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Abstract. Dexmedetomidine hydrochloride (DEX‑HCl) and 
sufentanil citrate (SFC) are commonly used anesthetic drugs 
for esophageal cancer (EC) surgery. The present study was 
performed to investigate the effect of DEX‑HCl and SFC 
treatment on glucose metabolism and epithelial‑mesenchymal 
transition in EC. Cell counting kit‑8 (CCK8), clonogenic, 
wound healing and Transwell migration assays were performed 
to assess the effects of the DEX‑HCl and SFC on KYSE30 cell 
proliferation, invasion and migration. Changes in lactate and 
glucose levels in KYSE30 cells were also detected. Western 
blot analysis was used to determine the protein expression 
levels of the JAK/STAT signaling pathway and glucose 
metabolism‑related proteins. The results of CCK8, clonogenic 
and wound healing assays demonstrated that DEX‑HCl and 
SFC inhibited KYSE30 cell proliferation, invasion and migra‑
tion. Similarly, the combined DEX‑HCl and SFC treatment 
significantly reduced lactate production, ATP production and 
glucose levels in KYSE30 cells. Western blotting indicated 
that DEX‑HCl and SFC could reduce JAK/STAT and metas‑
tasis‑related protein expression. Demonstrating a reduction in 
Hexokinase 2, matrix metallopeptidase 2 and 9, N‑cadherin 
and lactate dehydrogenase A protein expression levels. The 
effects of DEX‑HCl and SFC combined treatment were 
counteracted by the addition of JAK/STAT pathway activator 
RO8191, which suggested that DEX‑HCl and SFC could 
serve a role in mediating the JAK/STAT signaling pathway in 
KYSE30 cells.

Introduction

Esophageal cancer (EC) is a complex and common cancer 
with a highly aggressive nature (1). Esophageal squamous cell 
carcinoma (ESCC), a malignant epithelial tumor originating 
from EC (2), is one of the most common subtypes of EC, which 
typically presents as progressive dysphagia. In 2020, there were 
604,000 new cases and 544,000 deaths from esophageal cancer 
worldwide. By 2040, these numbers are expected to increase to 
957,000 cases and 880,000 deaths per year (3), constituting a 
serious public health issue. The pathogenesis of EC is associ‑
ated with dietary habits, environmental factors, geographic 
location and gender (4). EC has a 5‑year overall survival rate 
of 15‑25% in developing countries and is the sixth leading 
cause of cancer‑associated mortalities in men worldwide (5). 
Furthermore, the rates of EC mortality and morbidity are higher 
in developing countries compared with in developed coun‑
tries (6). Clinically, esophageal carcinoma is typically managed 
by drug therapy, surgery, radiotherapy and chemotherapy. 
However, side effects originating from these therapies and the 
poor prognosis of patients remain a major concern, creating an 
urgent need to evaluate new treatment modalities and improve 
the treatment and prognosis of patients with EC (7).

Epithelial mesenchymal transformation (EMT) is a 
process in which epithelial cells lose their cell polarity, 
lose their connection to the basement membrane and gain a 
higher interstitial phenotype such as migration and invasion, 
anti‑apoptosis, and degradation of the extracellular matrix (8). 
According to the literature, EMT progression will reduce the 
adhesion capacity of tumor cells, make them more invasive 
and migratory, and accelerate tumor cell invasion and metas‑
tasis (9). This also suggests that the inhibition of the EMT 
process could hinder the metastasis of cancer cells. In addi‑
tion, cancer cells need a large amount of energy to support the 
process of metastasis, and the abnormal glucose metabolism 
of tumor cells can support this requirement, assisting cancer 
cells in metastasis (10). Abnormal glucose metabolism is 
one of the major changes seen in the tumor microenviron‑
ment (11). Thus, glucose metabolism‑related gene regulation 
has emerged as a new target for tumor therapy. The Janus 
kinase (JAK)/signal transducer and activator (STAT) signaling 
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pathway is a ubiquitously expressed intracellular signal trans‑
duction pathway that is involved in a number of key biological 
processes, including cell proliferation, differentiation, apop‑
tosis and immune regulation (12). Studies have reported that 
JAK/STAT signaling pathway can regulate the glycolytic 
pathway in lung cancer (13), renal cell carcinoma (14) and 
breast cancer (15) cells, and so have the potential to modulate 
cancer progression. Furthermore, high expression of phos‑
phorylated (p)‑JAK1 and p‑STAT3 indicates poor prognosis 
in patients with EC (16). Zhao et al (17) reported that STAT3 
and hypoxia‑inducible factor‑1α (HIF‑1α) were both expressed 
at higher levels in ESCC tissues than in normal tissues, and 
the addition of JAK2 inhibitors was effective in blocking the 
proliferation of EC cells in vitro (18). It was also reported that 
the inhibition of the JAK/STAT signaling pathway blocked 
the angiogenesis of EC cells (19). Accordingly, this evidence 
suggests that inhibition of the JAK/STAT signaling pathway is 
a potential target for the treatment of EC. Hexokinase (HK)1 
and HK2 are the two major HKs and depletion of HK2 has 
been reported to reduce lactate and cellular HK activity. The 
depletion of HK1 contributes little to the proliferative activity 
of these cells, and the alteration of HK1 has a less significant 
effect on lactate content compared with HK2. The role of HK2 
in tumor glucose metabolism is now widely reported (20,21). 
Therefore, the present study focused on HK2.

Furthermore, studies have shown that dexmedetomidine 
hydrochloride (DEX‑HCl) alleviated neuropathic pain by 
modulating the JAK/STAT signaling pathway (22) and 
prevented reperfusion injury (23,24). During surgery in 
patients with cancer, anesthetic drugs may affect the growth, 
proliferation and metastasis of cancer cells (25,26). However, 
these findings require further clinical trials and validation, and 
currently it is not possible to determine whether the effects of 
anesthetic drugs on cancer cells have clinical application value. 
In order to further investigate the specific effects of anesthetics 
on cancer cells, the present study investigated the effects of 
DEX‑HCl and sufentanil citrate (SFC) on the JAK/STAT 
signaling pathway, and evaluated their effects on the glucose 
metabolism, lactic acid production, ATP level, invasion and 
migration of EC KYSE30 cells. This may provide a theoretical 
basis for clinical cancer‑associated anesthesia.

Materials and methods

Cell culture. Human ESCC cell lines KYSE30, KYSE520, 
KYSE140 and KYSE410 and immortalized HEEC human 
normal esophageal epithelial cells were purchased from the 
Qingqi (Shanghai) Biotechnology Development Co., Ltd. The 
cells were cultured in RPMI‑1640 medium (Gibco; Thermo 
Fisher Scientific, Inc.) containing 10% fetal bovine serum 
(Shanghai ExCell Biology, Inc.) and 1% penicillin‑ streptomycin 
mixture (Beijing Solarbio Science & Technology Co., Ltd.) 
in a 37˚C, 5% CO2 incubator (Zhejiang Jiemei Electronic & 
Technology Co., Ltd.). The medium was changed every two 
days and cells were allowed to grow to the exponential phase 
for use in subsequent experiments.

Cell counting kit‑8 assay. KYSE30 cells at exponential culture 
stage were taken out of the cell incubator. The medium was 
discarded and the cells were washed with PBS three times. 

Digestion was performed in T25 culture flasks by adding 1 ml 
of trypsin solution (Beijing Solarbio Science & Technology 
Co., Ltd.) for 2‑3 min. Subsequently, 2 ml of RPMI‑1640 
complete medium was added to terminate the digestion. The 
cells were collected in a centrifuge tube and centrifuged at 
1,200 x g for 3 min. RPMI‑1640 complete medium was 
added to resuspend the cells, and 10 µl of cell suspension was 
aspirated to count the number of cells using a cell counter 
(Countess™ 3; cat. no. AMQAX2000; Invitrogen; Thermo 
Fisher Scientific, Inc.). The cells were transferred to 96‑well 
plates at a concentration of 3,000 cells per well and incubated 
overnight in a cell incubator at 37˚C and divided into four 
groups which were treated as follows: i) Control (DMSO); ii) 
DEX‑HCl (25, 50, 100 and 200 nmol/l); iii) SFC (1.25, 2.5, 
5 and 10 µmol/l); and iv) DEX‑HCl (25 nmol/l) and SFC 
(1.25 µmol/l) combined treatment. The 96‑well plate was then 
incubated for 48 h. A total of 10 µl of CCK‑8 solution (Beijing 
Solarbio Science & Technology Co., Ltd.) was added to each 
well and incubated for 3 h. The absorbance at 450 nm was 
measured using an enzyme immunoassay analyzer (ReadMax 
1,200; Shanghai Shanpu Biotechnology Co., Ltd.). IC50 values 
were calculated using GraphPad Prism 9.5.0 (Dotmatics). 
DEX‑HCI (cat. no. 22022431) was purchased from Jiangsu 
Hengrui Pharmaceutical Co., Ltd., and SFC (cat. no. 21A09311) 
was purchased from Yichang Renfu Pharmaceutical Co., Ltd.

Clonogenic assay of cells in vitro. KYSE30 cells at the expo‑
nential growth phase were subjected to cell digestion and cell 
counting as described previously for the CCK‑8 assay. The cells 
were resuspended at 150 cells/ml. A total of 1 ml of cell suspen‑
sion was mixed with 1 ml of RPMI‑1640 complete medium, 
transferred to a six‑well plate and incubated overnight in an 
incubator at 37˚C with 5% CO2. The medium was replenished 
every 2 days for 14 days. The medium was then discarded, 
the cells were rinsed with PBS solution three times and then 
stained using 0.1% crystal violet (Beijing Solarbio Science & 
Technology Co., Ltd.) for 15 min, 25˚C. The cells were washed 
three times with PBS, air‑dried naturally and imaged with an 
SLR camera (Nikon D850; Nikon Corporation). The images 
were analyzed using ImageJ version 1.52a (National Institutes 
of Health) bundled with Java 8.

Wound healing assay. KYSE30 cells at the exponential growth 
phase were subjected to cell digestion and cell counting as 
described previously for the CCK‑8 assay. The cell suspen‑
sion was inoculated into 6‑well plates at 5x105 cells per well 
and incubated overnight in a cell culture incubator (37˚C and 
5% CO2). Three parallel vertical lines were drawn across the 
bottom of the six‑well plate with a 10 µl pipette tip. After 
discarding the medium, the cells were washed three times 
with PBS, and serum‑free RPMI‑1640 medium containing 
DEX‑HCl (25 nmol/l) and SFC (1.25 µmol/l) drug solution 
was added to a 6‑well plate and incubated in an incubator. The 
six‑well plate was imaged at 0, 24 and 48 h using an inverted 
fluorescence microscope [Sunny Optical Technology (Group) 
Co., Ltd.] at the intersection of the horizontal and vertical lines 
to ensure that images were obtained from the same location 
at different time points. The cell migration rate of each group 
was analyzed by ImageJ version 1.52a (National Institutes of 
Health) bundled with Java 8.
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Transwell migration assay. Matrix‑Gel™ Matrigel 
(cat. no. C0371; Beyotime Institute of Biotechnology) was 
diluted 1:8 with serum‑free RPMI‑1640 medium and spread 
on the upper part of the Transwell chamber, and then left to 
set at 37˚C for 2 h. Culture medium was then added to hydrate 
the gel for 30 min before being discarded. KYSE30 cells at 
the exponential phase were collected and counted as described 
previously. The cell concentration was diluted to 1x106 cells/ml 
with serum‑free RPMI‑1640 medium and 50 µl of cell suspen‑
sion was added to the upper chamber of the Transwell. The 
upper chamber of the Transwell was supplemented with 50 µl 
of serum‑free RPMI 1640 medium containing DEX‑HCl and 
SFC to give a final drug concentration of 25 nmol/l DEX‑HCl 
and 1.25 µmol/l SFC. 500 ul of RPMI 1640 medium containing 
20% FBS was added to the lower chamber of the Transwell. 
The Transwell chambers were then incubated in a cell culture 
incubator at 37˚C for 12 h. Subsequently, 500 µl of cell fixation 
solution (cat. no. P0099; Beyotime Institute of Biotechnology) 
was added to each chamber for 25 min at room temperature, 
then washed with PBS. Finally, the cells were stained with 
0.1% crystal violet solution for 25 min at room temperature 
before being imaged using a microscope. 

Glucose, lactate and ATP content assay. After adding 
DEX‑HCI (25 nmol/l) or SFC (1.25 µmol/l) alone or in 
combination, KYSE30 cells were incubated in a cell incubator 
at 37˚C for 24 h. Cells were then collected and transferred 
to a 1.5 ml centrifuge tube with a sterile cell scraper. Cells 
were resuspended in 1 ml of distilled water and sonicated 
(cat. no. E0380; Beyotime Institute of Biotechnology) at room 
temperature for 1 min (40 Hz; ultrasound for 5 sec followed 
by 5 sec pauses). The cell lysate was incubated for 10 min in 
a water bath at 4˚C and centrifuged at 12,000 x g for 15 min. 
The experiments were carried out according to the manufac‑
turer's protocols of each kit using a UV spectrophotometer 
(Cary 60 UV‑Vis; Agilent Technologies, Inc.) to determine 
the ATP, lactate and glucose content. ATP (cat. no. S0026), 
glucose (cat. no. S0201S) and lactate (cat. no. C0016) kits were 
purchased from Beyotime Institute of Biotechnology.

Immunofluorescence. The RO8191 reverse validation experi‑
ment was divided into four groups and were treated as follows: 
i) Control (DMSO); ii) RO8191 (1 µmol/l); iii) DEX‑HCl 
(25 µmol/l) combined with SFC (1.25 µmol/l); and iv) combined 
treatment with DEX‑HCl (25 µmol/l), SFC (1.25 µmol/l) and 
RO8191 (1 µmol/l). Different drugs were added to KYSE30 
cells according to the requirements of the different groups, and 
the cells were incubated in a cell incubator at 37˚C for 48 h, the 
cells were digested, centrifuged and resuspended as previously 
described. The cell samples were incubated with 4% parafor‑
maldehyde at room temperature for 20 min, then incubated 
with 0.5% Triton X‑100 for 20 min. Subsequently, 5% bovine 
serum albumin (cat. no. SW3015; Beijing Solarbio Science & 
Technology Co., Ltd.) was added and the cells were incubated 
for 1 h at room temperature. The samples were incubated with 
primary antibodies at 4˚C overnight and the cells were then 
washed with 1% Tween TBST for 3 min. The primary anti‑
bodies used were: E‑cadherin (cat. no. ET1607‑75; 1:100) and 
N‑cadherin (cat. no. ET1607‑37; 1:100), which were purchased 
from Hangzhou HuaAn Biotechnology Co., Ltd. Fluorescently 

labeled secondary antibodies (cat. no. ZF‑0511; 1:500; Beijing 
Zhongshan Jinqiao Biotechnology Co., Ltd.) were added and 
incubated in the dark at room temperature for 1 h. The slides 
were incubated with DAPI in the dark for 5 min, sealed with an 
anti‑fluorescence quencher (cat. no. P0131; Beyotime Institute 
of Biotechnology), imaged using a confocal microscope and 
analyzed using ImageJ version 1.52a (National Institutes of 
Health) bundled with Java 8.

Reverse transcription‑quantitative (RT‑q)PCR. After 
treating KYSE30 cells with DEX‑HCI (25 nmol/l) or SFC 
(1.25 µmol/l) alone or in combination for 24 h, the cells 
were collected with a sterile cell scraper and transferred to a 
1.5 ml centrifuge tube. The RNA was extracted using TRIzol 
(Beijing Solarbio Science & Technology Co., Ltd.), according 
to the manufacturer's instructions. Briefly, cells were resus‑
pended in 1 ml of TRIzol and incubated at room temperature 
for 5 min. The RNA sample was used immediately or stored 
at ‑80˚C. RNA concentration was measured using a Q5000 
UV‑Vis Spectrophotometer (Pono‑550; Prebo Instruments 
(Hangzhou) Co., Ltd.). RNA was reverse transcribed 
(at 42˚C for 15 min) using the FastKing gDNA Dispelling RT 
SuperMix kit (Tiangen Biotech Co., Ltd.). The reverse tran‑
scribed complementary DNA (cDNA) was used immediately 
or stored in at ‑80˚C. The cDNA concentration was measured 
using a Dalong Gradient Thermal Cycler TC1000‑G (Shaying 
Scientific Instruments (Shanghai) Co., Ltd.) and amplified in 
a CFX Connect Real‑Time PCR Detection System (Bio‑Rad 
Laboratories, Inc.,) using FastKing One Step RT‑qPCR kit 
(SYBR Green) (Tiangen Biotech Co., Ltd.). The primers used 
for RT‑qPCR are listed in Table I. The thermal cycling condi‑
tions used were: 50˚C for 30 min; 95˚C for 3 min; followed by 
40 cycles of 95˚C for 15 s and 60˚C for 30 s. By comparing the 
target gene Cq with the internal reference Cq, ΔCq for each 
group, and the fold difference was calculated by 2‑ΔΔCq (27). 
GraphPad Prism version 9.5.0 (Dotmatics) was used for 
statistical analysis.

Western blotting. DEX‑HC (25 nmol/l), SFC (1.25 µmol/l) and 
RO819 (1 µmol/l) were added to KYSE30 cells according to 
the aforementioned grouping requirements and incubated in 
a cell incubator at 37˚C for 48 h. The cells were then digested 
and centrifuged according to the aforementioned method. 
The RIPA solution (cat. no. R0010; Beijing Solarbio Science 
& Technology Co., Ltd.) was added to the cell precipitate 
and incubated on ice for 30 min. The lysate was cleared by 
centrifugation at 12,000 x g for 10 min at 4˚C. Protein quanti‑
fication was performed with bicinchoninic acid (BCA) protein 
quantification kit. Protein samples (30 µg) were loaded on 
a 10% polyacrylamide gel and separated by SDS‑PAGE for 
35 min at 80 V, then 120 V for 60 min. Proteins were trans‑
ferred to a PVDF membrane using the Trans‑Blot® Turbo™ 
Transfer System (Bio‑Rad Laboratories, Inc.) for 1 h, with 
a constant current of 260 mA. The PVDF membrane was 
blocked using 5% skimmed milk powder for 2 h at room 
temperature, and then washed with TBST (0.1% Tween) for 
30 min. The membrane was then incubated with the corre‑
sponding primary antibodies at 4˚C overnight. The PVDF 
membrane was washed 3 times with TBST (0.1% Tween) 
for 30 min, then blocked with 5% skim milk powder and 
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incubated with secondary antibodies for 1 h at room tempera‑
ture. Images were processed and analyzed using ImageJ 
version 1.52a (National Institutes of Health) bundled with Java 
8. Antibodies used were as follows: β‑actin (cat. no. EM21002; 
HUABIO; 1:2,000), anti‑JAK2 (cat. no. M1501‑8; 
HUABIO; 1:1,000), p‑JAK2 (cat. no. ET1607‑34; HUABIO; 
1:1,000), STAT3 (cat. no. ET1607‑38; HUABIO; 1:1,000), 
p‑STAT3 (cat. no. ET1603‑40; HUABIO; 1:1,000), 
HIF‑1α (cat. no. R1510‑5; HUABIO; 1:1,000), MMP2 
(cat. no. bs‑4605R; BIOSS; 1:1,000), MMP9 (cat. no. bs‑4593R; 
BIOSS; 1:1,000), E‑cadherin (cat. no. ET1607‑75; Hangzhou 
HuaAn Biotechnology Co., Ltd.; 1:100), N‑cadherin 
(cat. no. ET1607‑37; Hangzhou HuaAn Biotechnology Co., 
Ltd.; 1:100), HK2 (cat. no. A0994; ABclonal Biotech Co., Ltd.; 
1:1,000), lactate dehydrogenase A (LDHA; cat. no. A1146; 
ABclonal Biotech Co., Ltd.; 1:1,000), HRP Goat anti‑rabbit 
(cat. no. AS014; ABclonal Biotech Co., Ltd.; 1:10,000) and 
HRP Goat anti‑mouse (cat. no. AS003; ABclonal Biotech Co., 
Ltd.; 1:10,000).

Statistical analysis. Statistical analysis was performed 
using SPSS 22.0 software (IBM Corp.). Measurement data 
are presented as mean ± standard deviation. All data were 
analyzed using one‑way ANOVA, followed by Tukey's post 
hoc analysis. All parallel experiments were repeated three or 
more times. P<0.05 was considered to indicate a statistically 
significant difference.

Results

DEX‑HCl and SFC inhibit KYSE30 cell proliferation. The rela‑
tive molecular masses and structural formula of DEX‑HCI and 
SFC are presented in Fig. 1A and B. Among the four esopha‑
geal squamous cell carcinoma cell lines (KYSE30, KYSE520, 
KYSE140 and KYSE410), p‑STAT 3 and p‑JAK were more 
significantly up‑regulated in KYSE30 cells compared with 
normal human esophageal epithelial HEEC, and thus KYSE30 
was chosen for use in further experiments (Fig. S1). CCK‑8 and 
clonogenic assays of KYSE30 cells treated with DEX‑HCl (25, 
50, 100 and 200 nmol/l) and SFC (1.25, 2.5, 5 and 10 µmol/l) 
in vitro showed a significant and concentration‑dependent 

decrease in cell viability compared with the control group after 
48 h of treatment (Fig. 1C and D). Compared with DEX‑HCL or 
SFC alone, the combination treatment demonstrated enhanced 
inhibition of KYSE30 cell viability (Fig. 1E). The IC50 was 
calculated to be 83.96 nmol/l for DEX‑HCl and 2.173 µmol/l 
for SFC. In subsequent experiments concentrations <IC50 
values were used, and thus, DEX‑HCl was used at 25 nmol/l 
and SFC was used at 1.25 µmol/l. To evaluate the effect of the 
co‑administration of DEX‑HCl and SFC, the technique previ‑
ously described by Chou (28) was used. The combination index 
(CI) theory provides quantitative definitions of additive effect 
(CI, 1), synergistic effect (CI, <1) and antagonistic effect (CI, >1) 
in drug combinations. The smaller the value of CI, the stronger 
the synergistic effect of drugs. The CI of DEX‑HCl and SFC 
was 0.27, demonstrating a strong synergistic effect between 
DEX‑HCl and SFC (Fig. 1E). The results of the clonogenic 
assay demonstrated that DEX‑HCl and SFC were able to inhibit 
the proliferation of KYSE30 cells and demonstrated enhanced 
inhibition of KYSE30 cells in combination compared with 
single dosing, which suggested that DEX‑HCl and SFC were 
more effective in combination (Fig. 1F and G).

Effects of DEX‑HCl and SFC on the invasion and migration 
ability of KYSE30 cells. Wound healing and Transwell assays 
were performed to assess the effects of DEX‑HCl and SFC on 
cell migration and invasion. The wound healing assay results 
demonstrated that KYSE30 cells treated with DEX‑HCl 
(25 nmol/l) or SFC (1.25 µmol/l) for 24 and 48 h demonstrated 
an inhibited migration, and demonstrated a significantly greater 
inhibition after co‑administration for both 24 and 48 h after 
treatment. Cells that were treated with DEX‑HCl and SFC in 
combination only healed 10% after 24 h of treatment, as shown 
in Fig 2A. The wound healing assay results demonstrated that 
DEX‑HCI and SFC had an inhibitory effect on cell migration, 
while the DEX‑HCI combined with SFC group had a stronger 
inhibitory effect on cell migration compared with the DEX‑HCI 
(25 nmol/l) or SFC (1.25 µmol/l) only groups. In the DEX‑HCI 
+ SFC group there was also a time‑dependent effect, and the 
longer the migration time, the stronger the inhibition ability 
of migration (Fig. 2A). The Transwell migration assay demon‑
strated that the cell invasion ability of KYSE30 cells treated 
with DEX‑HCl (25 nmol/l) or SFC (1.25 µmol/l) was signifi‑
cantly inhibited after 12 h compared with the control group. 
The combination of DEX‑HCl and SFC significantly increased 
the inhibitory effect on the invasive ability of KYSE30 cells 
compared with the single treatment groups (Fig. 2B). 

DEX‑HCl and SFC reduce glucose metabolism in KYSE30 
cells. Changes were observed in ATP levels, lactate produc‑
tion and glucose uptake in KYSE30 cells after treatment with 
DEX‑HCl and SFC. The results showed that ATP levels, lactate 
production and glucose uptake were significantly reduced in 
KYSE30 cells in the DEX‑HCl group, SFC group and the 
combination group compared with the control group (Fig. 2C). 
The combination group showed significantly decreased ATP 
levels, lactate production and glucose uptake in KYSE30 cells 
compared with the DEX‑HCl and SFC alone groups (Fig. 2C). 

DEX‑HCl and SFC impact protein expression in KYSE30 
cells. To investigate the mechanism of action, the expression 

Table I. Sequences of primers used for reverse transcription‑ 
quantitative PCR.

Gene Primer (5'‑3')

HIF‑1α F: GAACGTCGAAAAGAAAAGTCTCG
 R: CCTTATCAAGATGCGAACTCACA
HK2 F: GTGAATCGGAGAGGTCCCAC
 R: GCTAACTTCGGCCACAGGAT
LDHA F: CTGGCTGTGTCCTTGCTGTA
 R: TCACGTTACGCTGGACCAAA
GAPDH F: GATTCCACCCATGGCAAATTC
 R: CTGGAAGATGGTGATGGGATT

HIF‑1α, hypoxia inducible factor 1α; HK2; hexokinase II; LDHA 
lactate dehydrogenase A; F, forward; R, reverse.
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of JAK/STAT3/HIF‑1α pathway‑related, invasion‑related 
marker proteins and glycolysis‑related marker proteins were 
assessed using qPCR and western blotting. The results of the 
qPCR and western blotting experiments demonstrated that 
both DEX‑HCI and SFC were able to significantly reduce the 
expression and protein levels of HIF‑1α, HK2 and LDHA. 
Additionally, the combination group of DEX‑HCI and SCF 
inhibited the expression and protein levels of HIF‑1α, HK2 and 
LDHA more strongly compared with that of the drug alone 
(Fig. 3A and B). It was also demonstrated that DEX‑HCl and 
SFC treatment significantly decreased the protein expression 

levels of p‑STAT3 and p‑JAK compared with the control 
group. The co‑administration of DEX‑HCl and SFC demon‑
strated a further significant decrease in the protein expression 
levels of p‑STAT3 and p‑JAK compared with both the control 
and single treatment groups alone (Fig. 3C), without affecting 
the expression levels of STAT3 and JAK proteins. The protein 
expression levels of E‑cadherin and N‑cadherin were exam‑
ined by immunofluorescence assay and western blotting and 
the results showed that DEX‑HCl and SFC were able to signifi‑
cantly upregulate E‑cadherin and significantly downregulate 
N‑cadherin protein expression compared with the negative 

Figure 1. DEX‑HCl and SFC inhibit the proliferation of KYSE30 cells. Molecular structure, formula and relative molecular mass of (A) DEX‑HCl and (B) SFC. 
(C) CCK8 assay to examine the effect of DEX‑HCl on the proliferation of KYSE30 cells. (D) CCK8 assay to examine the effect of SFC on KYSE30 cell 
proliferation. (E) Effect of DEX‑HCl and SFC combined treatment on KYSE30 cell proliferation. (F) Clonogenic assay of cells in vitro to detect the effect of 
DEX‑HCl and SFC combined treatment on cell proliferation. (G) Histogram of the number of cells with clonogenic capacity. **P<0.01, ***P<0.001, ****P<0.0001. 
DEX‑HCl, Dexmedetomidine hydrochloride; SFC, sufentanil citrate; CCK8, cell counting kit 8. 
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control in KYSE30 cells. SFC significantly reduced the expres‑
sion levels of MMP2 and MMP9 proteins in KYSE30 cells. 
DEX‑HCI significantly reduced the protein expression level 
of MMP9, but the addition of DEX‑HCI could not signifi‑
cantly reduce the protein expression level of MMP2. The 
DEX‑HCI + SFC group significantly reduced the expression 
level of the MMP2 protein compared with the DEX‑HCI group 
and SFC group, which further indicated that DEX‑HCI and 
SFC combined have a drug synergistic effect (Fig. 4A and B). 

DEX‑HCI combined with SFC inhibited the invasion 
of KYSE30 cells by inhibiting the JAK/STAT3/HIF‑1α 

pathway. To further assess whether DEX‑HCl and SFC effect 
KYSE30 cell glucose metabolism and invasion through the 
JAK/STAT3/HIF‑1α axis, reverse validation experiments 
were performed by adding RO8191 to induce STAT3/JAK to 
undergo phosphorylation.

RO8191 is an imidazolino pyridine compound that acti‑
vates phosphorylation of JAK and STAT proteins thereby 
activating the JAK/STAT signaling pathway (29). Therefore, 
recovery of the invasion and migration ability of KYSE30 with 
the addition of RO8191 would suggest that DEX‑HCl and SFC 
exhibit their function via the JAK/STAT pathway. The addi‑
tion of RO8191 in the Transwell migration assay counteracted 

Figure 2. DEX‑HCl and SFC inhibit the invasion, migration and glucose metabolism of KYSE30 cells. (A) Wound healing assay to detect the effect of 
DEX‑HCl combined with SFC on KYSE30 cell migration. (B) Transwell assay to detect the effect of DEX‑HCl combined with SFC on KYSE30 cell invasion. 
(C) Detection of changes in lactate, glucose and ATP content in KYSE30 cells. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. DEX‑HCl, Dexmedetomidine 
hydrochloride; SFC, sufentanil citrate.
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the inhibitory effect of DEX‑HCl and SFC treatment on 
KYSE30 cells, significantly increasing the number of invaded 
cells compared with the DEX‑HCl and SFC treatment group 
(Fig. 5A). DEX‑HCL combined with SFC was demonstrated 
to reduce the expression levels of HIF‑1α, HK2 and LDHA 
mRNA, whereas the addition of RO8191 was demonstrated to 
upregulate the expression levels of HIF‑1α, HK2 and LDHA 
mRNA, counteracting the inhibitory effect of DEX‑HCL 
combined with SFC (Fig. 5B).

Glucose uptake, ATP levels and lactate production of 
KEYSE30 cells significantly increased after treatment with 
RO8191 compared with the DEX‑HCl and SFC co‑admin‑
istration group (Fig. 5C). DEX‑HCI combined with SFC 
significantly inhibited the expression levels of HK2, LDHA, 

p‑JAK, p‑STAT3, and HIF‑1α proteins, whereas RO8191 
co‑administration increased the expression levels of HK2, 
LDHA, p‑JAK, p‑STAT3 and HIF‑1α proteins, counteracting 
the effect of DEX‑HCI combined with SFC (Fig. 5D and E). 
Likewise, the addition of RO8191 in immunofluorescence 
experiments showed a significant decrease in E‑cadherin 
fluorescence intensity compared with the DEX‑HCl and SFC 
treatment group and a significant increase in N‑cadherin 
fluorescence compared with the DEX‑HCl and SFC treat‑
ment group (Fig. 6A). The addition of RO8191 was also 
demonstrated to increase the protein expression levels of 
MMP2, MMP9 and N‑cadherin and decrease the protein 
expression levels of E‑cadherin compared with the DEX‑HCl 
and SFC treatment group (Fig. 6B). In summary, DEX‑HCI 

Figure 3. Effect of DEX‑HCl and SFC on glucose metabolism and JAK/STAT pathway‑related protein expression in KYSE30 cells. (A) RT‑qPCR assay to 
detect changes in relative mRNA expression of HIF‑1α, HK2, and LDHA genes in KYSE30 cells. (B) Semi‑quantified protein expression levels assessed by 
western blotting of HK2, LDHA and HIF‑1α in KYSE30 cells. (C) Semi‑quantified protein expression levels assessed by western blotting of STAT3, p‑STAT3, 
JAK and p‑JAK in KYSE30 cells. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001; ns, not significant (P>0.05). DEX‑HCl, Dexmedetomidine hydrochloride; SFC, 
sufentanil citrate; RT‑qPCR, reverse transcription quantitative PCR. 
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Figure 4. Effects of DEX‑HCl in combination with SFC on invasion‑related proteins. (A) The expression of the invasion‑associated proteins E‑cadherin and 
N‑cadherin was determined by immunofluorescence (scale bar, 50 µm). (B) Semi‑quantified protein expression levels assessed by western blotting of MMP 2, 
MMP 9, E‑cadherin and N‑cadherin. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. DEX‑HCl, Dexmedetomidine hydrochloride; SFC, sufentanil citrate; MMP2, 
metalloproteinase 2; MMP9, metalloproteinase 9. 
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Figure 5. RO8191 counteracts the effects of DEX‑HCl combined with SFC on KYSE30 cell invasion, migration and glucose metabolism. (A) Transwell assay 
to test the effect of RO8191 on the invasion ability of KYSE30 cells treated with DEX‑HCl and SFC. (B) RT‑qPCR was used to assess changes in relative 
mRNA expression of HIF‑1α, HK2, and LDHA genes in KYSE30 cells. (C) Detection of changes in lactate, glucose and ATP content in KYSE30 cells. 
(D) Semi‑quantified protein expression levels assessed by western blotting of glucose metabolism‑related proteins HK2 and LDHA. (E) Semi‑quantified 
protein expression levels assessed by western blotting of p‑JAK, p‑STAT 3 and HIF‑1α proteins. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. DEX‑HCl, 
Dexmedetomidine hydrochloride; SFC, sufentanil citrate; HIF‑1α, Hypoxia‑inducible factor‑1α; p‑JAK, phosphorylated Janus kinase; p‑STAT 3, phosphory‑
lated signal transducer and activator 3; RT‑qPCR, reverse transcription‑quantitative PCR. 
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Figure 6. Immunofluorescence and western blotting of invasion‑related proteins from KYSE30 cells treated with RO8191 and DEX‑HCl and SFC combined 
treatment. (A) Immunofluorescence images and quantification of N‑cadherin and E‑cadherin in KYSE30 cells after treatment with RO8191 and DEX‑HCl and 
SFC combined treatment (scale bar, 50 µm). (B) Semi‑quantified protein expression levels assessed by western blotting of MMP2, MMP9, E‑cadherin, and 
N‑cadherin. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. DEX‑HCl, Dexmedetomidine hydrochloride; SFC, sufentanil citrate; MMP2, metalloproteinase 2; 
MMP9, metalloproteinase 9. 
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in combination with SFC was able to inhibit KEYSE30 cell 
invasion and inhibit JAK/STAT3/HIF‑1α axis activation, 
and RO8191, as a JAK/STAT3 pathway activator, was able 
to reverse this effect, which reinforces the conclusion that 
the inhibitory effect of DEX‑HCI in combination with SFC 
on KEYSE30 cell invasion was mediated by the inhibition of 
JAK/STAT3/HIF‑1α axis activation. STAT3/HIF‑1α axis to 
exert pharmacological effects.

Discussion

A major cause of the current low 5‑year survival rate after 
EC surgery is the epithelial‑mesenchymal transition (2). EMT 
serves a key role in skin injury healing and tumor invasion and 
metastasis (30), and elevated expression of MMP2 and MMP9 
promotes EC proliferation, accelerates the EMT process and 
facilitates tumor angiogenesis (31). MMP2 and MMP9 are 
risk factors for metastasis and poor prognosis in EC (32). The 
results of the present study demonstrated that DEX‑HCl and 
SFC could inhibit the proliferation, invasion and migration 
of KYSE30 cells and suppress the protein expression levels 
of MMP2 and MMP9, and that the inhibitory effect was 
increased following the co‑administration of DEX‑HCL and 
SFC. Aberrant expression of N‑cadherin and low expression 
of E‑cadherin are important indicators of poor prognosis 
and EMT in EC (33,34). E‑cadherin determines the adhesion 
ability between epithelial cells during the development of 
EMT. Dysregulation of E‑cadherin protein expression leads to 
the loss of the adhesion ability of tumor cells and contributes to 
the metastasis of tumor cells (35). Moreover, previous studies 
have reported that N‑cadherin can induce tumor cell inva‑
sion and angiogenesis (36,37), and a number of N‑cadherin 
antagonists have been adopted for tumor therapy (38). The 
present study demonstrated that DEX‑HCl combined with 
SFC significantly upregulated E‑cadherin and significantly 
downregulated N‑cadherin protein expression levels, thereby 
inhibiting KYSE30 cell metastasis and EMT.

DEX‑HCl has been reported to inhibit growth and metas‑
tasis (39) and to induce apoptosis in EC cells (40). Previous 
studies have reported that SFC could also inhibit EC cell 
metastasis (41), which was consistent with the findings of this 
study. However, neither elaborated on the effects of co‑admin‑
istration of DEX‑HCl and SFC on glucose metabolism in EC 
cells. Cancer cells require substantial amounts of energy during 
metastasis, which is supplied directly through the glycolytic 
pathway (42). The preferred metabolic pathway in cancer cells 
under aerobic conditions is glycolysis for energy supply rather 
than oxidative phosphorylation, a phenomenon known as the 
Warburg effect (43). Therefore, inhibition of tumor glycolysis 
is considered a new strategy to inhibit tumor proliferation and 
metastasis (44). The results of the current study indicated that 
DEX‑HCl and SFC treatments reduced ATP production and 
cellular glucose metabolism in KYSE30 cells. Furthermore, 
co‑administration of DEX‑HCl and SFC enhanced their 
individual inhibitory effects on proliferation, migration and 
invasion of KYSE30 cells, as well as increasing the reduction 
in ATP production and glucose metabolism in KYSE30 cells 
compared with single treatment. Furthermore, overexpression 
of LDHA in tumor cells has been frequently reported (45,46). 
In addition to promoting glycolysis, elevated LDHA levels in 

tumors also facilitates lactate production, thereby reconsti‑
tuting the tumor microenvironment and inhibiting the immune 
system to promote immune escape (47). DEX‑HCl and SFC 
can decrease lactate production and downregulate mRNA 
and protein expression levels of HK2 and LDHA, thereby 
suppressing KYSE30 cell invasive migration.

The present study demonstrated that DEX‑HCl combined 
with SFC inhibited KYSE30 cell invasion and metastasis and 
blocked KYSE30 cell glucose metabolism. Moreover, previous 
studies have reported that JAK and STAT3 are involved in all 
stages of development from cancer cell proliferation to cancer 
cell metastasis (48,49). In rheumatoid arthritis, JAK/STAT3 
exerts anti‑inflammatory effects by regulating HIF‑1α expres‑
sion (50), CXCL8 promotes melanoma progression by activating 
the JAK/STAT1/HIF‑1α axis (51), and ELTD1 promotes 
glioma proliferation, migration and invasion by activating 
the JAK/STAT3/HIF‑1α signaling axis (52). Therefore, this 
pathway may be a potential target for inhibiting the metastasis 
of cancer cells. The present study demonstrated that DEX‑HCl 
combined with SFC inhibited the JAK/STAT1/HIF‑1α axis and 
suppressed KYSE30 cell metastasis and glucose metabolism, 
and that the inhibitory effect was counteracted by the addition 
of RO8191, which activated the phosphorylation of JAK and 
STAT proteins which increased the protein expression levels 
of MMP2, MMP9, N‑cadherin and E‑cadherin, suggesting 
the results of DEX‑HCl and SFC treatment involve the modu‑
lation of the JAK/STAT signaling pathway. Furthermore, 
in vitro experiments demonstrated that DEX‑HCl and SFC 
may regulate glucose metabolism‑related indicators through 
the JAK/STAT3/HIF‑1α axis, thereby inhibiting KYSE30 cell 
invasion and migration. However, further studies are required to 
elucidate the in‑depth mechanism by which DEX‑HCl combined 
with SFC affects glucose metabolism in KYSE30 cells.

In the present study, DEX‑HCl and SFC were demon‑
strated to decrease the expression of EC and metastasis‑related 
proteins, significantly reducing glucose uptake, ATP and 
lactate production in KYSE30 cells. The pharmacological 
effects were significantly enhanced by the combined action 
of DEX‑HCI and SFC, and reverse validation experiments 
with RO8191 confirmed the possible involvement of the 
JAK/STAT3/HIF‑1α axis in this process.
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