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A B S T R A C T

Objective: This study aimed to address the status, role, and mechanism of sympathetic nerve infiltration in the
progression of stomach adenocarcinoma (STAD).
Methods: Sympathetic nerve and its neurotransmitter NE, β-ARs, and associated signaling molecules in the STAD
tissues and the adjacent tissues from 46 STAD patients were examined using immunostaining, HPLC, and western
blotting. The effects and mechanisms of β2-AR activation on the proliferation, migration and invasion of AGS and
SGC-7901 gastric cancer (GC) cell lines were examined using CCK-8, transwell, and western blotting assays.
Correlations between genes and STAD survival were analyzed using bioinformatics.
Results: Striking sympathetic nerve infiltration, elevations of NGF, TrkA, GAP43, TH, S100, NE, β2-AR, YKL-40,
syndecan-1, MMP9, CD206, and CD31 were observed in the STAD tissues compared to the adjacent tissues.
Activation of β2-AR in the two GC cell lines significantly amplified the expressions of NGF, YKL-40, MMP9,
syndecan-1, p-STAT3 and p-ERK, and increased GC cell proliferation, migration and invasion. Bioinformatic
analyses revealed positive correlations of NGF, β2-AR, syndecan-1, and macrophage infiltration, respectively, with
low survival of STAD, of β2-AR respectively with STAT3, ERK1/2 (MAPK1/3), YKL-40, MMP9, and syndecan-1,
and of YKL-40 with MMP9.
Conclusion: Sympathetic nerves significantly infiltrated into human STAD tissues as a result of high NGF and TrkA
expressions; elevated NE led to overactivation of β2-AR-STAT3/ERK-YKL-40 signaling pathway, and finally
caused cancer cell growth and invasion, M2 macrophage infiltration, angiogenesis, matrix degradation and STAD
metastasis and progression.
1. Introduction

Stomach adenocarcinoma (STAD) is the most common and lethal
carcinoma in human digestive system. Approximately 97% of the gastric
cancer (GC) cases are adenocarcinomas. The exact pathogenesis of STAD
is largely unknown, although unhealthy foods, infection of helicobacter
pylori, and genetics are considered the pathogenic factors [1, 2].

YKL-40, also known as chitinase-3-like protein 1 (CHI3L1), is a
member of the mammalian chitinase-like proteins (CLPs) belonging to
the glycoside hydrolase family 18. These CLPs are expressed in multiple
cell types including malignant tumor cells and inflammatory cells. The
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focus of CLPs in cancer research is YKL-40 [3]. YKL-40 is a secreted
glycoprotein and is involved in innate immune and extracellular matrix
remodeling. There is a clear correlation between circulating YKL-40
levels and poor prognosis in lung, breast, liver, prostate, bladder,
colon, and other types of cancers. Patients with metastatic breast carci-
noma had significantly higher serum YKL40 levels than controls [4, 5].
YKL40 is not only a tumor biomarker but also functions as a key factor in
the development, invasion, metastasis, and treatment resistance of can-
cers [6]. However, YKL40 studies in GC are still rare, only few literatures
can be found currently in the PubMed, respectively reporting serum
YKL-40 levels [7] and YKL-40 overexpression in GC patients [8]. Most of
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the knowledges about the carcinogenic role of YKL-40 are from other
cancers which cannot be simply translated to GC. Therefore, it is still
necessary to understand the role of YKL40 in GC.

The values of β-adrenoceptors (β-ARs) blockers in cancer treatment
have been emphasized in recent years [9], especially the β2-AR blockers,
because β2-AR is widely expressed in human GC tissues compared to other
types of β-ARs [10]. However, a research work that orchestrates sympa-
thetic nerve infiltration (SNI), transmitter norepinephrine (NE)/catechol-
amines, β2-AR, and YKL-40 in GC progression is still lacking.

Autonomic nerve infiltration into cancer mass was reported to be
associated with the development of a variety of tumors [11-14]. Indeed,
vagal nerve has been suggested to play an important role in the patho-
genesis of GC [11]. However, the role of sympathetic nerve in GC has
rarely been investigated. It is still unknown whether sympathetic nerve
infiltrates into the GC tissues and promotes GC progression due to mo-
lecular entities discussed above. The present study was, therefore, set to
investigate the role of sympathetic nerve infiltration (SNI) on STAD
malignancy with a series of approaches including experimental studies
on human STAD tissues and GC cell lines, and bioinformatics analyses.
We demonstrated the presence, characteristics, effects, and potential
mechanisms of SNI in STAD, and established a novel signaling pathway
by which SNI promoted STAD progression, and in which, YKL-40 was
likely a key downstream effector. We also demonstrated significant
correlations between adrenergic signaling and STAD survival.

2. Materials and methods

2.1. Patients and tumor tissues

After institutional ethics approval by Shanxi Provincial Peoples
Hospital, Taiyuan, China, and obtaining informed written consent forms
from patients, 46 patients (21 males and 25 females, 66.0 � 4.8 years
old) diagnosed with STADwere recruited for this study. The STAD tissues
and adjacent non-tumor gastric mucosal and submucosal tissues (>5 cm
laterally from the edge of tumor region) were harvested during radical
tumor excision surgeries under routine anesthesia. Half of the tissue
samples were immediately frozen in liquid nitrogen and stored at�80 �C
for western blotting assays and the other half of the tissue samples were
fixed overnight in 10% phosphate-buffered formalin for immunohisto-
chemical (IHC) and immunofluorescent (IF) staining. Formalin-fixed
tissue samples were dehydrated with graded alcohol, hyalinized with
xylene, and then imbedded in paraffin. Tissue blocks were cut into 5 μm
sections and mounted on slides. Some STAD tissue blocks were cut into
10-μm sections for IF staining of tyrosine hydroxylase (TH) aiming to
better show the fiber-like structure of the infiltrated sympathetic nerves.

2.2. Immunohistochemistry

Tissue sections were deparaffinized in xylene and rehydrated with
graded alcohol and water. Endogenous peroxidase was blocked by in-
cubation with solution A (endogenous peroxidase blocker, Zhongshan
Golden bridge Biotechnology, China) for 30 min. Antigen retrieval was
performed by boiling the tissue slides in EDTA antigen repair solution
(pH 8.0) (Zhongshan Golden Bridge Biotechnology (ZSGB-BIO), Beijing,
China) in a water bath (92–98 �C) for 20 min. Tissue sections were rinsed
three times in phosphate buffer solution (PBS) and then were incubated
overnight at 4 �C with primary antibodies (all from Abcam, England)
respectively against the following antigens: NGF, dilution 1:2000; TrkA,
1:100; GAP43, 1:800; TH, 1:30; S100, 1:2000; YKL40, 1:1000; CD206,
1:1000; syndecan-1, 1:1000; MMP9, 1:500; CD31, 1:100; β1-AR, 1:100;
β2-AR, 1:100; β3-AR, 1:100). The sections were then washedwith PBS for
thrice and incubated with solution B (reaction enhancer) (Zhongshan
Golden Bridge Biotechnology, China) for 30 min at room temperature.
Subsequently, tissue sections were incubated with the peroxidase
(enhancer enzyme)-conjugated goat anti-rabbit/mouse secondary anti-
body solution (ZSGB-BIO, Beijing, China) for 60 min at room
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temperature. Target proteins were visualized with DAB chromogen
(Dako REALTM EnVision™ detection system). Tissue sections were
counterstained with hematoxylin and cover-slipped with neutral balsam.
Positive signals were taken under a microscope. Three fields were
examined in each section, and paired sections (STAD and adjacent) were
checked for each selected patient. The positively stained areas in each
field were calculated using ImageJ software [15].

2.3. Immunofluorescent staining

Immunofluorescent (IF) staining of TH was performed in 10-μm STAD
tissue sections aiming to better show the fiber-like structure of the infil-
trated sympathetic nerves. The procedures of IF staining were basically the
same as IHC staining, except that the tissue sections were treated with
Triton X-100 and goat serum, but not treated with endogenous peroxidase
blocker (H2O2), and a fluorescent goat anti-rabbit secondary antibody
against TH (dilution 1:200) (ZSGB-BIO, Beijing, China) was used. After
staining, tissue sections were cover-slipped with DAPI. Images were taken
under a fluorescent microscope. The areas of the positive fluorescent sig-
nals in each field were calculated using ImageJ software [16].

2.4. Western blotting

The primary antibodies against TH, NGF, TrkA, YKL-40, CD31,
syndecan-1, and MMP9 were purchased from Abcam (Cambridgeshire,
England). The primary antibodies of STAT3, p-STAT3, ERK, and p-ERK
were purchased from Cell Signaling Technology (Boston, USA). Total
proteins were extracted using radio immunoprecipitation assay lysis
buffer and quantified using the BCA assay kit (Solarbio Science &
Technology Co., Beijing, China). To perform western blotting, total
proteins of 40 μg from each sample were electrophoresed on 10% SDS-
PAGE and were electrically transferred (300 mA for 3 h) onto the
nitrocellulose membranes using Bio-RadMini-PROTEAN Tetra according
to the standard protocol. The nitrocellulose membranes were then
blocked with TBS containing 5% nonfat milk and 0.1% Tween-20 at room
temperature for 2 h. Subsequently, the membranes were incubated with
the primary antibodies respectively against NGF, TrkA, GAP43, TH,
S100, YKL-40, CD206, syndecan-1, MMP-9, CD31, STAT3, p-STAT3,
ERK, p-ERK, and GAPDH at 4 �C for overnight. The dilutions for these
primary antibodies were all 1:1000. After washing thrice with TBST
buffer, the membranes were incubated with the peroxidase-conjugated
secondary antibody against rabbit or mouse IgG (dilution 1:10,000)
corresponding to the primary antibodies. Positive fluorescent signals
were visualized with electrochemiluminescence (ECL) agent (Solarbio
Science & Technology Co., Beijing, China) according to the manufac-
turer's instructions. Analysis of the grey intensity was performed using
ImageJ software. STAD and adjacent tissue samples were collected from
at least three patients [17].

2.5. High performance liquid chromatography-electrochemical detection
(HPLC-ED)

HPLC-ED was used to detect the levels of sympathetic neurotransmitter
NE in the STAD tissues and the adjacent tissues [18]. To prepare the NE
standard solution for HPLC chromatograms, NE powder (Sigma, USA) was
dissolved in ultrapure water to achieve a NE stock solution of 10�3 mol/L,
and 0.1 mol/L acetic acid (10%) was added to the solution and then stored
at �20 �C to prevent NE oxidative denaturation. The NE solution was
diluted to a working concentration (10�7 mol/L) before HPLC-ED. Freshly
harvested STAD tissues (0.183 g) and adjacent tissues (0.183 g) were
respectively homogenized in 200 μL buffer containing (in mmol/L) 147
NaCl, 4 KCl, 2.3 CaCl2 and 1.2 MgCl2 (pH 7.4), and then the homogenates
were centrifuged at 26,916 g for 15 min at 4 �C to remove any residues.
The supernatant of each sample was diluted with 600 μL diluent buffer,
thenwas treatedwith 20 μL of 10% acetic acid (to stabilize NE) and filtered
with 0.2-μm Millipore. HPLC-ED was performed using a LC-20A liquid
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chromatograph equipped with a LC-20AT solvent delivery unit and an
electrochemical detector (ED723, GL-Sciences, Kyoto, Japan). A laboratory
solution workstation software (Shimadzu, Kyoto, Japan) was used for data
acquisition. Chromatographic separations were carried out on a Shim-pack
GIST C18 column (250 mm � 4.6 mm, 5 μm particle size, Shimadzu,
Kyoto, Japan). The mobile phase consisted of (in mmol/L) 30 KH2PO4,
0.05 EDTA, and 0.32 sodium 1-octane sulfonate (SOS) in 400 mL ultrapure
water (pH adjusted to 4.0 with phosphoric acid). Then the mobile phase
solution was mixed with 44 mL of 10% methanol and filtered with a
0.22-μm filter membrane and was degassed. The detection voltage of the
ED723 detector was set to 750mV (Diamond electrode). The flow rate was
1 mL/min and the injection volume were 5 μL. The column temperature
was kept at 30 �C. The HPLC-ED analyses were performed on the STAD
tissues and adjacent tissues from three patients.

2.6. Gastric cancer cell lines and cell culture

Human AGS and SGC-7901 gastric cancer cell lines were purchased
from Shanghai Institutes for Biological Sciences, Chinese Academy of
Sciences (Shanghai, China). AGS and SGC-7901 cells were respectively
cultured in Ham's F-12 medium (Hyclone, USA) and phenol red-free
RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS)
(Biological Industries (BI), Israel) and 1% penicillin-streptomycin-
glutamine (100�) solution (Biological Industries (BI), Israel). Cultures
were kept in a humidified incubator with 5% CO2 at 37 �C. Cells were
then treated with 10 μmol/L isoproterenol (ISO) (a β-AR agonist) (Sigma,
USA) or ISOþ ICI118,551 (25 μmol/L) (a selective β2-AR antagonist) for
indicated time points [19].

2.7. Cell proliferation assay

Proliferations of AGS and SGC-7901 cells were determined using CCK-8
kit (Kumamoto, Japan). Cell concentration was adjusted to 3�104 cells/
mL. Cells were then seeded into 96-well plates with 100 μL culture media
in each well and cultured for overnight. Isoprenaline (ISO) (10 μmol/L) or
ISO þ ICI118,551 (25 μmol/L) was added to the culture medium at the
beginning of culture. After culture for 24 h, the medium was removed and
cells were washed twice with phosphate-buffered solution (PBS), and were
cultured in 100 μL fresh medium containing 10 μL CCK-8 reagent for an
additional 1 h. The optical density (OD) value reflecting proliferation was
measured at the wavelength 450 nm using a microplate reader [20].

2.8. Cell migration assay

The AGS and SGC-7901 cells (2.5 � 104 cells) in 100 μL serum-free
medium were planted into the upper chamber of a transwell with 8-μm
pores (Corning, NY, USA). The bottom chamber was filled with 700 μL
medium supplemented with 10% FBS and ISO (10 μmol/L) or ISO þ
ICI118,551 (25 μmol/L). After 12 h of incubation, non-migratory cells
were removed gently with a cotton swab, and the migrated cells were
stained with crystal violet for 30 min then fixed with 4% para-
formaldehyde for 30 min. The numbers of migrated cells were counted in
6 random fields (200� magnification). The assay was repeated three
times, and each assay was performed in triplicate [21].

2.9. Matrigel cell invasion assay

GC cell invasion assay was performed using a transwell with 8-μm
pores (Corning, NY, USA). Matrigel matrix aliquot was taken out from
�80 �C freezer and thawed on ice at 4 �C for overnight, then was swirled
to ensure that the material was evenly dispersed and kept chilled on wet
ice. Matrigel matrix was diluted with serum-free cold medium to a final
concentration of 0.3 mg/mL. In a hood, a sterile pipet was used to gently
add 0.1 mL diluted matrigel matrix to each of the 24 wells in the 8-μm
pore transwell insert. The 24-well plates with coated transwell inserts
were incubated at 37 �C for at least 1 h. The remaining liquids were
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carefully removed from the transwell inserts without disturbing the layer
of matrigel. Cell treatment and invasion assay were then performed
similarly as the migration assay [21].

2.10. Bioinformatic analysis

We used UALCAN, an interactive web resource (http://ualcan.path
.uab.edu/index.html) which provides cancer OMICS data, including
TCGA (The Cancer Genome Atlas) [22] and MET500 database [23], to
screen the top 50 overexpressed genes and to analyze the expression of
YKL-40 (CHI3L1) in STAD patients. TIMER (Tumor Immune Estimation
Resource) [24] (https://cistrome.shinyapps.io/timer) provides survival
module between gene expression and clinical outcome in a multivariable
Cox proportional hazard model, and has the functions to draw Spearman's
correlation curves and to provide pair-wise gene expression correlation
analysis for given sets of TCGA and/or GTEx (the Genotype-Tissue
Expression) database [25]. Using TIMER, we performed the correlation
analysis between ADRB genes (ADRB1, ADRB2, and ADRB3) and CHI3L1,
and analyzed the correlations of NGF expression and macrophage infil-
tration with the cumulative survival rate. GEPIA (the Gene Expression
Profiling Interactive Analysis) [26] (http://gepia.cancer-pku.cn/index.h
tml) is a newly developed interactive web server for analyzing the RNA
sequencing expression data which cover 9,736 tumors and 8,587 normal
samples from the TCGA and the GTEx projects. Based on multiple genes,
GEPIA provides these analyses: multiple gene comparison, correlation
analysis, and dimensionality reduction. We analyzed the disease-free sur-
vival (ADRB1, ADRB2, and ADRB3) and overall survival (SDC1) based on
Cox PH Model with GEPIA. Meanwhile, a series of correlation analyses
were carried out about pair-wise genes (CHI3L1 and MMP9, CHI3L1 and
SDC1, CHI3L1 and STAT3, and CHI3L1 and MAPK).

2.11. Statistical analysis

Statistical Product and Service Solutions 17.0 was used to perform
statistical analysis. All data were expressed as mean� standard deviation
(SD). Difference comparison among multiple groups were performed
using analysis of variance (ANOVA) followed by a post hoc test. Com-
parison between two groups were analyzed with grouped t test. The
relationship between YKL-40 expression and patient survival time was
analyzed by Kaplan-Meier analysis. Spearman correlation analysis was
used to evaluate the correlation between pair-wise genes and to calculate
Spearman's rank correlation coefficient (R). Frequencies of categorical
variables were compared using the Chi-squared test. A P value less than
0.05 was considered statistically significant.

3. Results

3.1. Significant sympathetic nerve infiltration in the STAD tissue and its
association with tumor metastasis and prognosis

Immunohistochemical (IHC) stains of thin (5 μm) gastric tissue sec-
tions showed high expressions of nerve growth factor (NGF) and its high-
affinity receptor tropomyosin receptor kinase A (TrkA) in the interstitial
areas of STAD tissues compared to the adjacent tissues (Figure 1A). S100,
a Schwann cell marker of nervemyelin sheath which guides axon growth,
growth associated protein 43 (GAP43), a nerve growth cone marker
reflecting sympathetic nerve sprouting, and tyrosine hydroxylase (TH), a
sympathetic nerve marker, were all highly expressed in the interstitial
areas of STAD tissues compared to the adjacent tissues (Figure 1A, B).
The positive stains of the above five proteins (NGF, TrkA, S100, GAP43,
and TH) basically showed dotted structures in 5-um sections, which
might reflect the varicose structures of the sympathetic nerve terminals.
In order to show the “fiber-like” structure of the infiltrated sympathetic
nerves, we performed the IHC and immunofluorescent (IF) staining of TH
in thick (10 μm) STAD tissue sections, and results showed that the
sympathetic nerve fibers were mainly distributed in the interstitial areas

http://ualcan.path.uab.edu/index.html
http://ualcan.path.uab.edu/index.html
https://cistrome.shinyapps.io/timer/
http://gepia.cancer-pku.cn/index.html
http://gepia.cancer-pku.cn/index.html


Figure 1. Amplified expressions of sympathetic nerve infiltration-associated proteins in the STAD tissue compared to the adjacent tissue. (A) Immunohistochemical
(IHC) stains (brown) of NGF, TrkA, and S100 in 5-um sections. (B) IHC stains of GAP43 and TH (brown) in 5-um sections. (C) IHC stain of TH (brown) in 10-um section
of the STAD tissue. (D) Immunofluorescent (IF) stain of TH (green) in 10-μm section of the STAD tissue. Note that both IHC and IF stains of TH in thick (10 μm) STAD
tissue sections showed “fiber-like” structures of sympathetic nerves with high density near the tumor nests which suggested serious sympathetic nerve infiltration. (E)
Semiquantitative analysis of the IHC stains in 5-μm sections. N ¼ 3 sections/patient. *P < 0.05, **P < 0.01. (F) Representative Western blots of NGF, TrkA, GAP43, TH,
and S100 in the STAD tissue and adjacent (adj.) tissue. (G) Statistical results of Western blots. **P < 0.01, n ¼ 3 independent experiments.
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closing to the STAD nests (Figure 1C, D). Semiquantitative analysis of the
IHC stains in 5-μm sections showed that these five proteins associated
with SNI (NGF, TrkA, S100, GAP43, and TH) were significantly higher in
the STAD tissues than in the adjacent tissues (Figure 1E).
4

We also performed western blotting to check the protein expression
levels of NGF, TrkA, GAP43, TH, and S100, and results showed that the
expression levels of these five proteins were all significantly higher in the
STAD tissues than in the adjacent tissues (Figure 1F, G).



Figure 2. HPLC-ED results of NE levels in the STAD and the adjacent tissues. (A) Representative HPLC-ED recording of NE in the homogenates of STAD and adjacent
tissues, which showed high NE level in the STAD tissue compared to the adjacent tissue. The NE peak of the homogenates and the NE standard was marked by a green
square. (B) Statistical results of HPLC-ED, n ¼ 4 independent experiments.

Y.-H. Qi et al. Heliyon 8 (2022) e12468
To further investigate the association of SNI with STAD metastasis
and prognosis, patients with available clinicopathological features and
complete follow-up data was excavated. The 46 human STAD tissue
samples were divided to two groups (with or without SNI) according to
the immunostaining presence of sympathetic nerve invasion. Correlation
analysis revealed that SNI in STAD tissues was significantly corelated
with tumor invasion depth (P< 0.05), lymph node metastasis (P< 0.05),
and clinical TNM stages (P < 0.01) (Table S1).

3.2. Elevation of sympathetic neurotransmitter norepinephrine and
amplified β-adrenoceptor expression in the STAD tissue

To identify whether the infiltrated sympathetic nerves were function-
ally active and could release its transmitter norepinephrine (NE), we
5

performed HPLC-ED to detect the NE levels in the homogenate superna-
tants of both STAD tissues and adjacent tissues. NE standard curve was
established to calibrate the tissue NE level (Figure S1). The regression
equation of NE standard was (R)f(x) ¼ 1792.63*x þ 101.86, and the
correlation coefficient (R) ¼ 0.9999825. HPLC-ED results showed that the
NE level wasmuch higher in the STAD tissues (86.13� 12.10 μg/L) than in
the adjacent tissues (10.75 � 1.19 μg/L) (P ¼ 0.0004) (Figure 2).

Because NE exerts its effect mainly via the β-adrenoceptors (β-ARs) in
tumors, we further examined the expressions of β-ARs in the gastric tis-
sues using IHC staining. Results showed that β1-AR was basically nega-
tive in the STAD tissue and the adjacent tissue; β2-AR was strongly
expressed in the STAD tissue compared to the adjacent tissue; while β3-
AR was slightly but significantly higher in the STAD tissue than in the
adjacent tissue (Figure 3).
Figure 3. IHC stains of β1-AR, β2-AR,
and β3-AR in the STAD and adjacent
tissues (5-μm sections). (A) Representa-
tive IHC image. Note that β1-AR was
basically negative in the STAD tissue
and adjacent tissue. β2-AR was strongly
expressed in the STAD tissue compared
to the adjacent tissue. β3-AR positive
signal was found weakly present in the
STAD tissue but was negative in the
adjacent tissue. Scale bar, 50 μm. (B)
Semiquantitative analysis of the positive
IHC signals of β1-AR, β2-AR, and β3-AR
in the STAD tissue and adjacent tissue.
*P < 0.05, **P < 0.01, n ¼ 3 sections/
patient. Scale bar, 50 μm.



Figure 4. High expressions of YKL-40, syndecan-1, MMP9, CD206, and CD31 in the STAD tissue compared to the adjacent tissue. (A) Representative IHC stain of YKL-
40, syndecan-1, and MMP9 (brown). Scale bar, 50 μm. (B) Representative IHC stain of CD206 and CD31 (brown). (C) Semiquantitative analysis of the positive IHC
stains of the above five proteins. *P < 0.05, **P < 0.01, n ¼ 3 sections/patient. Scale bar, 50 μm. (D) Representative Western blots of the above five proteins. (E)
Statistical results of WB. *P < 0.05, **P < 0.01, n ¼ 3 independent experiments.

Y.-H. Qi et al. Heliyon 8 (2022) e12468
3.3. High expressions of YKL-40, CD206, syndecan-1, MMP9, and CD31
in the STAD tissues

IHC stains showed amplified amounts of YKL-40, CD206, syndecan-1,
MMP9, and CD31 in the STAD tissues compared to the adjacent tissues
(Figure 4A, B, C). The positive stains of YKL-40, CD206, and MMP9
exhibited dotted structures, while syndecan-1 and CD31 were visible
mainly in the small blood vessel walls in the interstitial areas between
STAD nests (Figure 4A, B). Western blotting assays confirmed the high
6

expressions of YKL-40, CD206, syndecan-1, MMP9, and CD31 in the STAD
tissues compared to the adjacent tissues (Figure 4D, E). High expression of
CD206 (a marker of M2 macrophage) indicated increased M2 macrophage
infiltration. Syndecan-1 is a cell surface heparan sulfate proteoglycan and
is involved in tumor cell differentiation and metastasis, thus elevated
syndecan-1 might worsen STAD prognosis. Elevated MMP9 means
magnified matrix degradation which favors STAD cell metastasis. CD31 is
a marker of endothelium and its elevation suggests increased angiogenesis
in the STAD tissues which also supports the blood supply for STAD.



Figure 5. Effects of isoprenaline on the
proliferation, migration, and the invasion of
AGS and SGC-7901 cell lines examined by
CCK8, transwell, and matrigel assay. (A)
AGS cells. Upper row, representative images
of cell migration assays. Middle row, images
of AGS cell invasion assays. Scale bar, 50
μm. Lower row, statistical results of cell
migration, invasion, and proliferation/
viability assays. *P < 0.05, **P < 0.01, n ¼
3 independent experiments. (B) SGC-7901
cells. Upper row, representative images of
cell migration assay. Middle row, images of
cell invasion assay. Scale bar, 50 μm. Lower
row, statistical results of cell migration, in-
vasion, and viability assays. Note that
isoprenaline (ISO) (10 μmol/L) significantly
increased the migration, invasion, and
viability of both cell lines, while blocking
β2-AR with ICI118,551 (ICI) (25 μmol/L)
abolished these effects of ISO in both cell
lines. *P < 0.05, **P < 0.01, ***P < 0.001,
n ¼ 3 independent experiments.
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3.4. Activation of β2-AR enhanced the proliferation, migration, and
invasion of GC cells in vitro

Above IHC stains exhibited upregulation of adrenergic signaling in
the STAD tissues. Using AGS and SGC-7901 GC cell lines, we further
identified whether activation of β-ARs would enhance the proliferation,
migration, and invasion of GC cells. Results showed that activation of
7

β-ARs with ISO (a non-selective agonist of β-ARs) significantly
increased the viability, migration, and invasion of AGS cells (Figure 5A)
and SGC-7901 cells (Figure 5B) compared with cells not exposed to ISO.
Selective blockade of β2-AR with ICI118,551 abolished the above ef-
fects of ISO both in AGS cells (Figure 5A) and SGC-7901 cells
(Figure 5B), suggesting that the above effects of ISO were leadingly
mediated by β2-AR.



Figure 6. Effects of isoprenaline on the protein
expressions of NGF, YKL-40, syndecan-1, MMP9,
STAT3, and ERK in AGS and SGC-7901 cell lines
examined by Western blotting. (A) AGS cells.
(A1) Representative WB of NGF, YKL-40, synde-
can-1, and MMP9. (A2) Statistical WB results of
the four proteins shown in A1. *P < 0.05, **P <

0.01, n ¼ 3 independent experiments. (A3)
Representative WB of STAT3, p-STAT3, ERK, and
p-ERK. (A4) p-STAT3/STAT3 ratio. **P < 0.01, n
¼ 3. (A5) p-ERK/ERK ratio. **P < 0.01. (B) SGC-
7901 cells. (B1) Representative WB of NGF, YKL-
40, syndecan-1, and MMP9. (B2) Statistical re-
sults of the four proteins shown in B1. *P < 0.05,
**P < 0.01, n ¼ 3. (B3) Representative WB of
STAT3, p-STAT3, ERK, and p-ERK. (B4) p-STAT3/
STAT3 ratio. **P < 0.01. (B5) p-ERK/ERK ratio.
*P < 0.05, **P < 0.01, n ¼ 3.
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3.5. Upregulations of NGF/YKL-40/syndecan-1/MMP9 expression and
STAT3/ERK phosphorylation in response to β2-AR activation in GC cell
lines in vitro

Above tissue studies demonstrated SNI (indicated by TH), magnified
adrenergic signaling (NE and β2-AR), increasedM2macrophage (marked
by CD206), angiogenesis (CD31), matrix degradation (MMP9), and
cancer metastasis (YKL-40 and syndecan-1) in STAD tissues. Using
western blotting of two GC cell lines, we further studied whether GC cells
could express NGF, syndecan-1, YKL-40, and MMP9, and identified the
phosphorylation of the key kinases (STAT3 and ERK) in response to β-ARs
activation. Results showed that ISO (10 μmol/L) increased the expres-
sions of NGF, syndecan-1, YKL-40, and MMP9 in AGS cells (Figure 6A1,
A2) and SGC-7901 cells (Figure 6B1, B2), and increased the phosphor-
ylation of STAT3 and ERK in both AGS cells (Figure 6A3, A4, A5) and
SGC-7901 cells (Figure 6B3, B4, B5). Selective blockade of β2-AR with
ICI118,551 (25 μmol/L) abolished these effects of ISO in both cell lines
(Figure 6A, B), suggesting that GC cells is a source of NGF that stimulates
sympathetic nerve sprouting and infiltration, and GC cells can respond to
the transmitter NE or catecholamines resulting in activation of the β2-
AR/PKA/STAT3/ERK/YKL-40 signaling, and consequently the GC cells
proliferate, migrate, and invade, and finally lead to tumor metastasis.

3.6. Correlations of sympathetic nerve infiltration and β2-AR with the
survival of STAD revealed by bioinformatic analysis

We accessed the UALCAN, downloaded the OMICS data (TCGA and
MET500) of STAD, and built the heat maps of the top 50 overexpressed
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genes (Figure S2), which showed that YKL-40 (CHI3L1) was the 28th
highly expressed gene in human STAD. YKL-40 was overexpressed in all
the tumor stages of STAD (P< 0.05), especially in the grade 1 (Figure 7A).
High expression of NGF was significantly corelated with low overall sur-
vival of STAD (P ¼ 0.0084) (Figure 7B). High macrophage infiltration was
significantly corelated with the cumulative overall survival of STAD (P ¼
0.004) (Figure 7C). High expression of β2-AR (P¼ 0.021), but not β1-AR (P
¼ 0.73) or β3-AR (P ¼ 0.63), was significantly corelated with low disease-
free survival of STAD (Figure 7D, E, F), and was also weakly corelated with
high YKL-40 level (Figure 7G, H, I). High level of YKL-40 was significantly
corelated with high levels of STAT3 (P ¼ 4.9e-37), MAPK1 (ERK2) (P ¼
1.9e-26), and MAPK3 (ERK1) (P ¼ 1.4e-19) in STAD (Figure 7J, K, L). In
addition, high YKL-40 was significantly corelated with highMMP9 level (P
¼ 6.5e-79) (Figure 7M) and high syndecan-1 (SDC1) level (P ¼ 3.2e-21)
(Figure 7N). High syndecan-1 was significantly corelated with the over-
all survival of STAD (P ¼ 0.032) (Figure 7O). By performing genetic as-
sociation analyses, we further demonstrated that high expression of β2-AR
was positively corelated with GATA3 (P ¼ 0.000) but was negatively
correlated with TP53 (P ¼ 4.02e-03) (Figure S3), suggesting the roles of
GATA3 and TP53 in NE/β2-AR signaling-mediated STAD progression.

4. Discussion

Identification of the molecular basis of the sympathetic nerve activity
in the progression of STAD is crucial for further study of anti-tumor
treatment. Here, we identified significant SNI, NE elevation, and upre-
gulation of β2-AR and YKL-40 levels in the STAD tissues. We further
showed that high β2-AR expression was significantly correlated with a



Figure 7. Bioinformatic analyses on the
correlations among gene expression levels
and survivals in STAD patients. (A) Expres-
sion levels of YKL-40 (CHI3L1) in STAD pa-
tients with different tumor grades. Note that
YKL-40 was overexpressed in all the tumor
stages of STAD, especially in grade 1,
compared to normal subjects. *P < 0.05 vs.
normal. (B) High expression of NGF was
significantly corelated with low overall sur-
vival in STAD (P ¼ 0.0084). (C) High
macrophage infiltration was significantly
corelated with low cumulative survival in
STAD (P ¼ 0.004). (D, E, F) Correlations of
β1-AR (ADRB1), β2-AR (ADRB2), and β3-AR
(ADRB3) expression levels with disease free
survival of STAD, respectively. β2-AR (P ¼
0.021), but not β1-AR (P ¼ 0.73) or β3-AR (P
¼ 0.63), was significantly corelated with the
disease-free survival. (G, H, I) Correlations of
β1-AR, β2-AR, and β3-AR expression levels
with YKL-40 (CHI3L1) expression level in
STAD, respectively. β2-AR was weakly but
positively corelated with YKL-40 (p ¼
0.00197, R ¼ 0.152), while β1-AR (P ¼
0.0509) and β3-AR (P ¼ 0.0346) were not
significantly corelated with YKL-40. (J, K, L)
Significant correlations of CHI3L1 expression
level respectively with STAT3 (P ¼ 4.9e-37,
R ¼ 0.48), MAPK1 (ERK2) (P ¼ 1.9e-26, R
¼ 0.41), and MAPK3 (ERK1) (P ¼ 1.4e-19, R
¼ 0.35) in STAD. (M, N) Significant corre-
lations of CHI3L1 expression level with
MMP9 (P ¼ 6.5e-79, R ¼ 0.66) and SDC1
(syndecan-1) (P ¼ 3.2e-21, R ¼ 0.37) ex-
pressions, respectively. (O) Significant cor-
relation of syndecan-1 (SDC1) with the
overall survival of STAD (P ¼ 0.032).
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poor perceived prognosis of STAD. Elevated YKL-40 interacted with
syndecan-1 and enhanced the expression of MMP9, and finally together
led to extracellular matrix disintegration, macrophage infiltration, and
angiogenesis facilitating STAD progression. We also showed that selec-
tive activation of β2-AR promoted M2 macrophage infiltration, matrix
degradation, angiogenesis, and GC cell metastasis.
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Emerging evidence suggests that sympathetic nervous system acts as a
crucial part of cancer microenvironment and contributes to the growth
and progression of multiple tumors[27-30]. Sympathetic nerve may
affect the tumor by releasing NE which activates β-ARs especially the
β2-AR expressed in the target cancer cells [10, 31]. Catecholamines,
including NE, interact directly with tumor cells, and promote NGF



Figure 8. Proposed signaling pathways by which
sympathetic nerve infiltration induces STAD
metastasis and progression. Briefly, NGF is highly
expressed in STAD cells and is secreted into
tumor microenvironment and promotes sympa-
thetic nerve sprouting and infiltration into the
interstitial areas of STAD tissues by activating
TrkA in the nerve; sympathetic nerve terminals
release NE and thus activates the β2-AR/cAMP/
PKA pathway of STAD cells; PKA phosphorylates
and thus activates STAT3 and ERK; p-ERK and p-
STAT3 acting as transcription factors enter the
nucleus and promote the transcription of YKL-40
in STAD cells; secreted YKL-40 interacts with
endothelial syndecan-1 and enhances angiogen-
esis, tumor growth and metastasis, and induces
MMP9 expression and thus leads to matrix
degradation facilitating tumor cell invasion and
metastasis. YKL-40 may also affect GATA3 and/or
TP53 to induce M2 macrophage polarization and
thus cancer cell invasion. In addition, NE can
directly induce tumor angiogenesis via β-ARs in
the endothelial cells. Beta blockers, especially the
β2-AR blocker, may switch off this signaling
chain at the upstream site and thus inhibit STAD
progression.
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secretion, pancreatic hyperinnervation, and β2-AR-dependent develop-
ment of pancreatic ductal adenocarcinoma in a feedforward fashion [31].
Generally, sympathetic nerve ingrowth into the cancerous tissues may be
established through the following signaling: NGF production → NGF
receptors (TrkA, etc.) → sympathetic nerve sprouting and infiltration.
Previous study reported that the NGF-TrkA axis contributed to the pro-
gression of head and neck squamous cell carcinoma [32]. Once SNI is
built, it may affect tumor cells via the following signaling: NE release →
β2-AR → Gs protein → cAMP → PKA → downstream signaling → tumor
cell proliferation, migration, and metastasis [33]. Nevertheless, the
present study demonstrated that amplified adrenergic signaling is a
dominant part of the STAD microenvironment. We for the first time
demonstrated a very high NE level in the STAD tissue compared to the
adjacent tissue using HPLC-ED. This novel result suggests that the infil-
trated sympathetic nerves in the STAD tissue are functionally active in
releasing its transmitter. We also demonstrated high expression of β2-AR,
10
and a mild elevation of β3-AR, but no change of β1-AR, in the STAD
tissues. These findings suggest that STAD cells are highly capable to
respond to NE (or other kinds of catecholamines) using the β2-AR
signaling pathway and potentially also the β3-AR pathway to a mild
degree. In vitro studies confirmed that selective activation of β2-AR
stimulated the expression of NGF and promoted GC cell proliferation,
migration, and invasion, further supporting the importance of SNI/-
NE/β2-AR axis in STAD progression.

YKL-40 has been correlated with mal-prognosis of advanced human
cancers. YKL-40 induces the coupling of syndecan-1 and αvβ3 integrin in
human microvascular endothelial cells and enhances angiogenesis in
vitro and in vivo [34]. YKL-40 enhances tumor angiogenesis via inter-
acting with syndecan-1 in endothelial cells and promotes cancer cell
metastasis via stimulating the secretions of pro-inflammatory and
pro-invasive factors MMP9, CCL2 and CXCL2 [35,36]. Taking the
advantage of large-scale OMICS data of STAD, we performed
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bioinformatic analyses on the correlations among the expression levels of
YKL-40 and β-adrenergic signaling molecules and the animation prog-
nosis of STAD. Results revealed that β2-AR (but not β1-AR and β3-AR)
was positively corelated with YKL-40 and with low overall survival of
STAD. High YKL-40 in STAD significantly correlated with high NGF,
macrophage infiltration, low overall survival, and low cumulative sur-
vival. Collectively, our study indicated that catecholamines activated the
β2-AR signaling and thus increased the levels of YKL-40 in GC cells, and
demonstrated the key role of YKL-40 in the molecular basis of angio-
genesis and GC metastasis both in vitro and in vivo, as blockade of β2-AR
inhibited YKL-40 expression and migration and invasion of GC. Except
for upregulating YKL-40 expression, NE can directly induce angiogenesis
vial beta receptors on endothelial cells [37]. Therefore, SNI can induce
tumor angiogenesis via both the NE and YKL-40 pathways, this interplay
may further enhance tumor angiogenesis resulting in progression of GC.

We further investigated the downstream signaling of β2-AR activation
in GC cells which is still unclear. It is known that β2-AR belongs to the
family of G protein coupled receptors. Activation of β2-AR triggers the
Gs/AC (adenylate cyclase)/cAMP/PKA signaling cascade in some cancer
cells [27, 33]. The following signal transductions after activation of PKA
are usually complicated and heterogenous in variant cancer cells, for
example, CREB, NFκB, and AP-1 in pancreatic cancer cells [33], STAT3
[38] and STAT3/MicroRNA373 39 in GC cells. Our bioinformatic analysis
showed that YKL-40 was positively associated with STAT3, ERK, MMP9,
and syndecan-1, and syndecan-1 was corelated with low overall survival
of STAD. In addition, we demonstrated pharmacologically that β2-AR
activation upregulated the phosphorylated (activated) forms of STAT3
and ERK in two GC cell lines (shown in Figure 6). These results are
consistent with previous reports [38, 39] and suggest that p-STAT3 and
p-ERK are involved in STAD progression. It is known that STAT3 and ERK
are both transcription factors after phosphorylation. The p-STAT3 forms
dimers, translocate from cytoplasm into the nucleus and then bind to
DNA and induce transcription of its downstream target genes [40]. ERK
belongs to the mitogen-activated protein kinase (MAPK) family [41] and
can also promote the transcription of target genes after entering the
nucleus. There have been studies indicating that both p-STAT3 and
p-ERK can promote the transcription of YKL-40 [42,43]. We showed here
that β2-AR activation increased the levels of p-STAT3, p-ERK, and
YKL-40. These results suggest the importance of STAT3/ERK-YKL-40 axis
in STAD progression.

The complex tumor microenvironment is shaped by cells entering it.
Inflammatory cells in tumor microenvironment may plays a crucial role
in helping the tumor growth and invasion. Bioinformatic databases of
tumors, including TCGA database, can help to evaluate the complex
interaction of immune cells in the tumor microenvironment of cancer.
Tumor-associated macrophages (TAMs) exert an immunosuppressive
effect in the tumor microenvironment and enhance tumor growth,
angiogenesis, and metastasis. Moreover, GATA3 regulates the polariza-
tion of macrophages and the interactions between TAMs and cancer cells
[44, 45, 46, 47]. Polarized M2 macrophages dominate the TAMs and
promote tumor progression, while M1 macrophages usually suppress
tumor progression [47, 48]. Our bioinformatic analysis revealed that the
density of TAMs was associated with a poor prognosis of STAD. TP53 acts
as a potential regulator of M2 macrophage polarization and promotes
macrophages infiltration in STAD patients [49]. β-adrenergic stimulation
induces macrophage polarity towards the M2 side in the M1-M2 spec-
trum [50]. To further explore the potential regulatory function of β2-AR
in M2 macrophage polarization in STAD, we analyzed all available data
from TIMER (a web server for comprehensive analysis of
tumor-infiltrating immune cells using TCGA database). Results showed
the enrichment of adrenergic signaling molecules in the microenviron-
ment of STAD, suggesting that β2-AR signaling may plays an important
role in the development of STAD via YKL-40, GATA3 and TP53 induced
M2 macrophage polarization and TAMs infiltration [51]. These results
suggest the importance of TCGA data analysis in demonstrating the
complex interaction of immune cells in the tumor microenvironment.
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In summary, the present study demonstrates dramatic SNI in the
STAD tissue resulted from high expression of NGF by the tumor cells;
infiltrated sympathetic nerves release NE which in turn activates β2-AR
and the downstream signaling including STAT3, ERK, YKL-40, and
potentially also GATA3 and TP53. YKL-40 interacts with syndecan-1 and
enhanced MMP9 expression and finally together lead to extracellular
matrix disintegration, macrophage infiltration, and angiogenesis facili-
tating STAD progression. The study also highlighted the usefulness and
importance of tumor bioinformatic databases as tools in evaluating the
complex interaction of immune cells in the tumor microenvironment of
cancer. A summary of the conceived signaling pathway is shown in
Figure 8. The study suggests the therapeutic value of blocking SNI and/or
β2-AR signaling in STAD.

Limitations. The study has some limitations. First, the patient cohort
is relatively smaller, this may restrict the accuracy of certain evaluations,
such as the relationship between lymph node invasion and survival. The
use of online databases helped us to evaluate the relationships. Second,
we did not differentiate the NPY-positive (innervating blood vessels) and
NPY-negative (innervating gastroenteric ganglia) sympathetic nerves by
immunohistochemical staining, this may affect the recognition on which
type of sympathetic nerves innervates the tumor.
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