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Background: Blocking and even reversing gastric precancerous lesions (GPL) is a key
measure to lower the incidence of gastric cancer. Atractylenolide III (AT-III) is a mainly active
component of the Atractylodes rhizome and has been widely used in tumor treatment.
However, the effects of AT-III on GPL and its mechanisms have not been reported.

Methods: H & E staining and AB-PAS staining were employed to evaluate the
histopathology in the gastric mucosa. In parallel, CD34 immunostaining was performed
for angiogenesis assessment, and transmission electron microscope for microvessel
ultrastructural observation. Investigation for the possible mechanism in vivo and in vitro
was conducted using immunohistochemistry, RT-qPCR and western blotting.

Results: In most GPL specimens, AT-III treatment reduced microvascular abnormalities
and attenuated early angiogenesis, with the regression of most intestinal metaplasia and
partial dysplasia. Meanwhile, the expression of VEGF-A and HIF-1α was enhanced in GPL
samples of model rats, and their expressions were decreased in AT-III-treated GPL rats.
Moreover, DLL4mRNA and protein expression were higher in GPL rats than in control rats.
DLL4 protein expression was significantly enhanced in human GPL tissues. In addition,
AT-III treatment could diminish DLL4 mRNA level and protein expression in the MNNG-
induced GPL rats. In vitro study showed that in AGS and HGC-27 cells, DLL4 mRNA level
and protein expression were significantly decreased after AT-III treatment. However, AT-III
had no significant regulatory effect on Notch1 and Notch4.

Conclusion: AT-III treatment is beneficial in lessening gastric precancerous lesions and
attenuating angiogenesis in rats, and that may be contributed by the decrease of
angiogenesis-associated HIF-1α and VEGF-A, and downregulation of DLL4.
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INTRODUCTION

Gastric precancerous lesions (GPL) refer to the pathological
changes of intestinal metaplasia (IM) and dysplasia
accompanied by chronic atrophic gastritis, which are positively
associated with the incidence of gastric cancer (GC) (Huan et al.,
2015). Therefore, it is an effective measure to pay attention to the
early diagnosis and treatment of GPL for the secondary
prevention of GC. The pathogenesis of GPL is still unclear,
and endoscopic mucosal dissection is currently recommended
as the main treatment for severe dysplasia and early gastric cancer
(Pimentel-Nunes et al., 2019). However, in clinical practice, there
is no specific treatment for most GPL patients. Thus, it is essential
for us to find new and effective treatments for GPL.

At present, many researchers have focused more attention on
natural bioactive components due to their high activity and low
cytotoxicity (Ambriz-Pérez et al., 2016; Leyva-López et al., 2016;
Villarreal-García et al., 2016). Atractylodes macrocephala is one
of the traditional Chinese medicinal herbs, which has obvious
curative effects on anorexia, dyspepsia and diarrhea (Wei et al.,
2011; Zheng et al., 2012). Atractylenolide III (AT-III) is the main
bioactive component of Atractylodes macrocephala and it has
been proved to possess pharmacological properties include anti-
inflammatory, antioxidative, anti-tumor and anti-angiogenesis
effects (Hoang et al., 2012; Wang et al., 2015; Huai and Ding,
2020; Bailly, 2021; Sheng et al., 2021). A previous study
demonstrated that AT-III might play a gastroprotective role in
ethanol-induced acute gastric ulcer by reducing extracellular
matrix damage (Wang et al., 2010). Recently, AT-III has been
found to inhibit the proliferation of gastric cancer cells and
induce apoptosis of gastric cancer cells, thus playing an anti-
tumor role (Ji et al., 2019). In addition, AT-III, as an anti-tumor
agent, restricts the recruitment of new blood vessels required for
tumor formation and growth by inhibiting angiogenesis (Wang
et al., 2015). However, the anti-angiogenesis mechanisms of AT-
III in GPL treatment are still unclear.

Angiogenesis, defined as the basic process of forming new
blood vessels from pre-existing ones, is closely associated with
tumor growth, invasion and metastasis (Judah, 2002; Nienhüser
and Schmidt, 2017). Therefore, targeting angiogenesis is the focus
of tumor therapy. Hypoxia inducible factor-1α (HIF-1α) is the
main drive factor of angiogenesis, and abnormal activation of
HIF-1α leads to VEGF overexpression to a large extent, which is
critical for angiogenesis (Arany et al., 2008; Tirpe et al., 2019).
Vascular endothelial growth factor-A (VEGF-A), also called
VEGF, is considered to be a major regulatory factor of tumor
angiogenesis, which can stimulate tumor angiogenesis and
increase tumor vascular permeability. (Hoeben et al., 2004;
Korpanty et al., 2011). More importantly, recent reports have
found that DLL4/Notch signaling is the most significant of all the
signaling pathways involved in tumor angiogenesis (Yen et al.,
2015; McKeage et al., 2018). In humans, four Notch receptors
(Notch 1–4) and five ligands (delta-like ligands 1, 3, 4 and Jagged
1 and 2) have already been identified. Among these, Notch1,
Notch4, and DLL4 were confirmed to play a pivotal role in
angiogenesis (Sainson and Harris, 2008). As the specific ligand
for Notch1 and Notch4, DLL4 expression is closely related to

tumor angiogenesis and metastasis (Benedito et al., 2009; Li et al.,
2011; Miao et al., 2017). Studies have shown that DLL4
overexpression is associated with TNM stage and distant
metastasis in GC patients, indicating an association with poor
prognosis in GC patients (Ishigami et al., 2013; Du et al., 2014).
Although the role of the molecules in promoting angiogenesis in
gastric cancer has been reported in recent years, what role they
might play in GPL remains unclear.

In the research, the effects of AT-III on GPL angiogenesis and
expression of angiogenesis related factors were observed. We
hoped to test the hypothesis that the anti-angiogenesis properties
of AT-III are related to the regulation of angiogenesis-associated
markers HIF-1α and VEGF-A, as well as the DLL4/Notch
signaling pathway. Our results may provide experimental
evidence for AT-III to inhibit GPL angiogenesis.

MATERIALS AND METHODS

Animals and Ethics Statement
Half male and half female SD rats, weight 180–200 g, were
provided by Chengdu Dashuo Experimental Animal Co., Ltd.
The rats were fed standard rat chow at room temperature of
22–24°C, relative humidity of 40–60% and light-dark cycle of
12 h. The rats were given adaptive feeding for 1 week before the
experiment. All animal procedures are approved and permitted
by the Institutional Animal Care and Use Committee (Animals
use license: SCXK-2020-030, ethical approval number: 2019-
17/24).

Clinical Tissue Samples
56 cases of GPL gastric mucosa and 46 cases of normal gastric
mucosa were collected from the Teaching Hospital of Chengdu
University of Traditional Chinese Medicine, and retrospectively
analyzed. Formalin fixed and paraffin-embedded tissue samples
were stored at room temperature. All specimens were confirmed
by pathological examination. This present study was permitted by
the Institutional Review Board of the Teaching Hospital of
Chengdu University of Traditional Chinese Medicine
(Chengdu, China) (approval no. 2018KL-023). Each
participant included in the study signed the written informed
consent.

Establishment of Gastric Precancerous
Lesions Model in Rats and Drug
Administration
The experiment flow chart was shown in Figure 1. Briefly, SD rats
were randomly divided into four experimental groups (n = 10 per
group): control group (treated with distilled water and
physiological saline), model group (treated with MNNG and
physiological saline), high-dose Atractylenolide III group
(treated with MNNG and AT-III, 2.4 mg/kg/d) and low-dose
Atractylenolide III group (treated with MNNG and AT-III,
1.2 mg/kg/d) (cat. no. BZP0374, Hefei Bomei Biotechnology
Co., Ltd., China). The GPL rats model was set up based on
the literatures (Saito et al., 1970; Tatematsu et al., 1988). To
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establish the GPL rat model, the rats were given MNNG at
5 ml/kg by gavage once a week and allowed to drink MNNG
solution (200 μg/ml) (cat. no. M0527, Tokyo Chemical Industry
Co., Ltd., Japan) ad libitum, and underwent starvation and satiety
conversion every other day. At the end of 9th week, 2 model rats
were randomly selected and sacrificed, and then detected for GPL.
At the 10th week, rats in the high-dose and low-dose
Atractylenolide III groups were given AT-III at 2.4 mg/kg and
1.2 mg/kg by gavage, respectively, while rats in the control group
and model group were intragastric with physiological saline
(10 ml/kg) for 10 weeks, once a day. At the end of 20th week,
all rats were sacrificed with sodium pentobarbital (140 mg/kg i.
p.) after 12 h fasting. Following sacrifice by cervical dislocation,
stomachs were harvested immediately.

Cell Culture
Human gastric cancer cell lines (AGS and HGC-27) were
obtained from the Centre Laboratory of Affiliated Hospital of
Chengdu University of TCM. Cells were divided into 3 groups:
control group, high-dose AT-III group (120 µM), low-dose AT-
III group (80 µM). Cell lines were cultured in RPMI-1640
medium (Gibco, United States) containing 10% fetal bovine
serum (FBS) at 37°C and 5% CO2 saturated humidity. CCK-8
assay was used to determine relative cell viability after AT-III
treatment for 24 h. The IC30 and IC50 of AT-III at 24 h in HGC-
27 and AGS cells were found to be 80 and 120 μM, respectively.

Pathological Analysis
Gastric tissues were removed and fixed overnight in 10%
neutralized formalin, followed by dehydration with alcohol
and xylene. Then, the 3-µm paraffin-embedded sections were
prepared and dipped in hematoxylin and eosin (H & E) using
standard protocols. According to the manufacturer’
sintroductions, the types of intestinal metaplasia were
examined by Alcian Blue-Periodic Acid Schiff (AB-PAS
staining). The paraffin sections were deparaffinized to water.
The sections were stained with Alcian Blue staining solution
for 5–10 min. The slices were oxidized with 1.0% periodic acid
solution for 10 min, rinsed in running water for several minutes,
and washed twice in distilled water. The sections were stained
with Schiff solution for 15–30 min without light, rinsed with

running water for 5–10 min. After the slices were dried, the
nucleus was lightly stained with Mayer hematoxylin for about
1 min, rinsed with running water for several minutes, dehydrated
with gradient alcohol, transparented with xylene and sealed with
neutral gum. Neutral mucins in normal mucosa were stained
magenta, while acidic mucins in IM lesion were stained blue. The
morphological changes of the sections were observed by light
microscope (IX71; Olympus Corporation) and the incidence of
GPL in the rats were analyzed (Tytgat, 1991; Riddell, 1995). The
magnifications used were ×100 and ×200.

Evaluation of Microvessel Density
The expression of CD34 was detected by immunohistochemical
staining (IHC) to assess microvessel density (MVD) in gastric
mucosa. In order to measure MVD, we used the method
described by Weidner to perform the quantitative vessel
counts (Vermeulen et al., 1996). To be specific, the tissue
sections were scanned at low-power magnification (×40 and
×100) to identify areas with the highest angiogenesis (also
known as hot-spot). Then, counting the stained microvessels
in 3 random views of the “hot-spot” area at high-power (×200).
The microvascular density value was figured as the mean value of
the 3 field counts (×200).

Transmission Electron Microscopy
The ultrastructure of the gastric mucosa was observed using
TEM. The gastric mucosa tissue specimens (1 mm3) were fixed
in 2.5% glutaraldehyde prepared in phosphate buffer for 2.5 h,
and re-fixed in 1% osmium tetroxide in phosphate buffer for 2 h.
The tissues were washed with buffer, dehydrated in gradual
ethanol, then dipped twice in a mixture of acetone and epoxy
resin, and embedded in capsules filled with epoxy resin, heated
overnight at 70°C, and 70-nm ultrathin sections were sliced with
LKB microtome. Images were observed and imaged by TEM (H-
7650; Hitachi Ltd.) and used to describe the ultrastructure of
microvessel. The magnification was ×10,000.

Immunohistochemical Staining
Gastric sections were embedded in paraffin and cut into 3 µm
slices for IHC assay. The sections were heated at 97°C for 20 min,
soaked in 3% hydrogen peroxide solution for 15 min and blocked

FIGURE 1 | Flowchart of experimental design. 1) Normal group (treated with distilled water and physiological saline, control group); 2) Model group (treated with
MNNG and physiological saline); 3) Atractylenolide III (2.4 mg/kg) group (treated with MNNG and high dose AT-III); 4) Atractylenolide III (1.2 mg/kg) group (treated with
MNNG and low dose AT-III). MMNG, N-methyl-N′-nitro-N-nitrosoguanidin.
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with 5% bovine serum albumin for 30 min. The sections were
incubated overnight at 4°C with primary antibodies against CD34
(lot ZDP0112111, R & D Systems, United States), VEGF-A (lot
GR116031-1, Abcam, United Kingdom), HIF-1α (lot L1212,
Santa Cruz Biotechnology, United States), Notch1 (ab52301,
Abcam, United Kingdom), Notch4 (ab184742, Abcam,
United Kingdom), and DLL4 (ab7280, Abcam,
United Kingdom). Then, the sections were stained with
diaminobenzidine and counterstained with hematoxylin to
detect the results. Three fields were randomly selected under
the light microscope for photographing. Quantification of
expression levels was determined by mean of integrated optical
density and analyzed by Image Pro Plus 6.0 software (Media
Cybernetics, Inc.). The magnification used was ×200.

Western Blot
Total protein was extracted with Radioimmunoprecipitation
assay (RIPA) lysis buffer containing protease inhibitors, and
the protein concentration was measured by the BCA assay.
Equal quantities of the total protein were loaded into wells
and separated using 10% SDS-PAGE, and then transferred
electrophoretically to polyvinylidene fluoride membranes. After
blocking in 5% nonfat dry milk for 2 h, the membranes were
incubated overnight with primary antibodies at 4°C. The dilution
ratios of primary antibodies in the experiment were as follows:
DLL4 (1: 1000), Notch1 (1: 1000), Notch4 (1: 1000), and GAPDH
(1: 1000) (lot 00093663, Proteintech Co., Ltd., United States).
Next, the membranes were washed with PBST, then the
secondary antibodies were added and incubated at 37°C for
1 h. The gray values of the bands were quantified and
normalized to GAPDH by the Image-Pro Plus software
version 6.0 (Media Cybernetics, Inc.).

Real-Time Quantitative RT-PCR
TRIzol kit (G3013; Servicebio) was used to extract total RNA
from tissues and cells. The RT-qPCR was performed with SYBR
Green qPCR Mix kit and 7500 Fast Real-Time PCR System
(Applied Biosystems Inc.) to detect the mRNA levels of
Notch1, Notch4, and DLL4. The differences of amplification
were calculated by the 2−ΔΔCt method. The primer sequences
used in rats were as follows:DLL4 forward 5′-TGCCACTTCGGT
TACAC-3′ and reverse 5′-TGACACATTCGTTCCTCTC-3′;
Notch1 forward 5′-AGCCAGTAAGCCAAGT-3′ and reverse
5′-ACAGTCCATCCTCAGTT-3′; Notch4 forward 5′-CAG
CCCGAGCAGATGTAGGA-3′ and reverse 5′-CGGCGTCTG
CTCCCTACTGT-3′; 18S 5′-ACGGCTACCACATCC-3′ and
reverse 5′-CAGACTTGCCCTCCA-3′. The human DLL4
primer was Cat#HQP013577 (Hs-QRP-20948 DLL4;
GeneCopoeia, Inc) and GAPDH primer was Cat#HQP006940
(Hs-QRP-20169 GAPDH; GeneCopoeia, Inc).

Statistical Analysis
The data analyses were performed by SPSS 23.0 software (IBM
Inc.). All quantitative data were presented as mean ± SEM. One-
way ANOVA was used to evaluate the differences between
groups, Tukey method was used for homogeneous data and
Dunnett’s T3 method was used for non-homogeneous data.

Unpaired Student’s t-test was used to analyze the differences
in DLL4, notch1 and notch4 expressions between GPL group and
normal group. Pearson’s χ2 test and Fisher’s exact test were
performed to assess DLL4, notch1, and notch4 expression and
clinicopathological characteristics. p < 0.05 was considered
statistically significant.

RESULTS

Atractylenolide III Improves the General
Condition and Alleviates Histopathological
Changes of the Gastric Mucosa in Gastric
Precancerous Lesions Rats
The control rats appeared relaxed, moved quickly, ate well, and
had hard, grainy feces. In contrast, the model rats seemed less
energetic, moved slowly, ate less and had diarrhea. The body
weight of the model rats decreased remarkably compared with the
control group (p < 0.01). AT-III administration (concentration of
1.2, 2.4 mg/kg) could partly preserve the body weight of rats (p <
0.05; p < 0.01; Figure 2A). These results suggest that AT-III
prevents GPL-associated body weight loss.

We used H & E staining to assess the histopathological
changes of gastric mucosa. Our data indicated that there was
no intestinal metaplasia or dysplasia in the control group, and
the difference was statistically significant compared with the
model group (p < 0.01). The incidence of GPL in the model
group, AT-III administration groups (1.2 mg/kg, 2.4 mg/kg)
was 90% (9/10), 50% (5/10), and 30% (3/10), respectively.
There were significant differences between the AT-III group
(2.4 mg/kg) and the model group (p < 0.05). As shown in
Table 1. Morphologically, rats in the control group exhibited
normal macroscopic appearance of gastric mucosa. The glands
and structure of gastric epithelial cells were normal, and there
was little or no inflammatory infiltration in gastric epithelium
under light microscope. In contrast, the gastric mucosa of the
model rats appeared as dark red, with poor lustrousness, little
mucus and rough surface. Light microscope revealed the
arrangement of gastric mucosa glands was irregular and
crowded and back-to-back tubular structure. In addition,
the gastric epithelial cells showed enlarged and
hyperchromatic nuclei, increased nuclear-cytoplasmic ratio,
loss of nuclear polarity, and gastric mucosa stimulated cavity
fusion, suggesting dysplasia lesion of the gastric mucosa. As
expected, atypical hyperplasia and inflammatory infiltration
were inhibited to varying degrees in most rats treated with AT-
III (Figures 2B,C). These observations suggested that AT-III
can inhibit or even reverse the process of dysplasia and protect
gastric mucosa.

The degree of intestinal metaplasia was evaluated using AB-
PAS staining. In the control rats, the neutral mucins in gastric
mucosa were stained red, indicating no intestinal metaplasia. In
the model group, gastric mucosa with lesion of intestinal
metaplasia were stained blue or purple. After AT-III
intervention, we found that intestinal metaplasia was visibly
regressed as compared with that in the model rats
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FIGURE 2 | Effects of AT-III on pathomorphology of dysplasia, gastric intestinal metaplasia and body weight in GPL rats. (A) Effect of AT-III treatment on body
weight of GPL rats. (B) Gross evaluation of the gastric mucosa. (C) Representative images of H & E staining of the gastric epithelium (×100, ×200). (D) Evaluation for
intestinal metaplasia using AB-PAS staining (×100, ×200). ##p < 0.01 versus the control group; *p < 0.05, **p < 0.01 versus the model group. Abbreviations: AT-III,
Atractylenolide III; GPL, gastric precancerous lesions; H & E, hematoxylin and eosin; AB-PAS, alcian blue-periodic acid schiff.
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(Figure 2D). Our observation showed that AT-III could
effectively reverse gastric intestinal metaplasia in GPL rats.

Atractylenolide III Ameliorates
Microvascular Abnormalities
The morphological changes of microvessels in gastric mucosa
were observed under TEM. The vascular inner diameter of
microvessels in the control group was normal, the basal
lamina was smooth and the structure was clear, complete and

continuous with uniform thickness and homogeneous electron
density. In contrast, we found that the microvascular lumen was
dilated, the vascular inner diameter was significantly reduced, the
basal lamina was thickened and rough, and the basement
membrane was irregular and discontinuous in model rats.
Partial or complete occlusion of some vascular lumens by
erythrocytes was also observed. In the low-dose AT-III group
(1.2 mg/kg), vascular lumen inner diameter of rats was mild to
moderately reduced, the basal lamina surface was still rough, and
part of the basal lamina was broken and discontinuous.

TABLE 1 | The incidence rate of GPL in each group.

Group Number Intestinal metaplasia Dysplasia GPL incidence
(%)Mild Moderate Severe Mild Moderate Severe

Control group 10 0 0 0 0 0 0 0
Model group 10 1 2 1 1 1 3 90
1.2 mg/kg AT-III group 10 2 1 0 0 1 1 50
2.4 mg/kg AT-III group 10 1 1 0 1 0 0 30

FIGURE 3 | Evaluation of microvessel density in gastric mucosa. (A) Representative images of ultrastructures of epithelial cells using TEM (×10000). (B) CD34-labelled
microvessels in gastricmucosa of each group (IHC, ×200). Expression of VEGF-A (D) andHIF-1α (F) protein in different gastric mucosa (IHC, ×200). Effect of AT-III on CD34 levels
(C), VEGF-A (E) andHIF-1α (G) protein expressions in gastric mucosa from various groups (n = 10). Data are presented asmean ± SEM. RBC, red blood cell; EC, endothelial cell;
BL, basal lamina; Lu, lumen. ##p < 0.01 versus the control group; **p < 0.01 versus the model group. RBC, red blood cell; EC, endothelial cell; BL, basal lamina; Lu, lumen;
TEM, transmission electron microscopy; AT-III, Atractylenolide III; IHC, immunohistochemistry; SEM, standard error of mean.
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Furthermore, in the high-dose AT-III group (2.4 mg/kg), the
capillary wall of rats was relatively smooth, the basal lamina is
slightly fractured and discontinuous without obvious thickening,
the inner diameter of vascular lumen was slightly decreased. Most
of the nuclear membrane is clear and intact, and the distribution
of nuclear chromatin is normal (Figure 3A). Therefore, AT-III
intervention showed a potent protective effect on microvascular
abnormalities in GPL rats.

Atractylenolide III Reduces the
CD34-Labled Microvessel Density and
Decreases VEGF-A and HIF-1α Protein
Expressions
The expression of the angiogenesis marker CD34 in GPL tissues
was detected by immunohistochemistry to analyze the effect of
AT-III on angiogenesis. The number of CD34+ microvessels was
increased in most GPL tissues, suggesting active angiogenesis,
whereas these microvessels were sparse in control tissues.
Furthermore, we noticed that more GPL rats with dysplasia
had a larger number of microvessels than IMs, and severe
dysplasia had more microvessels than mild or moderate
dysplasia. In contrast, we noted a significant reduction in
CD34+ microvascular counts in many AT-III-treated rats.
These results demonstrated that CD34+ microvessel density
levels were significantly increased in model rats compared to
the control group. But it decreased markedly after AT-III
intervention, indicating that AT-III effectively reduced
angiogenesis in GPL rats (Figures 3B,C).

IHC was used to evaluate whether VEGF-A and HIF-1α
inhibition was associated with anti-angiogenic ability of AT-
III. The data confirmed that HIF-1α and VEGF-A were
sparsely expressed in normal gastric mucosa, while HIF-1α
and VEGF-A protein expression were increased in GPL rats.
As expected, the expressions of HIF-1α and VEGF-A protein in
gastric mucosa were significantly decreased after AT-III
intervention, and the difference was statistically significant
(p < 0.01), but AT-III had no significant inhibitory effect on
HIF-1α protein at a concentration of 1.2 mg/kg (p > 0.05).
Interestingly, we observed that the reduction of HIF-1α and
VEGF-A in GPL tissues was often accompanied by the
attenuation of CD34+ expression, suggesting that inhibition of
HIF-1α and VEGF-A might be beneficial in AT-III-alleviated
angiogenesis (Figures 3D–G).

DLL4 is Over-Expressed in Human Samples
of Gastric Precancerous Lesions
In order to verify the high expression of Notch1, Notch4, and
DLL4 in GPL, we investigate the expression of Notch1, Notch4,
and DLL4 in 56 human GPL specimens and 46 normal
specimens. We observed high DLL4 expression in 62.5% (35/
56) of the GPL specimens and 41.3% (19/46) of the normal
specimens by IHC. At the same sites, we found strong Notch1
expression in 7.1% (4/56) of the GPL specimens and 4.3% (2/46)
of the normal specimens. In addition, we observed high Notch4

levels in 14.3% (8/56) of the GPL specimens and 6.5% (3/46)
of the normal specimens. We noticed that the DLL4
immunoreactivity was notably stronger in the human GPL
specimens than in the healthy controls (Figures 4A,D), while
Notch1 and Notch4 were not overexpressed in human samples of
GPL (Figures 4B,C,E,F). This evidence supports the association
of DLL4 expression with increased angiogenesis in GPL. DLL4
expression was significantly correlated with advanced GPL
pathology but not age, gender, location of lesion and Hp
infection (Table 2).

Atractylenolide III Diminishes DLL4 Protein
Expression and mRNA Level in Gastric
Precancerous Lesions Rats
We further examined the expression levels of Notch1, Notch4
and DLL4 in GPL rats to determine the possible mechanism of
GPL angiogenesis. The expression of DLL4 protein in gastric
mucosa was observed by immunohistochemistry and analyzed by
Western blotting. As shown in Figures 5A–C, normal gastric
mucosa did not or barely express DLL4, while diffuse and intense
cytoplasmic labeling, found in most cases of GPL rats, could be
markedly diminished by AT-III. Statistically, GPL rats showed an
increased DLL4 protein expression compared with the control
group (p < 0.01), while AT-III intervention reduced the over-
expression. Furthermore, we found that AT-III had a stronger
inhibitory effect at a concentration of 2.4 mg/kg on DLL4 over-
expression (p < 0.01). However, AT-III may have little effect on
Notch1 and Notch4 expression (without statistical significance)
(Figures 5D–F).

Quantitative analysis of protein expression proved that DLL4
protein expression was elevated in GPL rats compared with
control group (p < 0.05), whereas AT-III treatment reduced
the over-expression (p < 0.01) and did not significantly inhibit
Notch1 and Notch4 (p > 0.05). (Figures 5G–J). Furthermore, RT-
qPCR analysis confirmed that DLL4 mRNA level in GPL rats was
significantly higher than that in controls (p < 0.01). After AT-III
intervention, DLL4 mRNA level of rats was dramatically reduced
(p < 0.05). The data suggested that AT-III could efficiently inhibit
DLL4 mRNA level in model rats, but Notch1 and Notch4 mRNA
levels were not significantly decreased (Figures 5K–M).

Atractylenolide III Down-Regulates DLL4
Protein Expression and mRNA Level in
Human Gastric Cancer Cell Lines
DLL4 protein expression was measured by western blotting in
human gastric cancer cell lines. The results revealed that AT-III
treatment (concentration of 80, 120 µM) down-regulated DLL4
protein expression in AGS and HGC-27 cell lines (p < 0.05; p <
0.01). Furthermore, AT-III showed a better inhibitory effect at a
concentration of 120 µM (p < 0.01). And the difference in the gray
value was statistically significant (p < 0.01; Figures 6A–D).

RT-qPCR detection for DLL4 gene expression in AGS and
HGC-27 cells. Our results indicated that the mRNA expression of
DLL4 was obviously decreased in the AT-III group (80 µM)
compared with control group (p < 0.05). The expression of
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DLL4 gene was further decreased in the AT-III group (120 µM)
(p < 0.01; Figures 6E,F). All these results clearly indicated that
DLL4 protein expression andmRNA level was inhibited after AT-
III treatment in AGS and HGC-27 cell lines. However, AT-III
treatment did not significantly inhibit the protein expression of
Notch1 and Notch4 (p > 0.05; Figures 6G–J).

DISCUSSION

It is well known that GPL is the key stage in the progression of
GC. Therefore, early intervention for GPL is important for
reducing the morbidity of GC (Huang et al., 2015; Malik et al.,
2017). AT-III is a Chinese traditional herb with a long medicinal
history isolated from the dried rhizome of Atractylodes
macrocephala. In recent years, many basic and clinical studies
have shown that AT-III has anti-cancer effects (Ji et al., 2019;
Bailly, 2021; Sheng et al., 2021). However, the effects of AT-III on
GPL has not been reported. In the research, we observed that AT-
III administration could alleviate IM and partial dysplasia in GPL
rats, suggesting that AT-III is beneficial in protecting against
gastric precancerous lesions.

Folkman’s tumor angiogenesis theory is critical to the
treatment of malignant tumors and precancerous lesions
(Folkman, 1971). Therefore, inhibiting angiogenesis may be an

attractive strategy to prevent and treat malignant transformation
of gastric mucosa, which can reduce the morbidity of GC patients.
In this research, we found that CD34+ MVD in GPL rats was
remarkably higher than that in the normal gastric mucosa, which
supported the hypothesis of angiogenesis in GPL rats. More
importantly, the gastric mucosa often showed a higher CD34+

microvessel count in more severe lesions. There was more
microvessels in dysplasia than in intestinal metaplasia, and
more microvessels in severe dysplasia than in mild or
moderate dysplasia. After administration of AT-III, the
angiogenesis marker CD34 was significantly decreased in GPL
tissues.

HIF-1α and VEGF are considered to be classic factors
controlling multiple proangiogenic processes in hypoxic
tumors (Rey et al., 2017). A study focusing on the
correlation between VEGF and the degree of progression of
GPL found that VEGF was overexpressed in GPL, and its
expression increased with the severity of gastric mucosal gland
atrophy and intestinal metaplasia (Zhao et al., 2019).
Experimental evidence suggests that HIF-1α was activated
in the early stages of GC. The over-expression of HIF-1α
was positively correlated with tumor infiltration depth,
MVD and VEGF expression in gastric cancer, and patients
with HIF-1α (+)/VEGF (+) had a relatively poor prognosis (Fu
et al., 2019). It is worth mentioning that early angiogenesis

FIGURE 4 | DLL4 mRNA expression is upregulated in gastric cancer and DLL4 protein is over-expressed in human GPL specimens. Representative IHC images
demonstrating the expression of DLL4 (A), Notch1 (B) and Notch4 (C) in GPL and normal tissues (×200). Semi-quantitative analysis of DLL4 (D), Notch1 (E) and
Notch4 (F) protein expression in human specimens (n = 102). #p < 0.05 versus the control group. Data are presented as mean ± SEM. Abbreviations: AT-III,
Atractylenolide III; GPL, gastric precancerous lesions; GC, gastric cancer; IHC, immunohistochemistry; SEM, standard error of mean.
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found in GPL tissues is usually accompanied by activation of
HIF-1α and VEGF-A. And we noted that AT-III could inhibit
VEGF-A expression in GPL tissues at a concentration of
1.2 mg/kg and 2.4 mg/kg, and reduce HIF-1α expression at a
concentration of 2.4 mg/kg.

Recent reports have shown that DLL4/Notch signaling
pathway occupies an important role in angiogenesis, including
Notch1, Notch4, and DLL4 as key targets (Kangsamaksin et al.,
2014). Studies have confirmed that DLL4 expression is up-
regulated in the tumor vasculature compared with normal
vessels (Schadler et al., 2010; Liu et al., 2015). For example,
the expression of DLL4 in clear cell renal tumor vessels was
higher than that in normal renal tissues and related to vascular
maturation (Huang et al., 2013). Furthermore, studies have
indicated that the activation of Notch1, Notch4, and DLL4 is
crucial in the initiation and progression of gastric cancer (Du
et al., 2014; Qian et al., 2015; Huang et al., 2019). However, the
possible role of the molecules in GPL remains unclear.

A previous study demonstrated that AT-III could inhibit breast
tumor angiogenesis in vitro and in vivo (Wang et al., 2015). The
possible mechanism is that AT-III suppressed Runx2 activation in
endothelial cells, which contributed to the inhibition of MMPs and

VEGF-VEGFR2 signaling as well as the anti-angiogenic properties of
AT-III (Wang et al., 2015). In our research, DLL4 protein expression
were up-regulated in human GPL specimens compared with normal
specimens. We found similar results in the animal study, and
different concentrations of AT-III treatment could significantly
reduce the gene and protein expressions of DLL4. Furthermore,
our cell experiments showed thatDLL4 protein and gene expressions
were markedly down-regulated after AT-III treatment in AGS and
HGC-27 cells. The results suggested the role of DLL4 in angiogenesis
and provide new ideas for anti-angiogenesis therapy of GPL.

More importantly, our animal and cell experiments showed that
AT-III had a stronger inhibitory effect on DLL4 over-expression at a
concentration of 2.4 mg/kg and 120 μM, which may be more ideal
for GPL intervention, but we need to expand the sample size in the
future to further verify our speculation. However, AT-III
intervention showed no inhibitory effects on Notch1 and Notch4
expression. The possible reason is that Notch1 and Notch4 may not
be the targets for AT-III treatment of GPL. Furthermore, the
superiority of AT-III in GPL treatment and its detailed
mechanisms merit further investigations.

In conclusion, it is encouraging that our data suggested that
AT-III treatment could prevent the occurrence and progression

TABLE 2 | Correlation between DLL4 positivity and clinicopathological characteristics.

Notch1 Notch4 DLL4

Low High Low High Low High

Age
<60 33 3 31 5 12 24
≥60 19 1 17 3 9 11
p value

0.643 0.909 0.388
Gender
Male 33 3 31 5 7 18
Female 19 1 17 3 14 17
p value

0.643 0.909 0.187
Location of lesion
Body 10 0 9 1 6 4
Angle 10 1 10 1 4 7
Antrum 26 1 21 6 9 18
Multiple 6 2 8 0 2 6
p value

0.160 0.374 0.407
Hp infection
Negative 22 0 16 6 12 10
Positive 30 4 32 2 9 25
p value

0.095 0.025 0.034
Histopathological category
Normal gastric epithelium 44 2 43 3 27 19
Gastric precancerous lesions 52 4 48 8 21 35
p value

0.551 0.208 0.033
Intestinal-type metaplasia 24 2 24 2 8 18
p value

0.882 0.189 0.333
High-grade intraepithelial neoplasia 12 1 9 4 5 8
Low-grade intraepithelial neoplasia 16 1 15 2 8 9
p value

0.844 0.197 0.638
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FIGURE 5 | The rat samples were detected by IHC. Expression of DLL4 (A), Notch1 (B) and Notch4 (C) in gastric mucosa from various groups. Semi-quantitative
analysis of DLL4 (D), Notch1 (E) and Notch4 (F) protein expression levels in each group (n = 10). (G) Representative images of western blot proteins bands. Quantitative
analysis of DLL4 (H), Notch1 (I) and Notch4 (J) in western blotting bands (n = 9). Quantization for mRNA levels of DLL4 (K), Notch1 (L) and Notch4 (M) in gastric mucosa
from various groups (n = 6). (J) Representative western blotting bands of DLL4, Notch1 and Notch4. #p < 0.05, ##p < 0.01 versus the control group; *p < 0.05,
**p < 0.01 versus the model group. Data are presented as mean ± SEM. AT-III, Atractylenolide III; IHC, immunohistochemistry; SEM, standard error of mean.
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FIGURE 6 | Representative western blotting bands of DLL4, Notch1 and Notch4 in transfected AGS (A) and HGC-27 (C) cells. Quantitative analysis of DLL4 (B,D),
Notch1 (G,I), and Notch4 (H,J) in western blotting bands (n = 9). RT-qPCR detection for DLL4 mRNA levels in transfected AGS (E) and HGC-27 (F) cells (n = 3). *p <
0.05, **p < 0.01 versus the control group. Data are presented as mean ± SEM. AT-III, Atractylenolide III; SEM, standard error of mean.
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of GPL. The therapeutic effects may be associated with the
inhibition of angiogenesis contributed by decreasing
expression of angiogenesis-associated markers HIF-1α and
VEGF-A, and by down-regulating DLL4. This study provided
reliable experimental basis for the clinical treatment of GPL.
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