenin as the loading 
control.

Detection of apoptosis via flow cytometry. Flow cytometry was 
performed using the Annexin V‑FITC/PI Apoptosis Detection 
Kit (cat. no. A211‑01; Vazyme Biotech Co., Ltd.) to assess 
apoptosis in rat gastric tissues. Briefly, the gastric tissues were 
trypsinized, rinsed twice with PBS and resuspended in 100 µl 
1X Binding buffer. Subsequently, the cells were stained with 
5 µl Annexin V‑FITC and 5 µl PI Staining Solution in the dark 
for 10 min at room temperature (20‑25˚C) and then 400 µl 
1X Binding buffer was added. After Annexin V/PI staining, 
the samples were immediately analyzed via flow cytometry 
(FACSCalibur; BD Biosciences). Gastric cells were identified 
as viable, necrotic and apoptotic cells using CellQuest software 
(version 5.0; BD Biosciences). The Annexin V+/PI+ quadrant in 
the flow cytometry plots represents the late apoptotic cells and 
Annexin V+/PI‑ quadrant represents the early apoptotic cells.

Reverse transcription‑quantitative PCR (RT‑qPCR). Total 
RNA was extracted from gastric tissues using TRIzol® reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.) and reverse tran‑
scribed into cDNA using the PrimeScript™ RT Master Mix 
(Takara Biotechnology Co., Ltd.) according to the manufac‑
turer's instructions. Subsequently, qPCR was performed using 
SYBR‑Green PCR Master Mix (cat. no. QPK‑201T; Toyobo Life 
Science) and the ABI Prism 7900 sequence detection system 
(Applied Biosystems; Thermo Fisher Scientific, Inc.) under the 
following conditions, according to the manufacturer's protocol: 
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Initial denaturation at 95˚C for 2 min; followed by 40 cycles at 
95˚C for 10 sec, 60˚C for 30 sec and 72˚C for 30 sec; and then 
melting curve analysis. mRNA expression levels were quanti‑
fied using the 2‑ΔΔCq method (29) and normalized to the internal 
reference gene β‑actin. The following primers were used for 
qPCR: HO‑1 forward, 5'‑CGGGCCAGCAACAAAGTG‑3' 
and reverse, 5'‑AGTGTAAGGACCCATCGGAGAA‑3'; and 
β‑actin forward, 5'‑TCCTCCCTGGAGAAGAGCTA‑3' and 
reverse, 5'‑TCAGGAGGAGCAATGTTG‑3'.

Immunohistochemistry (IHC). To evaluate the number and 
distribution of ICCs, gastric ICCs were rapidly sampled from 
the rats, fixed in 4% formalin at room temperature for 30 min, 
and then embedded in paraffin. The paraffin blocks were cut 
into 4‑µm sections, deparaffinized in xylene and rehydrated 
in a descending alcohol series (100, 95 and 80%). Endogenous 
peroxidase activity was blocked by incubating the tissue 
sections in 30% H2O2 for 30 min, after which antigen retrieval 
was performed at 37˚C for 10 min. The sections were then 
incubated overnight at 4˚C with the anti‑c‑Kit primary anti‑
body (1:1,000; cat. no. ab32363; Abcam). Then, the sections 
were incubated with a HRP‑labeled goat anti‑rabbit secondary 
antibody (1:1,000; cat. no. 1706515; Bio‑Rad Laboratories, 
Inc.) at 37˚C for 2 h. The sections were then stained with 
diaminobenzidine at room temperature for 20 min and coun‑
terstained with hematoxylin at room temperature for 5 min. 
Finally, images were captured using a light microscope (BX53; 
Olympus Corporation).

Malondialdehyde (MDA) assay. The detection of MDA levels in 
gastric tissue from different groups of rats was performed using 
the Lipid Peroxidation (MDA) Assay Kit (cat. no. ab118970; 
Abcam) according to the manufacturer's instructions. The 
gastric tissues were digested into single cells and collected with 
600 µl MDA lysis buffer supplemented with butylated hydroxy‑
toluene using a cell scraper. Cell lysates were centrifuged at 
13,000 x g, 4˚C for 10 min. The supernatants were collected and 
divided into three replicates of 180 µl, and the remaining 50 µl 
for Qubit™ dsDNA HS Assay Kit (Thermo Fisher Scientific, 
Inc.) protein concentration measurement. Then, 600  µl of 
10 mg/ml TBA solution from the Lipid Peroxidation (MDA) 
Assay Kit was added to each replicate in a 96‑well plate, and 
incubated at 95˚C for 1 h, followed by immediate detection 
using a Multiskan™ FC microplate reader (cat. no. 51119180; 
Thermo Fisher Scientific, Inc.) at Ex/Em = 532/553 nm for 
the fluorometric assay. MDA protein from each sample was 
normalized to the MDA protein concentration.

Statistical analysis. Data are presented as the mean ± SEM 
(n=3/6/12). In vitro experiments were repeated three times. 
Comparisons among multiple groups were analyzed using 
one‑way ANOVA or two‑way mixed ANOVA followed by 
Tukey's post hoc test. Statistical analyses were performed 
using SPSS 17.0 software (SPSS, Inc.). P<0.05 was considered 
to indicate a statistically significant difference.

Results

Effects of atractylenolide‑1 on glycemia, glycated hemoglobin 
levels and body weight in DGP rats. As shown in Table I, 

compared with the vehicle control group, fasting blood glucose 
and glycated hemoglobin levels were significantly increased in 
rats from the STZ‑induced group, which confirmed diabetic 
status. Compared with the STZ‑induced group, rats receiving 
different doses of atractylenolide‑1 displayed significantly 
decreased fasting blood glucose and glycated hemoglobin 
levels. However, there were no significant differences 
between the high‑ and low‑dose atractylenolide‑1 groups. 
As predicted, animals in the vehicle control group displayed 
fasting blood glucose and glycated hemoglobin levels within 
the normal range (normal range of fasting blood glucose, 
50.40‑136.08 mg/dl; normal range of glycated hemoglobin, 
3.6‑6.0%) (30). Moreover, STZ‑induced rats displayed signifi‑
cantly decreased body weights compared with the vehicle 
control rats at each time point (Table II). However, compared 
with the STZ‑induced group, the body weights of the rats in 
the atractylenolide‑1 treatment groups were increased after 6 
weeks of treatment, but remained below those of the vehicle 
control group.

Effects of atractylenolide‑1 on gastric function in DGP model 
rats. Previous studies have reported that gastric emptying, 
motility, peristalsis and blood flow are significantly impaired 
in rats with gastroparesis (21,31). In the present study, gastric 
function was significantly weakened in STZ‑induced rats 
compared with that in the vehicle control group. However, 
gastric function was significantly restored in STZ‑induced 
rats following treatment with atractylenolide‑1  (Fig.  1). 
Compared with the STZ‑induced group, the rate of gastric 
emptying was significantly restored in both the low‑ and 
high‑dose atractylenolide‑1 groups (Fig. 1A). Furthermore, 
the frequency and gastric blood flow were significantly 
enhanced in DGP model rats treated with atractylenolide‑1, 
and the amplitude of gastric peristalsis was also significantly 
increased in high‑dose atractylenolide‑1groups (Fig. 1B‑D). 
Collectively, these data indicated that atractylenolide‑1 
displayed a positive effect on the recovery of gastric function 
in DGP model rats.

Effects of atractylenolide‑1 on the expression of gastrointes‑
tinal peristalsis‑associated proteins in vivo. The successful 
establishment of an STZ‑induced DGP rat model was 
confirmed by a series of experiments investigating the effects 

Table I. Effects of atractylenolide-1 on fasting glucose and gly‑
cosylated hemoglobin levels in diabetic gastroparesis model rats.

	 Fasting 	 Glycated 
	 glucose,	 hemoglobin, 
Group	 mg/dl	 %

Vehicle control	 92.5±12.4	 4.2±0.6
STZ-induced 	 505.7±34.5a	 16.8±1.3a

Atractylenolide-1 25 mg/kg	 192.4±44.7b	 8.3±0.9b

Atractylenolide-1 75 mg/kg	 175.9±31.4b	 8.1±1.5b

Data are presented as the mean ± SEM (n=12). aP<0.001 vs. vehicle 
control group; bP<0.01 vs. STZ-induced group. STZ, streptozotocin.
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of atractylenolide‑1 on DPG. By performing IHC analysis, 
the expression of c‑kit was detected in gastric tissues from 
different groups. Compared with the control group, the expres‑
sion level of c‑kit was largely suppressed in the STZ‑induced 
model group and was then elevated by atractylenolide‑1 treat‑
ment (Fig. 2A). Compared with ICCs in the vehicle control 
group, c‑kit protein expression was markedly suppressed in 
the STZ‑induced group, but notably restored in the atrac‑
tylenolide‑1 treatment groups (Fig. 2B). Compared with the 
STZ‑induced group, the concentration of SCF protein in rat 
serum and the expression levels of membranous SCF in the 
gastric tissue samples were increased following treatment with 
atractylenolide‑1 (Fig. 2C and D). The results suggested that 
atractylenolide‑1 activated the expression of proteins associ‑
ated with gastrointestinal peristalsis signaling pathways and 
improved gastrointestinal function.

Atractylenolide‑1 promotes cellular proliferation in DGP. To 
further investigate the effects of atractylenolide‑1 on gastric 
cell proliferation, cultured ICCs were isolated from gastric 
tissues in vitro. As shown in Fig. 2E, the cellular proliferation 
rate of the STZ‑induced group was markedly lower compared 
with the vehicle control group. However, proliferation in the 
atractylenolide‑1 treatment groups was markedly increased 
compared with the STZ‑induced group. These results further 

suggested that atractylenolide‑1 treatment promoted gastric 
ICC proliferation in the DGP rat model.

Atractylenolide‑1 suppresses apoptosis in the DGP rat model. 
A previous study identified that ICC apoptosis in gastric tissues 
is significantly increased during diabetic gastroparesis (unpub‑
lished data). Therefore, the present study aimed to determine 
whether atractylenolide‑1 could regulate DGP‑associated apop‑
tosis. ICCs were separated from gastric tissues and apoptosis 
was evaluated via flow cytometry (Fig. 3A and B). Compared 
with the vehicle control group (late apoptosis, 8.3%; early apop‑
tosis, 11.2%), the apoptotic rate was significantly increased in 
the STZ‑induced group (late apoptosis, 22.3%; early apoptosis, 
19.8%). However, compared with the STZ‑induced group, the 
apoptotic rate was significantly decreased following high‑dose 
atractylenolide‑1 treatment. To investigate the molecular 
mechanisms underlying atractylenolide‑1‑mediated regulation 
of apoptosis, the expression of apoptosis‑related proteins in 
ICCs, including Survivin, P53, Bcl‑2 and cleaved‑caspase‑3, 
was detected by performing western blotting. Compared with 
the STZ‑induced group, atractylenolide‑1 markedly decreased 
the protein expression levels of P53 and cleaved‑caspase‑3, 
but notably increased the expression levels of Survivin and 
Bcl‑2 (Fig. 3C). These results further demonstrated that atrac‑
tylenolide‑1 reversed STZ‑induced ICC apoptosis.

Figure 1. Effects of atractylenolide‑1 on gastric function in diabetic gastroparesis model rats. (A) Gastric emptying. (B) Frequency and (C) amplitude 
of gastric peristalsis. (D) Gastric blood flow. Data are presented as the mean ± SEM (n=6). #P<0.05, ##P<0.01 and ###P<0.001 vs. vehicle control group; 
*P<0.05 vs. STZ‑induced group. STZ, streptozotocin.
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Regulatory effects of atractylenolide‑1 on oxidative stress 
and HO‑1 protein expression in DGP model rats. Superoxide 
dismutase (SOD) is an important antioxidant in the gastric 

mucosa, and its depletion is associated with the production of 
reactive oxygen species under oxidative stress conditions (32). In 
the STZ‑induced group, the SOD serum content was significantly 

Figure 2. Effects of atractylenolide‑1 on the SCF/c‑kit signaling pathway in diabetic gastroparesis model rats. (A) Expression of c‑kit in formalin‑fixed, 
paraffin‑embedded gastric tissues was detected by performing immunohistochemistry (red arrows indicate the c‑kit‑positive cells in gastric tissue). 
Magnification, x100. (B) Protein expression levels of c‑kit in gastric ICCs were determined by western blotting using α‑tubulin as the loading control. 
(C) SCF protein concentrations in rat serum were determined by performing ELISAs. (D) M‑SCF protein expression levels in rat gastric tissue samples were 
determined by western blotting using β‑catenin as the loading control. (E) ICC proliferation was determined by performing the Cell Counting Kit‑8 assay. Data 
are presented as the mean ± SEM (n=12). #P<0.05 vs. vehicle control group; *P<0.05 vs. STZ‑induced group. SCF, stem cell factor; c‑kit, KIT proto‑oncogene, 
receptor tyrosine kinase; ICCs, interstitial cells of Cajal; M‑SCF, membranous SCF; STZ, streptozotocin.

Figure 3. Atractylenolide‑1 treatment regulates apoptosis in diabetic gastroparesis model rats. (A) Flow cytometry was performed to determine the apoptotic 
rate of ICCs. After staining with Annexin V‑FITC and PI, apoptosis was evaluated. The LL, UL, LR and UR quadrants of each panel show viable, necrotic 
(non‑viable), early apoptotic and late apoptotic cells, respectively. (B) Quantification of apoptosis. (C) Apoptosis‑associated protein expression levels in ICCs 
were determined by western blotting using α‑tubulin as the loading control. Data are presented as the mean ± SEM (n=6). ###P<0.001 vs. vehicle control 
group; *P<0.05, vs. STZ‑induced group. ICCs, interstitial cells of Cajal; STZ, streptozotocin; LL, lower left; UL, upper left; LR, lower right; UR, upper right; 
ns, not significant.



MOLECULAR MEDICINE REPORTS  24:  691,  2021 7

decreased compared with that in the vehicle control group. By 
contrast, atractylenolide‑1 treatment significantly recovered the 
content of SOD in DGP model rats (Fig. 4A). Consistent with 
the changes in SOD content, the content of malondialdehyde 
(MDA), which is directly associated with oxidative stress (33), 
was also significantly altered. Atractylenolide‑1 treatment 
significantly reduced the content of MDA in gastric tissues 
compared with that in the STZ‑induced group (Fig. 4B).

The expression of the HO‑1 protein in rat serum alleviates 
the effects of high oxidative stress, increases the number of 
ICCs and improves the network structure of the gastric tissue, 
thus reversing the effects of DGP on gastric emptying (19). 
The results of the present study further demonstrated that 
atractylenolide‑1 significantly restored the expression of 
HO‑1 in STZ‑induced DGP model rats, thus reversing 
STZ‑induced oxidative stress (Fig. 4C‑E). Collectively, these 

Figure 4. Regulatory effects of atractylenolide‑1 on oxidative stress in diabetic gastroparesis model rats. (A) Concentration of SOD in rat serum measured 
using a SOD ELISA kit. (B) Concentration of MDA in rat gastric tissues measured using an MDA assay kit. HO‑1 protein expression levels in gastric 
tissues were (C) determined by western blotting using α‑tubulin as a loading control and (D) semi‑quantified (n=3/group). (E) HO‑1 mRNA expression 
levels in gastric tissues were detected by reverse transcription‑quantitative PCR. Data are presented as the mean ± SEM (n=12). #P<0.05, ##P<0.01 and 
###P<0.001 vs. vehicle control group; *P<0.05, **P<0.01 and ***P<0.001 vs. STZ‑induced group. SOD, superoxide dismutase; MDA, malondialdehyde; HO‑1, 
heme oxygenase; STZ, streptozotocin.

Table II. Effects of atractylenolide-1 on the body weight in diabetic gastroparesis model rats.

	 Body weight, g
	-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------
		  2 weeks	 4 weeks	 6 weeks
Group	 Before treatment	 post-treatment	 post-treatment	 post-treatment

Vehicle control 	 353.6±40.0	 417.7±36.9	 456.2±28.7	 481.6±25.8
STZ-induced 	 179.4±35.0a	 181.8±78.1b	 210.3±85.1a	 269.4±57.6a

Atractylenolide-1 25 mg/kg	 187.7±56.6	 218.3±59.2	 246.5±61.8c	 290.3±40.8c

Atractylenolide-1 75 mg/kg	 179.3±51.0	 244.2±55.3c	 277.4±62.7c	 285.7±61.2c

Data are presented as the mean ± SEM (n=12). aP<0.01 and bP<0.001 vs. vehicle control group; cP<0.05 vs. STZ-induced group. STZ, strep‑
tozotocin.
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results suggested that atractylenolide‑1 alleviated oxidative 
stress reactions and restored gastrointestinal function in DGP 
model rats.

Discussion

As a frequent chronic complication of diabetes, the most 
common symptoms of DGP are gastric motility disorder, 
marked weakening of gastric motility, delayed gastric 
emptying and gastric rhythm disturbances. DGP causes 
upper gastrointestinal symptoms, such as early satiety, 
nausea and vomiting, which can be severe and difficult 
to treat. Effective medications can increase the rates of 
diabetic morbidity and mortality through severe nutritional 
loss and impaired glycemic control  (6,7). Despite great 
efforts, the current treatment options for gastroparesis 
remain unsatisfactory (3‑5). Previously, researchers have 
focused on the pathogenic mechanisms underlying DGP, 
and previous studies have reported that DGP may be asso‑
ciated with hyperglycemia and ICC lesions (33,34). As an 
important means of maintaining normal gastric emptying, 
studies on ICC abnormalities are limited. In a model of 
type  2 diabetic db/db mice, the myenteric interstitial 
cells of Cajal and intramuscular interstitial cells of Cajal 
decreased with an increase in gastric motility disorder in 
the gastric sinus tissue (34). Another retrospective study 
demonstrated that patients with DGP experienced disrup‑
tions of the ICC network in the gastric sinus tissue (13). 
Furthermore, the number of ICCs were found to be signifi‑
cantly reduced in the gastric sinus tissue of patients with 
DGP, gastric tachycardia or slow wave rhythm disorder, a 
symptom associated with ICC lesions (17,18). The afore‑
mentioned studies indicated that ICCs are a key factor in 
the development of DGP.

c‑kit is a transmembrane tyrosine kinase receptor expressed 
by ICCs that regulates gastric contractions (15). In previous 
studies, SCF expression was found to increase the number of 
ICCs, enhance gastrointestinal motility and repair ICC struc‑
tural lesions (20,21). Previous reports have indicated that SCF 
mRNA expression was significantly decreased in the gastric 
tissues of STZ‑induced DGP model rats, with a decrease in 
c‑kit protein expression, the development of ICC ultrastruc‑
tural lesions and delayed gastric emptying (20,21). Treatment 
with exogenous SCF improved or reversed ICC‑associated 
pathological alterations and gastrointestinal motility disorders 
in diabetic model mice (35). In the present study, compared 
with the vehicle control group, the expression of c‑kit in ICCs 
was notably suppressed in the STZ‑induced group, which was 
subsequently markedly elevated by atractylenolide‑1. The 
concentration of serum SCF was also significantly increased 
and ICC proliferation was markedly enhanced in the atractyle‑
nolide‑1 treatment groups compared with in the STZ‑induced 
group. These results suggested that atractylenolide‑1 regulated 
the number and stability of ICCs. Furthermore, flow cytometry 
and western blotting revealed that, compared with the vehicle 
control group, ICC apoptosis was significantly increased in the 
STZ‑induced group, but decreased following atractylenolide‑1 
administration, suggesting that atractylenolide‑1 promoted 
ICC proliferation, inhibited apoptosis and enhanced gastric 
motility.

The primary clinical treatment of DGP aims to alleviate 
symptoms by improving gastric emptying, long‑term regula‑
tion of blood sugar and nutritional support. However, optimal 
treatment options are still lacking, and relapse after a long 
period of medication is common  (4,5,9). Due to the side 
effects of current DGP treatments, the discovery of effective 
treatment methods is urgently required. As a representative 
Traditional Chinese Medicine (TCM), A.  macrocephala 
has been used in clinical treatment for a number of years 
and displays considerable therapeutic effects in the repair of 
gastrointestinal function (22‑25). A retrospective clinical study 
demonstrated its ability to improve the clinical symptoms of 
patients with DGP (36). In the present study, the therapeutic 
potential of atractylenolide‑1, a major bioactive compound of 
A. macrocephala, was evaluated following the impairment 
of gastric motility in STZ‑induced DGP model rats. The 
results indicated that atractylenolide‑1 significantly improved 
the rate of gastric emptying, the frequency and amplitude of 
gastric peristalsis, and gastric blood flow in DGP model rats. 
Atractylenolide‑1 also significantly reduced the levels of blood 
glucose and glycated hemoglobin, and significantly increased 
body weight in DGP model rats. These data suggested that 
atractylenolide‑1 positively influenced the recovery of gastric 
function in DGP model rats.

Oxidative stress serves an important role in the etiology 
of disease and is considered to be a major factor in the devel‑
opment of diabetic complications and tissue damage (19,37). 
Oxidative stress is responsible for various diabetic compli‑
cations of the organs, causing gastric mucosal damage and 
gastric dyskinesia, including DGP (20,31). Gastroparesis 
is speculated to be caused by impairment of ICC network 
formation as a result of oxidative stress (38). Previous studies 
have reported that gastric motility was significantly weaker 
in DGP model rats compared with in control rats, and that 
the level of MDA in the gastric tissue was increased, but the 
level of serum SOD was decreased, indicating that oxidative 
stress was significantly enhanced in the gastric tissues of 
DGP model rats. However, following antioxidant treatment, 
the levels of SCF/c‑kit were increased and the number of 
apoptotic ICCs was decreased, suggesting improved gastric 
motility  (20,31). In the present study, atractylenolide‑1 
significantly enhanced the serum SOD content and decreased 
the MDA content in gastric tissues of DGP model rats. 
Atractylenolide‑1 also regulated the expression of oxidative 
stress‑related protein HO‑1 in DGP model rats, suggesting 
inhibition of oxidative stress responses and prevention of 
gastric tissue injury.

By preliminarily assessing the effects of atractylenolide‑1 
on DGP, the present study indicated that atractylenolide‑1 
accelerated gastric emptying and attenuated gastric oxidative 
stress by regulating ICC function in STZ‑induced DGP model 
rats. Although atractylenolide‑1 has been used in clinical prac‑
tice for some time, the complexity of TCM makes it difficult 
to elucidate its underlying mechanisms in DGP treatment, as 
well as the key molecules involved, thus further investigations 
are required.
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