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Background: Gallbladder cancer (GBC) is a highly aggressive malignancy with a notoriously poor prognosis and limited treat-
ment options. Intriguingly, beyond its established perioperative applications, the inhalational anesthetic Sevoflurane has gar-
nered attention for its potential anti-tumor effects, demonstrating the ability to inhibit progression in various cancers. However,
its specific impact and the underlying molecular mechanisms in GBC remain largely unexplored. This study systematically
investigated the anti-cancer property of Sevoflurane in GBC and associated signaling pathways.
Methods: Sevoflurane at 1.7%, 3.4% and 5.1% concentrations was separately employed to treat human intestinal biliary epithe-
lial cells (HIBEpic) and GBC-SD cells. GBC-SD cells were also pretreated with an endoplasmic reticulum (ER) stress inhibitor
Salubrinal, or transfected with Rho-associated coiled-coil containing protein kinase 1 (ROCK1)-overexpressing vectors/short
hairpin RNA against ROCK1. Cell viability, migration and invasion, colony formation, and apoptosis were determined using
Cell Counting Kit-8, Transwell, colony formation, and flow cytometry assays, respectively. Special kits were used to detect levels
of glucose uptake, lactate and adenosine triphosphate (ATP) in GBC-SD cells. ROCK1 expression and levels of ROCK1, activat-
ing transcription factor 4 (ATF4) and C/EBP-homologous protein 10 (CHOP) were quantified by quantitative real-time reverse
transcription polymerase chain reaction and Western blot analyses, respectively.
Results: Sevoflurane exposure inhibited malignant phenotypes, promoted apoptosis and expressions of ATF4 and CHOP, and
reduced ROCK1 expression and levels of glucose uptake, lactate and ATP in GBC-SD cells, while Salubrinal pretreatment re-
versed the upregulated trends of ATF4 and CHOP (p< 0.05). ROCK1 was highly expressed in different GBC cell lines (p< 0.05).
ROCK1 overexpression enhanced malignant phenotypes, promoted levels of glucose uptake, lactate and ATP, and suppressed
apoptosis in GBC-SD cells, while ROCK1 silencing reversed these alterations (p < 0.05). Meanwhile, ROCK1 overexpression
reversed the effects of Sevoflurane on GBC-SD cells (p < 0.05).
Conclusion: Sevoflurane suppresses GBC progression by activating ER stress and reducing glycolysis via ROCK1 downregula-
tion.

Keywords: Sevoflurane; gallbladder cancer; endoplasmic reticulum stress; glycolysis; Rho associated coiled-coil containing protein
kinase 1

Introduction

Gallbladder cancer (GBC) is a comparatively rare ma-
lignant tumor characterized by a mass in the gallbladder
(GB) and the GB cavity, as well as focal or diffuse thicken-
ing of the GB wall [1]. Despite countless studies on GBC,
surgical excision remains the primary therapy [2]. Due to
its highly invasive nature and insidious onset, only 20% of
patients are eligible for surgical excision at the time of di-
agnosis, while ineligible patients have particularly terrible
prognoses, with the total mortality rate rising each year [3].
Thereby, the development of efficient medicines represents
one of the most urgent priorities in GBC management.

Sevoflurane is a colorless, volatile, non-flammable
liquid with a special odor and a halogenated inhalational
anesthetic widely used in inpatient and outpatient surgery
in both adults and children [4]. Besides, it also physiologi-
cally and pathologically mediates cellular activities such as
cell apoptosis and differentiation [5–7], ferroptosis [8], and
inflammation [9]. Notably, the role of Sevoflurane in alle-
viating the malignant biological behavior has been demon-
strated in lung [10], breast [11], and cervical cancers [12].
Nevertheless, whether Sevoflurane exerts similar effects in
GBC and the underlying mechanisms remain obscure.

Rho-associated coiled-coil containing protein kinase
1 (ROCK1) encodes a serine/threonine kinase that is acti-
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vated upon binding to the GTP-bound form of Rho [13].
The RhoA/ROCK1 pathway is one of most important path-
ways in tumor cell motility andmorphogenesis, which is as-
sociated with cell metastasis [14,15]. Incidentally, glycoly-
sis is known as the process of turning glucose into pyruvate
and lactate, accompanied by adenosine triphosphate (ATP)
production [16]. Reportedly, ROCK1 may have the ability
to mediate glycolysis in pancreatic cancer [17]. Altogether,
ROCK1 takes part in the glycolysis of tumor cells and the
progression of cancers.

As is known to all, the endoplasmic reticulum (ER)
is an organelle related to protein aggregation, processing,
folding, and modification. Disruption of ER homeostasis
triggers ER stress as a compensatory mechanism to restore
equilibrium, primarily through activation of the unfolded
protein response and ER overload response. However,
when an imbalance exists persistently in ER, ER stress even
induces apoptotic pathways to eliminate abnormal cells
[18,19]. Besides, ER stress impacts cirsimaritin-induced
GBC cell apoptosis [20]. Activating transcription factor 4
(ATF4)/C/EBP-homologous protein 10 (CHOP) mediates
ER stress-induced pro-apoptosis signaling, thereby sup-
pressing cancer progression [21].

Given the unknown influence of Sevoflurane in GBC
and the undefined molecular mechanisms, we, based on
existing findings, speculated that the anti-GBC activity of
Sevoflurane may be related to its induction of endoplasmic
reticulum stress and regulation of ROCK-mediated glycoly-
sis. Herein, we explored whether Sevoflurane inhibits GBC
cancer progression and the underlying mechanisms through
a series of in-vitro experiments. As a result, ER stress and
ROCK-mediated glycolysis were proven to play key roles
in the anti-GBC effects of Sevoflurane. This study estab-
lishes the first complete signaling pathway from Sevoflu-
rane to ER stress and then to ROCK-glycolysis axis, ulti-
mately inhibiting the progression of GBC.

Materials and Methods

Cell Culture and Transfection
Human intestinal biliary epithelial cells (HIBEpic,

5100) were obtained from ScienCell Research Laboratories
(Santiago, CA, USA). GBC cell lines GBC-SD (TCHu 16,
National Collection of Authenticated Cell Cultures, Shang-
hai, China), as well as Mz-ChA-1 (CL0226) and QBC939
(CL0448, Fenghui Biotechnology Co., Ltd., Changsha,
China) were purchased. Theywere immersed inDulbecco’s
modified eagle medium (DMEM)/F12 medium (D0697,
Sigma Aldrich, St. Louis, MO, USA) supplemented with
10% fetal bovine serum (FBS, 12106C, Sigma Aldrich, St.
Louis, MO, USA), 100 µg/mL streptomycin (85886, Sigma
Aldrich, St. Louis, MO, USA), and 100 U/mL penicillin
(V900929, Sigma Aldrich, St. Louis, MO, USA) in a 37 °C
incubator (5% CO2). All cell lines were validated by STR
profiling and confirmed to be mycoplasma-free.

Prior to transfection, ROCK1 full sequence was
assembled into pcDNA3.1 vectors (VT1001, YouBio,
Changsha, China) for constructing overexpressing
vectors, with an empty vector as a negative control
(NC, 5′-CTAGAGAACCCACTGCTTAC-3′). The
short hairpin RNA against ROCK1 (ShROCK1, sense:
5′-GGTTGTTCAGATTGAGAAA-3′; antisense, 5′-
TTTCTCAATCTGAACAACC-3′) and its NC Super-
Silevcing ShRNA (ShNC, C03002) were all provided by
GenePharma Co., Ltd. (Shanghai, China). The CDS region
of ROCK1 can be found in the Supplementary Material.

As the confluence of cells in 96-well plates reached
70–90%, Lipofectamine 3000 Reagent (L3000001, Ther-
moFisher, Waltham, MA, USA) was used for transfection.
Firstly, Lipofectamine 3000 Reagent and vectors/ShRNAs
were diluted in Opti-MEM™ (31985062, ThermoFisher,
Waltham, MA, USA). Vectors/ShRNAs were further mixed
with 0.2 µL P3000 Reagent and incubated in diluted Lipo-
fectamine 3000 Reagent (room temperature (RT), 10 min),
which were later co-incubated with cells (37 °C, 48 h).
Finally, quantitative real-time reverse transcription poly-
merase chain reaction (qRT-PCR) was performed to deter-
mine transfection efficiency.

Cell Treatment
After an ER stress inhibitor Salubrinal (324895,

Sigma Aldrich, St. Louis, MO, USA) dissolved in dimethyl
sulfoxide (D1435, Sigma Aldrich, St. Louis, MO, USA)
was diluted in the medium to 20 µM, cells were cultured
for 1 h [22].

HIBEpic and GBC-SD cells were treated with
Sevoflurane at 1.7%, 3.4%, and 5.1% concentrations [23].
Concretely, cells in the plates were kept in an airtight glass
chamber with inlet and outlet connectors. The inlet port
was connected to an anesthesia machine (Cicero EM 8060;
Dräger, Lübeck, Germany) with a Sevoflurane vaporizer
(Kent Scientific Corporation, Torrington, CT, USA) for de-
livering Sevoflurane into the chamber. Following 6-h ex-
posure, cells were transferred to a CO2 incubator (37 °C)
for an additional 24-h incubation.

Cell Viability Measurement
HIBEpic and GBC-SD cells (5× 103 cells/well) were

grown in 96-well plates (48 h), and then incubated with
10 µL/well Cell Counting Kit-8 reagent (ab228554, Ab-
cam, Cambridge, UK) (4 h, darkness). The absorbance of
wells at 460 nm was measured using an enzyme-linked im-
munosorbent assay (ELISA) reader (Bio-Rad 680, Bio-Rad
Laboratories, Inc., Hercules, CA, USA). Cell viability was
determined as follows:

Relative Cell viability (%) = (Optical density
(OD)Experimental – ODblank) / (ODControl – ODblank) × 100%.
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Colony Formation Assay
200 µL cells (1 × 103cells/well) were cultured in

6-well plates for two weeks. When the colony formed,
the medium was discarded. Cells were fixed with 4%
paraformaldehyde (P1110, Solarbio, Beijing, China) (15
min, RT) and then colored with Giemsa (G1010, Solar-
bio, Beijing, China) (15 min, RT). After washing with
phosphate-buffered solution (PBS, P1020, Solarbio, Bei-
jing, China), cells were observed using a BX53F micro-
scope (OLYMPUS, Tokyo, Japan), and cell colonies were
quantified. Colony formation rate = (the number of cell
colonies (≥50 per colony)/seeded cells) ×100%. Relative
colony formation rate (%) = (Number of colonies in treat-
ment group / Number of colonies in control group)× 100%.

Cell Migration and Invasion Assays
For the invasion and migration assays, Transwell

chambers with 8-µm pore polycarbonate membranes
(140644, ThermoFisher, Waltham, MA, USA) were pre-
coated with or without Matrigel (E1270, Sigma Aldrich, St.
Louis, MO, USA), respectively. Cells (1 × 104 cells/well
in 100 µL serum-free medium) were seeded into the up-
per chamber of 24-well Transwell plates, while the lower
chambers were filled with 600 µL of medium containing
FBS. Then cells were cultured for 48 h before analysis.
Only cells in the lower chamber underwent fixation (4%
paraformaldehyde; 30 min) and staining (Giemsa; 30 min,
RT). Invasion and migration were observed under a BX53F
microscope (×250 magnification) and analyzed using the
ColonyArea plugin of ImageJ (v. 5.0, Bio-Rad Laborato-
ries, Inc., Hercules, CA, USA). Relative migration/invasion
rate (%) was quantified and normalized to the control group
as follows: (Mean GBC cell count in treatment group /
Mean GBC cell count in control group) × 100%.

Glucose Uptake, Lactate and ATP Assays
Glucose/Glucose Oxidase Assay Kit (MP 22189, In-

vitrogen, Carlsbad, CA, USA), ATP Assay Kit (S0026, Be-
yotime, Shanghai, China), and Lactate Assay Kit (ab65330,
Abcam, Cambridge, UK) were obtained from Biovision
(Milpitas, CA, USA) and used in this part. Briefly, for glu-
cose uptake determination, 1 × 106 cells were incubated
with 100 µL Krebs-Ringer-Phosphate-HEPES buffer con-
taining 2% Bovine Serum Albumin (A8010, Solarbio, Bei-
jing, China) at 37 °C for 40 min. Cells were reacted with
10 µL of 10 mM 2-DG, followed by glucose consumption
measurement. For lactate and ATP determination, 100 µL
buffer in the corresponding kits was used to homogenize 1
× 106 cells, and after the mixture was centrifuged, the su-
pernatant was collected, and optical density was determined
in the Bio-Rad 680 ELISA reader [24].

Glucose uptake was measured at 590 nm to determine
glucose content. The uptake level was calculated based on a
standard curve and expressed as relative glucose uptake (%)
compared to the controls. Lactate production was tested by

a colorimetric method (570 nm). The lactate concentration
in culture supernatant was calculated from a lactate standard
curve and presented as relative lactate level (%). ATP levels
were detected using a bioluminescence assay based on the
luciferin-luciferase reaction. Luminescence was measured
with a luminometer. The ATP concentration was measured
using anATP standard curve andwas shown as relative ATP
content (%).

Flow Cytometry
Detection of cell apoptosis was performed using An-

nexin V-FITC Apoptosis Detection Kit (C1062L, Bey-
otime, Shanghai, China). Following digestion, cells were
resuspended in 195 µL Annexin V-FITC binding solution
and immediately stained with 5 µL Annexin-V-FITC and
10 µL Propidium Iodide (PI) for 20 min in the dark at room
temperature. Finally, the apoptosis signal was determined
in FACSCantoTM II flow cytometry (BDBiosciences, New
Jersey, NY, USA).

qRT-PCR
The extracted total RNA (Trizol Reagent; T9424,

Sigma Aldrich, St. Louis, MO, USA) was reverse-
transcribed into the first-strand complementary DNA
(cDNA) utilizing the Revert Aid cDNA synthesis kit
(K1622, Solarbio, Beijing, China). The synthesized cDNA
was applied to qRT-PCR by synergy brands Green kit
(4385612, ThermoFisher, Waltham, MA, USA) in a real-
time PCR instrument (CFX96 Touch, Bio-Rad Laborato-
ries, Inc., Hercules, CA, USA). The reaction was devel-
oped at 95 °C (2 min), followed by 40 cycles (95 °C, 3 sec)
and (60 °C, 30 sec). The 2−∆∆CT method [25] was utilized
to process data, and glyceraldehyde-phosphate dehydroge-
nase (GAPDH) served as the internal control.

Primer sequences included: ROCK1 forward
(F), 5′- GAACAAGATAAGGAGCAATC-3′, re-
verse (R), 5′- ACTGGTTCCATCTCTACATC-3′;
GAPDH F, 5’-GACAGTCAGCCGCATCTTCT-3′, R,
5′-TTAAAAGCAGCCCTGGTGAC-3′.

Western Blot Analysis
Proteins extracted from cells (RIPA Buffer; R0010,

Solarbio, Beijing, China) were boiled in boiling water
(5 min), and underwent concentration measurement using
bicinchoninic acid protein assay kit (23227, ThermoFisher,
Waltham, MA, USA). Proteins were separated in 6/10%
separation gel (P0012AC, Beyotime, Shanghai, China) by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
and transferred onto the polyvinylidene fluoride (PVDF)
membrane (YA1701, Solarbio, Beijing, China). The mem-
brane was blocked with 5% non-fat milk (D8340, Solar-
bio, Beijing, China) diluted by Tris Buffered Saline and
Tween-20 (T1085, Solarbio, Beijing, China) (1 h, RT),
probed with primary antibodies (overnight, 4 °C), and in-
cubated with horseradish peroxidase-conjugated secondary
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Fig. 1. Sevoflurane suppressed malignancy of GBC cells. (A–F) In HIBEpic and GBC-SD cells exposed to 1.7%, 3.4%, and 5.1%
Sevoflurane (6 h) and additionally cultured in a 37 °C incubator (24 h), the viability of two cells (CCK-8 assay) (A,B), as well as the
migration and invasion of GBC-SD cells (Transwell assay) (×250 magnification, scale bar: 50 µm) were conducted (C–F). Data were
presented as the mean ± standard deviation from three independent experiments (n = 3). Differences among groups were analyzed by
one-way ANOVA, followed by Tukey’s post hoc test. ∗vs. Control, ∗∗p < 0.01, ∗∗∗p < 0.001. ANOVA, analysis of variance; GBC,
gallbladder cancer; CCK-8, cell counting kit-8.

antibodies (1 h, RT). Following the ECL reagent (FP300,
ABP Biosciences, Rockville, Maryland, USA) treatment,
band signals analyses were completed on 5200 imaging
system (Tanon, Shanghai, China) using ImageJ software
(1.52s version, National Institutes of Health, Bethesda,
MD, USA), and normalization to GAPDH as a loading con-
trol. Data are expressed as fold change relative to the con-
trol group.

The related information of antibodies (Abcam, Cam-
bridge, UK) was exhibited below: ROCK1 (ab97592, 158
kDa, 1:1000), ATF4 (ab216839, 38 kDa, 1:1000), CHOP
(ab11419, 31 kDa, 1:200), GAPDH (ab8245, 36 kDa,
1:1000); anti-rabbit IgG (ab99697, 1:1000) and anti-mouse
IgG (ab6728, 1:2000).

Statistical Analysis
All data analyzed by GraphPad 8.0 (GraphPad Soft-

ware, San Diego, CA, USA) were presented as the mean ±
standard deviation from three independent experiments (n
= 3). One-way analysis of variance (ANOVA) followed by
Tukey’s post hoc test was used for comparison among the
multiple groups. The significant variance was indicated at
p < 0.05.

Results

Sevoflurane Attenuated Malignancy, Activated ER
Stress, Inhibited Glycolysis, Downregulated ROCK1
Expression, and Promoted Apoptosis in GBC Cells

Following Sevoflurane treatment with different con-
centrations, HIBEpic and GBC-SD cells viability was de-
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Fig. 2. Sevoflurane activated ER stress, inhibited glycolysis, downregulated ROCK1 expression, and promoted apoptosis of GBC
cells. (A–F) ATF4 and CHOP expressions (Western blot analysis) (A–C), ROCK1 mRNA expression (qRT-PCR) and protein expression
(Western blot analysis) (D–F) in GBC-SD cells pretreated with 20 µMSalubrinal (1 h) and exposed in 5.1%Sevoflurane (6 h), with normal
GBC-SD cells treated with or without 1.7%, 3.4% and 5.1% Sevoflurane, followed by 24-h incubation in a 37 °C incubator (24 h). (G–K)
GBC-SD cells exposed to 1.7%, 3.4%, and 5.1% Sevoflurane (6 h) and additionally cultured in a 37 °C incubator (24 h). Glucose uptake,
lactate and ATP (special kits) (G–I), and apoptosis of GBC-SD cells (flow cytometry) (J,K) were determined. GAPDH served as the
loading control in qRT-PCR and Western blot analysis. Data were presented as the mean ± standard deviation from three independent
experiments (n = 3). Differences among groups were analyzed by one-way ANOVA, followed by Tukey’s post hoc test. ∗vs. Control, ∗p
< 0.05, ∗∗p< 0.01, ∗∗∗p< 0.001. ^vs. 5.1%, ^p< 0.05, ^^^p< 0.001. ER, endoplasmic reticulum; ATF4, activating transcription factor
4; CHOP, C/EBP-homologous protein 10; GAPDH, glyceraldehyde-phosphate dehydrogenase; qRT-PCR, quantitative real-time reverse
transcription polymerase chain reaction; ROCK1, Rho associated coiled-coil containing protein kinase 1; ATP, adenosine triphosphate.
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Fig. 3. ROCK1 was highly expressed in GBC cells and promoted the viability and proliferation of GBC cells. (A) ROCK1
expression in normal intestinal biliary epithelial cells HIBEpic and different GBC cell lines Mz-ChA-1, QBC939, and GBC-SD (QRT-
PCR). (B–E) GBC-SD cells were transfected with ROCK1-overexpressing vector (ROCK1), NC, ShROCK1, or ShNC; untransfected
cells served as controls. Transfection efficiency was evaluated by qRT-PCR (B), cell viability at 0, 24, 48, 72, and 96 h after transfection
(CCK-8 assay) (C), and cell proliferation (colony formation assay) (D,E). GAPDH served as the loading control in qRT-PCR. Data were
presented as the mean ± standard deviation from three independent experiments (n = 3). Differences among groups were analyzed by
one-way ANOVA, followed by Tukey’s post hoc test. &vs. HIBEpic, &&&p < 0.001. #vs. ShNC, #p < 0.05, ##p < 0.01, ###p < 0.001.
+vs. NC, ++p < 0.01, +++p < 0.001. ShROCK1, short hairpin RNA targeting ROCK1; NC, negative control.

termined. As shown in Fig. 1A,B, 3.4% and 5.1% Sevoflu-
rane significantly inhibited the viability of GBC-SD cells
(p < 0.05), while only 5.1% Sevoflurane showed the in-
hibitory effect on the viability of HIBEpic cells (p <

0.05), which suggested that GBC cells were more sen-
sitive to Sevoflurane than normal biliary epithelial cells.
Subsequently, the measurement of migration (Fig. 1C,D)
and invasion (Fig. 1E,F) showed that different concentra-
tions of Sevoflurane suppressed the capability of migra-
tion and invasion in GBC-SD cells (p < 0.05). These data
could demonstrate the suppressive role of Sevoflurane on
GBC cell malignancy. To explore the association between
Sevoflurane and ER stress, we quantified two ER stress-
related proteins, ATF4 and CHOP, in GBC-SD cells treated
with Sevoflurane and/or an ER stress inhibitor Salubrinal.

It was exhibited that ATF4 and CHOP expressions were up-
regulated in response to different concentrations of Sevoflu-
rane (Fig. 2A–C, p < 0.05), while 5.1% Sevoflurane failed
to promote their expressions in GBC-SD cells pretreated
with Salubrinal (Fig. 2A–C, p< 0.05), hinting that Sevoflu-
rane could activate ER stress of GBC cells. In addition, both
ROCK1 mRNA and protein expressions were decreased
in GBC-SD cells exposed to 3.4% and 5.1% Sevoflurane,
while Salubrinal promoted their expression levels in GBC-
SD cells treated with 5.1% Sevoflurane (Fig. 2D–F, p <

0.05). Glycolysis is an important metabolic mode to ener-
gize the rapid proliferation of cancer cells [26]. As shown
in Fig. 2G–I, in GBC-SD cells, different concentrations of
Sevoflurane decreased the uptake of glucose (p< 0.05), and
3.4% and 5.1% Sevoflurane also reduced levels of lactate
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and ATP (p< 0.05), indicating glycolysis of GBC cells was
inhibited by Sevoflurane. Moreover, GBC-SD cell apopto-
sis was increased under the treatment of different concen-
trations of Sevoflurane (Fig. 2J,K, p < 0.05).

ROCK1 Upregulation Promoted Malignancy and
Glycolysis While Inhibiting Apoptosis in GBC Cells

To investigate how ROCK1 influences GBC, its ex-
pression in GBC cell lines (Fig. 3A) was determined. The
results showed that GBC cell lines (Mz-ChA-1, QBC939,
andGBC-SD) hadmore ROCK1 expression than normal in-
testinal biliary epithelial cell line HIBEpic (p< 0.05). Fur-
thermore, ROCK1-overexpressing vectors and ShROCK1
were used to transfect GBC-SD cells (Fig. 3B, p < 0.05),
where increased (Fig. 3C, p< 0.05) and decreased (Fig. 3C,
p< 0.05) ROCK1 expression levels were observed at 48 h,
72 h, and 96 h. At the same time, ROCK1 overexpression
significantly enhanced the colony formation (Fig. 3D,E, p
< 0.05), as well as the migration and invasion in GBC-
SD cells (Fig. 4A–D, p < 0.05), while ROCK1 silencing
exerted the opposite effects (Fig. 3D–E,4A–D, p < 0.05).
These data demonstrate the promoting effect of ROCK1 on
GBC cell malignancy. Besides, ROCK1 also showed a pos-
itive impact on glycolysis of GBC-SD cells, as evidenced
by the increased levels of glucose uptake, lactate and ATP
in ROCK1-overexpressing GBC-SD cells (Fig. 4E–G, p
< 0.05) and decreased levels of these indices in ROCK1-
silencing GBC-SD cells (Fig. 4E–G, p < 0.05). Further-
more, ROCK1 overexpression reduced apoptosis in GBC-
SD cells (Fig. 4H,I, p < 0.05), whereas ROCK1 silencing
increased apoptosis (Fig. 4H,I, p < 0.05), indicating that
ROCK1 inhibits apoptosis in GBC cells.

ROCK1 Overexpression Reversed Effects of
Sevoflurane on Viability, Migration, Invasion and
Apoptosis in GBC Cells

Following transfection with ROCK1-overexpressing
vectors, GBC-SD cells were further treated with 5.1%
Sevoflurane, after which the above indices were reassessed.
As a result, ROCK1 overexpression reversed Sevoflurane-
inhibited ROCK1 expression, viability, migration, and in-
vasion in GBC-SD cells (Fig. 5A–F, p < 0.05). Simi-
larly, Sevoflurane-suppressed levels of glucose uptake, lac-
tate and ATP were also offset by ROCK1 overexpression in
GBC-SD cells (Fig. 5G–I, p < 0.05). Also, Sevoflurane-
promoted apoptosis in GBC-SD cells was suppressed by
ROCK1 overexpression (Fig. 5J,K, p < 0.05). Thus, these
results reveal that ROCK1 overexpression attenuated the
role of Sevoflurane in viability, migration, invasion and
apoptosis in GBC cells.

Discussion

GBC is attributed to a high mortality rate due to its in-
sidious onset and limited treatment options [3], underscor-

ing the urgent need for development of new drugs to im-
prove patient survival. Herein, we confirmed that Sevoflu-
rane held promise in GBS treatment, due to its ability to in-
hibit the proliferation, migration, and invasion and promote
apoptosis in GBC cells. Sevoflurane has been previously
found to suppress malignant phenotype of cells in a wide
range of cancers [10,12,27], and the same effect was de-
termined in GBC according to our findings. Furthermore,
this effect might be mediated by activating ER stress and
inhibiting ROCK1-mediated glycolysis.

The impact of Sevoflurane on ER stress remains con-
troversial. While several studies have demonstrated that
sevoflurane induces neuronal apoptosis through activation
of ER stress [28–30], others have reported that sevoflu-
rane suppresses ER stress and thereby ameliorates cellu-
lar injury [31–33]. In the present study, we found that
ER stress-related proteins ATF4 and CHOP were upregu-
lated in Sevoflurane-exposed GBC cells. However, pre-
treatment with an ER stress inhibitor abrogated these ef-
fects of Sevoflurane. Our data demonstrated that Sevoflu-
rane could activate ER stress in GBC cells, consistent with
previous evidence. Considering that cirsimaritin has been
shown to promote apoptosis in GBC cells by inducing ER
stress [20], we hypothesize that the inhibitory effects of
Sevoflurane on the GBC malignant phenotype mentioned
above may depend on activation of ER stress to some de-
gree.

In studies about the antitumor effect of Sevoflurane,
ROCK1 has been frequently mentioned. For example,
Cheng S and Cheng J [34] indicated that Sevoflurane in-
hibits ROCK1 expression through circ_0079593/miR-633
axis to suppress glioma tumorigenesis. These findings
support the oncogenic role of ROCK1, and suggest that
its expression is inhibited in Sevoflurane-exposed cancer
cells. Correspondingly, we corroborated the downregula-
tion of ROCK1 mRNA and protein in Sevoflurane-treated
GBC cells. However, the role of ROCK1 in GBC remains
poorly defined. To investigate the role of ROCK1 in GBC,
we determined its expression across different GBC cell
lines, revealing high levels of ROCK1. Further, in vitro
gain- and loss-of-function experiments demonstrated that
ROCK1 overexpression promoted proliferation, migration,
and invasion, whereas ROCK1 silencing exerted the op-
posite effects, which clarified that ROCK1 might promote
GBC progression.

As is well established, one of the “hallmarks of can-
cer” is altered energy metabolism, which is defined by a
preferential dependence on oxygen-independent glycolysis
and increased glucose uptake to adapt to lower ATP pro-
duction [35]. In a recent study on ovarian cancer, enhanced
expression of ROCK1 rescues inhibited glycolysis [36]. In
this study, we confirmed the regulation of ROCK1 on gly-
colysis, and upregulation of glucose uptake, lactate and
ATP in ROCK1-overexpressing GBC cells and decreased
levels of these indices in ROCK1-silencing GBC cells.
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Fig. 4. ROCK1 enhancedmigration, invasion, and glycolysis, and inhibited apoptosis in GBC cells. (A–I)Migration and invasion of
GBC-SD cells transfected with ROCK1-overexpressing vector (ROCK1), NC, ShROCK1, or ShNC, with untransfected cells as controls
(Transwell assay) (×250 magnification, scale bar: 50 µm) (A–D). Glucose uptake, lactate and ATP (special kits) (E–G), and apoptosis of
GBC-SD cells (flow cytometry) (H,I) were determined. Data were presented as the mean ± standard deviation from three independent
experiments (n = 3). Differences among groups were analyzed by one-way ANOVA, followed by Tukey’s post hoc test. #vs. ShNC, ##p
< 0.01, ###p < 0.001. +vs.NC, ++p < 0.01, +++p < 0.001.
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Fig. 5. ROCK1 overexpression reversed effects of Sevoflurane on malignancy, glycolysis and apoptosis in GBC cells. (A–K)
GBC-SD cells with or without transfection of ROCK1-overexpressing vectors were exposed to 5.1% Sevoflurane (6 h) and additionally
cultured at a 37 °C incubator (24 h). ROCK1 expression (qRT-PCR) (A), cell viability (CCK-8 assay) (B), migration and invasion
(Transwell assay) (×250 magnification, scale bar: 50 µm) (C–F), glucose uptake, lactate and ATP (special kits) (G–I), and apoptosis
(flow cytometry) (J,K) were detected. GAPDH served as the loading control in qRT-PCR. Data were presented as the mean ± standard
deviation from three independent experiments (n = 3). Differences among groups were analyzed by one-way ANOVA. ∗vs. Control,
∗∗∗p < 0.001. §vs. Sevofluran+NC, §§p < 0.01, §§§p < 0.001.
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Meanwhile, these glycolysis-related indices were also de-
termined in the GBC cells exposed to Sevoflurane, and it
was exhibited that Sevoflurane inhibited glycolysis. Con-
sidering that ROCK1was also inhibited by Sevoflurane, we
speculated that the suppression of glycolysis by Sevoflu-
rane was mediated by ROCK1. Therefore, we further veri-
fied and found that ROCK1 overexpression could attenuate
the suppressive impact of Sevoflurane upon the glycolysis
of GBC cells. These findings suggest the involvement of
ROCK1 in Sevoflurane regulating glycolysis.

This study has several limitations. Firstly, the reliance
on in vitro experiments using cell lines limits the ability to
fully recapitulate the complex tumormicroenvironment and
systemic effects of Sevoflurane in vivo; translating these
mechanistic findings into animal models and clinical con-
texts is therefore essential. Secondly, although ROCK1 is
identified as a key mediator, the complete upstream signal-
ing pathways that regulate its downregulation by Sevoflu-
rane remain unclear. Finally, the mechanistic studies were
primarily conducted in the GBC-SD cell lines, and future
studies across a broader panel of GBC cell lines are needed
to validate and generalize our conclusions.

Conclusion

To sum up, this study demonstrates that Sevoflurane
may exert antitumor effects in GBC by activating ER stress
and suppressing ROCK1-mediated glycolysis. These find-
ings provide a theoretical basis for the potential clinical ap-
plication of Sevoflurane as a therapeutic agent for GBC.
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