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mL propofol, or sham condition as the control for 
2 h followed by 24-h recovery. Glucose transporter 1 
(GLUT1), mitochondrial pyruvate carrier 1 (MPC1), 
glutamate dehydrogenase 1 (GLUD1), pigment 
epithelium-derived factor (PEDF), p-Erk1/2, and 
hypoxia-inducible factor 1-alpha (HIF-1α) expres-
sions were determined with immunostaining and/
or Western blot. Cultured media were collected for 
1H-NMR spectroscopy-based metabolomics analysis. 
Principal component analysis (PCA) and orthogonal 
projections to latent structures discriminant analysis 
(OPLS-DA) were used to analyze metabolomics data. 
Sevoflurane increased the GLUT1, MPC1, GLUD1, 
p-Erk1/2, and HIF-1α expressions but decreased the 
PEDF expression relative to the controls. In contrast 
to sevoflurane, propofol decreased GLUT1, MPC1, 
GLUD1, p-Erk1/2, and HIF-1α but increased PEDF 
expression. Sevoflurane increased metabolite isopro-
panol and decreased glucose and glutamine energy 
substrates in the media, but the opposite changes 
were found after propofol treatment. Our data indi-
cated that, unlike the pro-tumor property of sevo-
flurane, propofol negatively modulated PEDF/Erk/
HIF-1α cellular signaling pathway and inhibited 
ovarian cancer metabolic efficiency and survival, and 
hence decreased malignancy. The translational value 
of this work warrants further study.

Keywords  Inhalational anesthetic · Intravenous 
anesthetic · Ovarian cancer · Metabolism · HIF-1α

Abstract  Perioperative risk factors, including the 
choice of anesthetics, may influence ovarian can-
cer recurrence after surgery. Inhalational anesthetic 
sevoflurane and intravenous agent propofol might 
affect cancer cell metabolism and signaling, which, in 
turn, may influence the malignancy of ovarian cancer 
cells. The different effects between sevoflurane and 
propofol on ovarian cancer cell biology and under-
lying mechanisms were studied. Cultured ovarian 
cancer cells were exposed to 2.5% sevoflurane, 4 μg/
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Background

Ovarian cancer is the eighth most diagnosed and the 
eighth-highest lethal cancer in women globally. There 
were an estimated more than 313,000 new cases and 
more than 207,000 deaths of ovarian cancer world-
wide in 2020 (Ferlay et  al. 2020). Surgery remains 
the frontline therapy for ovarian cancer patients, as 
the tumor resection at the early stage can be very 
effective (Wyld et al. 2015). However, ovarian cancer 
recurrence following surgery is still a leading cause 
of death (Saphner et al. 1996; Zhu et al. 2011).

Many risk factors affect cancer recurrence follow-
ing surgery, and one of them may be the choice of 
anesthetics and anesthesia techniques (Horowitz et al. 
2015). A previous publication from our laboratory 
demonstrated that sevoflurane increased the migra-
tion of ovarian cancer cells via upregulating VEGFA, 
MMP11, CXCR2, and TGF-β gene expressions (Iwa-
saki et  al. 2016). In contrast, propofol was reported 
to have an “anti-tumor” property; for example, our 
previous study demonstrated that propofol inhibited 
the proliferation and migration of prostate cancer 
cells (Huang et al. 2014). Another study from our lab 
found that propofol might inhibit the biology of lung 
cancer cells through glucose metabolism and HIF-1α 
relevant pathway (Hu et  al. 2021). Clinically, a ret-
rospective study reported that patients, who had sur-
gery for breast, colonic or rectal cancer, were under 
propofol-based total intravenous anesthesia or sevo-
flurane inhalational anesthesia. Their overall 1-year 
and 5-year survival rates were higher with propofol 
anesthesia (Enlund et  al. 2014). However, whether 
the two different anesthetics affect cancer progression 
through an identical mechanism remained unknown.

Glucose is taken up by cancer cells through 
GLUT1 and transformed to pyruvate, which is con-
verted to lactate rather than enters mitochondria 
via MPC1 to be utilized by the TCA cycle (Zou 
et  al. 2019; Pezzuto et  al. 2020). Glutamine can be 
transformed into glutamate and further converted to 
α-ketoglutarate under the catalyzation of GLUD1 for 
use in the TCA cycle generating crucial intermediates 
for cancer growth and survival (Craze et  al. 2019). 
This process is named glutaminolysis, and GLUD1 is 
the crucial enzyme that locates in the inner membrane 
of mitochondria. Any factors that affect the GLUD1 
expression and activity may interfere with cancer cell 
survival (Son et al. 2013).

The transcriptional factor HIF-1α plays a crucial 
role in the development of many tumor types, includ-
ing breast, colonic, and lung cancer (Zhao et al. 2014) 
while the cellular signaling Erk1/2 pathway can regu-
late HIF-1α (Karagiota et  al. 2019). Several regula-
tors can regulate the signaling pathway of Erk1/2, and 
one of these regulators is the PEDF, a member of the 
serine protease inhibitor family. The therapeutic val-
ues of PEDF were found for choroidal neovasculari-
zation, heart disease, and cancer (Filleur et al. 2009). 
Besides the upstream signaling of HIF-1α, the down-
stream effectors of HIF-1α might also be involved in 
the ovarian cancer malignancy, namely, C-X-C motif 
chemokine ligand 12 (CXCL12) and C-X-C motif 
chemokine receptor 4 (CXCR4) (Takano et al. 2014; 
Scala et al. 2020).

Propofol and/or sevoflurane are commonly used 
for anesthesia for cancer surgery. We recently found 
that commonly used intravenous anesthetic propofol 
affect lung cancer cells through glucose metabolism 
alteration (Hu et al. 2021). It is still unknown whether 
commonly used inhalational anesthetic, e.g., sevoflu-
rane, shares a similar or opposite feature relative to 
propofol. Investigating potential malignant properties 
and underlying mechanisms of different anesthetics 
are, therefore, urgently needed. In the current study, 
we compared the malignant potential of sevoflurane 
and propofol on ovarian cancer cells through metabo-
lism and molecular/cellular signaling changes.

Methods

Cell culture

Ovarian cancer cell line (SKOV3, RRID: 
CVCL_0532) was purchased from ECACC (Wilt-
shire, UK). SKOV3 cells were cultured in Gibco 
RPMI media 1640 (ThermoFisher, Paisley, UK) sup-
plemented with 10% fetal bovine serum (FBS) and 
1% penicillin–streptomycin (ThermoFisher, Paisley, 
UK) at 37  °C with 5% CO2 and balanced with air. 
SKOV3 cells were administered with clinically rel-
evant anesthetic concentrations of 2.5% sevoflurane 
(ABOTT, Sittingbourne, UK) and 4  μg/mL propo-
fol (Sigma-Aldrich, Dorset, UK), or media (naïve 
control), or intralipid (vehicle control) (Santa Cruz 
Biotechnology, Dallas, Texas, USA) for 2 h and fol-
lowed by 24-h recovery in fresh media. For the 
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sevoflurane group, SKOV3 cells were cultured in a 
specially designed chamber that was filled with 2.5% 
sevoflurane in air balanced with 5% CO2 for 2 h. For 
propofol group, propofol was diluted with intralipid 
and culture media to a final concentration as 4 μg/mL 
exposure to culture SKOV3 cells for 2  h in air bal-
anced with 5% CO2. The dose or concentration and 
length of exposure of these anesthetics are all clini-
cally relevant.

CCK‑8 assay

After recovery, SKOV3 cells were incubated with 
media plus cell counting kit-8 (CCK-8) solution at 
37  °C for 4  h. The OD values of cancer cells were 
detected at a wavelength of 450  nm. CCK-8 solu-
tion with culture media but without cancer cells 
was used as blank. Cell viability values equaled to 
[OD (treatment) − OD (blank)]/[OD (control) − OD 
(blank)] × 100%.

Ki‑67 staining

After recovery, SKOV3 cells were washed with phos-
phate-buffered saline (PBS) (Santa Cruz Biotechnol-
ogy, Dallas, Texas, USA) and incubated in 4% para-
formaldehyde (Santa Cruz Biotechnology, Dallas, 
Texas, USA) for 15  min. Cancer cells were washed 
with PBS plus 0.02% Triton X-100 (Sigma-Aldrich, 
Dorset, UK) 3 times for 5 min each and blocked with 
10% donkey serum (Sigma-Aldrich, Dorset, UK) for 
30  min. After blocking, cells were incubated with 
anti-Ki-67 antibody (1:200, rabbit polyclonal) (Santa 
Cruz Biotechnology, Dallas, Texas, USA) at 4  °C 
overnight and anti-rabbit antibody (1:1000, goat pol-
yclonal) (Abcam, Cambridge, UK) for 1  h at room 
temperature under dark in sequence. The 4’,6-diami-
dino-2-phenylindole (DAPI) mounting media (Vec-
tor Laboratories, Burlingame, California, USA) were 
mounted on cancer cells. The fluorescent images were 
taken under a fluorescence microscope, and the per-
centage of Ki-67-positive cells was calculated by Fiji 
(ImageJ 2.0) software (National Institutes of Health, 
Bethesda, Maryland, USA).

Wound healing assay

SKOV3 cells were seeded in petri dishes to form a 
continuous monolayer. Cancer cells were incubated 

in pure media, 2.5% sevoflurane, or 4 μg/mL propofol 
for 2 h. The monolayer of cancer cells was scratched 
to form a cell-free gap. The petri dishes were washed 
with PBS to discard suspended cancer cells. The 
cell-free gap was captured under a microscope as 
the baseline. After incubated with culture media for 
24 h, the cell-free gap was captured again under the 
microscope to calculate the migration capability of 
cancer cells with Fiji (ImageJ 2.0) software (National 
Institutes of Health, Bethesda, Maryland, USA). The 
calculation formula was as follows: wound closure 
(%) = [gap area (baseline) − gap area (24 h)]/gap area 
(baseline) × 100%.

Transwell assay

SKOV3 cells were seeded in petri dishes and admin-
istered with media, 2.5% sevoflurane, or 4  μg/mL 
propofol for 2  h. After administration, cancer cells 
were mixed with FBS-free media and seeded in the 
upper chamber of the Transwell assay kit, which was 
pre-embedded with Corning Matrigel matrix (Corn-
ing, New York, USA). The FBS-enriched media was 
placed into the lower chamber of the Transwell assay 
kit. After being incubated at 37 °C for 24 h, the upper 
chamber was inserted in the 70% methanol (Ther-
moFisher, Paisley, UK) for 30 min. The cancer cells 
on the upper chamber were dyed with 0.1% crystal 
violet (Sigma-Aldrich, Dorset, UK) for 15  min and 
washed to get away the leftover dye. The cells on the 
upper membrane of the upper chamber were removed. 
The cells on the bottom membrane of it were regarded 
as invasive cells and detected by a microscope. 
The number of invasive cells was counted with Fiji 
(ImageJ 2.0) software (National Institutes of Health, 
Bethesda, Maryland, USA).

Immunofluorescent staining

After recovery, SKOV3 cells were washed with 
phosphate-buffered saline (PBS) (Santa Cruz Bio-
technology, Dallas, Texas, USA) and incubated in 
4% paraformaldehyde (Santa Cruz Biotechnology, 
Dallas, Texas, USA) for 15 min. Cells were washed 
with PBS plus 0.02% Triton X-100 (Sigma-Aldrich, 
Dorset, UK) 3 times for 5 min each and blocked with 
10% donkey serum (Sigma-Aldrich, Dorset, UK) for 
30  min. After blocking, cells were incubated with 
primary antibody at 4  °C overnight and secondary 
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antibody for 1  h at room temperature under dark in 
sequence (Table  S1). The DAPI mounting media 
(Vector Laboratories, Burlingame, California, USA) 
were mounted on cancer cells. The expressions of 
proteins were detected by a fluorescence microscope.

Western blot analysis

After recovery, SKOV3 cells were adapted with cell 
lysis buffer (Cell signaling Technology, London, UK) 
to extract proteins. The protein samples were mixed 
with NuPAGE LDS sample buffer (ThermoFisher, 
Paisley, UK) and boiled at 95  °C for 10  min. The 
boiled samples were loaded onto a NuPAGE Bis–Tris 
gel (ThermoFisher, Paisley, UK) for electrophoresis. 
After electrophoresis, the protein on the gel was trans-
ferred to a nitrocellulose membrane (ThermoFisher, 
Paisley, UK). The membrane was blocked with 5% 
non-fat milk for 1 h and incubated with primary anti-
body at 4 °C overnight and secondary antibody on the 
next day (Table S1) for 1 h and adapted with luminol 
reagent solution A and B (Santa Cruz Biotechnology, 
Dallas, Texas, USA). The protein bands were detected 
by GeneSnap Version 7.1 (Syngene, Cambridge, 
UK), and the levels of protein were analyzed by Fiji 
(ImageJ 2.0) software (National Institutes of Health, 
Bethesda, Maryland, USA).

Proton NMR spectroscopy

After recovery, the culture media of SKOV3 cells 
were collected. One day before the NMR experiment, 
media samples were thawed at room temperature. The 
sample with 540 μL was collected and mixed with 60 

μL potassium phosphate buffer (pH = 7.4) containing 
1.5 M KH2PO4, 1 mM NaN3, 0.1% TSP, and D2O. A 
total of 580 μL mixture was placed into an NMR tube 
(Bruker Corporation, Rheinstetten, Germany) with an 
outer diameter of 5  mm. 1H-NMR spectra of media 
samples were obtained using a Bruker 600  MHz 
spectrometer (Bruker Corporation, Rheinstetten, Ger-
many) at the operating 1H frequency of 600.13 MHz 
at a temperature of 300  K. A standard NMR pulse 
sequence (recycle delay-90°-t1-90°-tm-90° acquisi-
tion) was applied to acquire 1H-NMR spectral data 
(t1 = 3 μs, tm = 100 ms). The water peak suppression 
was achieved using selective irradiation during a 
recycle delay of 4 s and tm. A 90° pulse was adjusted 
to ~ 10  μs. A total of 32 scans for cell media were 
collected into 64 k data points with a spectral width 
of 20  ppm. 1H-NMR spectral data were acquired 
using TopSpin 4.0.9 (Bruker Corporation, Rhein-
stetten, Germany). The spectral data were imported 
into MATLAB R2018a (MathWorks, Natick, Mas-
sachusetts, USA) and SIMCA (Sartorius, Gottingen, 
Germany) for multivariate statistical analysis. The 
chemical shift ranged from 4.7 to 5.0, and from − 1 to 
0.3 was cut. The spectral data were aligned with the 
recursive segment-wise peak alignment method and 
normalized with the probabilistic quotient normali-
zation method (Dieterle et  al. 2006; Veselkov et  al. 
2009). Metabolites were identified using Chenomx 
software (CHENOMX, Edmonton, Canada).

Statistical analysis

Except for data of 1H-NMR spectroscopy analy-
sis, the other data were presented as dot plot and 
mean ± standard deviation, which was analyzed 
by one-way analysis of variance (ANOVA) fol-
lowed by the Dunnett test for comparison wher-
ever appropriate (GraphPad Prism 8.2.0, Graph-
Pad Software, La Jolla, California, USA). A 
two-sided p value of less than 0.05 was consid-
ered to be a statistical significance. The NMR 
data were imported and processed by MATLAB 
R2018a (MathWorks, Cambridge, UK) program-
ming language with the in house developed MAT-
LAB scripts (Trygg et  al. 2007; Haggart 2019). 
After data was normalized and aligned, PCA and 
OPLS-DA was processed with MATLAB as well 
(Dieterle et al. 2006; Veselkov et al. 2009).

Fig. 1   Cell viability, proliferation, migration, and invasion of 
ovarian cancer cells after sevoflurane or propofol administra-
tion. Ovarian cancer (SKOV3) cells were administered with 
pure culture media (naïve control), 2.5% sevoflurane, or 4 μg/
mL propofol. The cell viability of ovarian cancer cells was 
evaluated with the cell counting kit-8 assay (a). The cell pro-
liferation of ovarian cancer cells was evaluated by identifying 
Ki-67-positive cells (b and c). The migration of SKOV3 cells 
was evaluated by calculating gap closure with the wound heal-
ing assay (d and e). The invasion was evaluated by identifying 
invasive cells with Transwell assay (f and g). The data were 
expressed as mean ± standard deviation and dots plot (n = 6). 
*p < 0.05, **p < 0.01, ****p < 0.0001 versus naïve control. 
Scale bar: 100  μm. NC, naïve control group; S, sevoflurane 
group; P, propofol group

◂



1400	 Cell Biol Toxicol (2023) 39:1395–1411

1 3
Vol:. (1234567890)

Results

Effects of sevoflurane or propofol on cancer 
malignancy

Sevoflurane significantly increased the ovarian can-
cer cell viability of compared to naïve control (NC 
vs. S, 100.0 ± 1.5 vs. 122.0 ± 4.1, p < 0.0001, n = 6), 
while propofol significantly decreased the cell viabil-
ity (NC vs. S, 100.0 ± 1.5 vs. 61.6 ± 5.4, p < 0.0001, 
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n = 6) (Fig.  1a). The proliferation of SKOV3 cells 
was indicated by the number of Ki-67-positive cells 
(Fig. 1b). It was found that the number of Ki-67-pos-
itive cells was significantly increased by sevoflurane 
administration (NC vs. S, 32.0 ± 5.1 vs. 52.4 ± 13.8, 
p = 0.004, n = 6). However, Ki-67-positive cells were 
significantly decreased by propofol treatment (NC vs. 
P, 32.0 ± 5.1 vs. 16.0 ± 7.3, p = 0.019, n = 6) (Fig. 1c).

The migrating capability of ovarian cancer cells 
after sevoflurane treatment was significantly greater 
than that of the naïve control (NC vs. S, 55.2 ± 7.5 
vs. 92.5 ± 8.2, p < 0.0001, n = 6) (Fig.  1d). In con-
trast, the migrate capability of cancer cells was inhib-
ited by propofol exposure (NC vs. P, 55.2 ± 7.5 vs. 
34.3 ± 9.4, p = 0.001, n = 6) (Fig.  1e). The invasion 
of ovarian cancer cells was evaluated by comparing 
the number of invasive cells with the Transwell assay. 
Significantly higher number of invasive cells was 
observed in the sevoflurane group compared to naïve 
control (NC vs. S, 1.0 ± 0.1 vs. 2.2 ± 0.6, p < 0.0001, 
n = 6) (Fig. 1f), whereas propofol exhibited an oppo-
site effect (NC vs. P, 1.0 ± 0.1 vs. 0.4 ± 0.1, p = 0.018, 
n = 6) (Fig. 1g).

Effects of sevoflurane or propofol on the expressions 
of GLUT1, MPC1, and GLUD1

Based on the immunofluorescent staining of cells, the 
intensities of GLUT1 (Fig.  2a) and MPC1 (Fig.  2b) 
were higher in the sevoflurane group compared to 
naïve control, but much lower in the propofol group 
than the naïve control. From Western blot analysis, 
the protein expression levels of GLUT1 (NC vs. S, 
1.0 ± 0.1 vs. 1.4 ± 0.3, p = 0.002, n = 6) and MPC1 

(NC vs. S, 1.0 ± 0.3 vs. 1.5 ± 0.2, p = 0.008, n = 6) 
were significantly increased after sevoflurane expo-
sure (Fig.  2c). However, the expression levels of 
GLUT1 (NC vs. P, 1.0 ± 0.1 vs. 0.3 ± 0.1, p < 0.0001, 
n = 6) and MPC1 (NC vs. P, 1.0 ± 0.3 vs. 0.6 ± 0.3, 
p = 0.036, n = 6) were significantly decreased after 
propofol treatment compared to the naïve control 
(Fig.  2e  and f). Similarly, the expression level of 
GLUD1 was significantly increased by sevoflurane 
administration (NC vs. S, 1.0 ± 0.1 vs. 1.4 ± 0.1, 
p = 0.001, n = 6), but decreased by propofol admin-
istration (NC vs. P, 1.0 ± 0.1 vs. 0.6 ± 0.2, p < 0.001, 
n = 6) (Fig. 2d).

Effects of sevoflurane or propofol on the cellular 
metabolism

The metabolic profiles obtained from media sam-
ples of naïve control, vehicle control, sevoflurane, 
and propofol groups were analyzed using unsuper-
vised PCA analysis with two principal components. 
The PCA scores plot showed a clear grouping pat-
tern among these four groups (Fig.  3a). Pair-wise 
comparisons of naïve control vs. sevoflurane and 
vehicle control vs. propofol groups were carried out 
using OPLS-DA analysis with one predictive com-
ponent and one orthogonal component. Permutation 
p values showed both models of naïve control vs. 
sevoflurane (p = 0.005) and vehicle control vs. propo-
fol (p = 0.005) had significances. The permutation p 
values together with R2X, Q2X, and Q2Y of the two 
models were summarized (Table  1). The OPLS-DA 
scores plots showed clear separations between naïve 
control and sevoflurane group (Fig.  3b) and vehicle 
control and propofol group (Fig. 3d). The OPLS-DA 
loading plots showed that glucose and glutamine con-
centrations were decreased, and the concentration of 
isopropanol was increased in the sevoflurane group 
compared to the naïve control group (Fig. 3c). How-
ever, the concentrations of glucose and glutamine 
were increased, and the concentration of isopropanol 
was decreased in the propofol group in contrast to 
the vehicle control group (Fig.  3e). After anesthet-
ics administration, the concentrations of lactate, 
pyruvate, acetate, alanine, valine, and leucine were 
increased by both sevoflurane and propofol. Further-
more, propofol also increased glycerol, fatty acids, 
asparagine, succinate, acetone, arginine, and isoleu-
cine but decreased ethanol (Table 2).

Fig. 2   The effects of sevoflurane and propofol on GLUT1, 
MPC1, and GLUD1 in ovarian cancer cells. SKOV3 cells were 
exposed to media (naïve control), 2.5% sevoflurane, or 4  μg/
mL propofol. The expressions of GLUT1 (a) and MPC1 (b) 
were detected with immunofluorescent staining. The expres-
sion levels of these two markers were validated with Western 
blot analysis, and the expression level of GLUD1 was also ana-
lyzed (c). The intensity of the bands in Western blot analysis 
was normalized by housekeeping protein GAPDH. The data 
were analyzed with one-way ANOVA and Dunnett multi-com-
parison test (d–f) and was presented as mean ± standard devia-
tion and dots plot (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001 versus naïve control. Scale bar: 50  μm. NC, 
naïve control group; S, sevoflurane group; P, propofol group; 
GLUT1, glucose transporter 1; MPC1, mitochondrial pyruvate 
carrier 1; GLUD1, glutamate dehydrogenase 1; ANOVA, anal-
ysis of variance

◂
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Fig. 3   The metabolomics study of sevoflurane- or propofol-
treated ovarian cancer cells using 1H-NMR spectroscopy. 
Ovarian cancer cells were administered with media (naïve con-
trol), intralipid (vehicle control), 2.5% sevoflurane or 4 μg/mL 
propofol for 2-h plus 24-h recovery time. After treatment, the 
culture media of ovarian cancer SKOV3 cells was collected 
for the 1H-NMR spectroscopy experiment. PCA scores plot of 
1H-NMR spectra of media was shown (a). R2X represented the 
fraction of variance in the 1H-NMR data modeled by two prin-
cipal components (t[1] and t[2]). The OPLS-DA scores plots 
(b: NC vs. S; d: VC vs. P) and loadings plots (c: NC vs. S; e: 

VC vs. P) were derived from 1H-NMR spectral data (n = 10). 
The color bar indicated the correlation coefficient values (r2) 
to be high in red and low in blue. NC, naïve control group; VC, 
vehicle control group; S, sevoflurane group; P, propofol group; 
PCA, principal component analysis; OPLS-DA, orthogonal 
projection to latent structures-discriminant analysis; Glc, glu-
cose; Lac, lactate; Pyr, pyruvate; Gln, glutamine; Ace, acetate; 
Ala, alanine; IPA, isopropanol; Val, valine; Leu, leucine; Eth, 
ethanol; Gro, glycerol; Asn, asparagine; FA, fatty acids; Suc, 
succinate; Acn, acetone; Arg, arginine; Ile, isoleucine
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Regulations of sevoflurane or propofol on PEDF 
expression, Erk pathway, and HIF‑1α expression

From immunofluorescent staining, it was found that 
the fluorescent intensity of PEDF was decreased in 
the sevoflurane group but increased in the propofol 
group compared to naïve control (Fig. 4a). The result 
was validated using Western blot analysis, which 
showed the significantly lower expression level of 
PEDF after sevoflurane exposure (NC vs. S, 1.0 ± 0.1 
vs. 0.6 ± 0.2, p < 0.0001, n = 6) but significantly 
higher after propofol exposure (NC vs. P, 1.0 ± 0.1 vs. 
1.2 ± 0.1, p = 0.043, n = 6) (Fig.  4d). Different from 
PEDF expression levels, the Western blot analysis 
showed that the expression level ratio of p-Erk1/2 to 
Erk1/2 was significantly increased in the sevoflurane 
group (NC vs. S, 1.0 ± 0.1 vs. 1.3 ± 0.2, p = 0.012, 
n = 6), but decreased in the propofol group com-
pared to the control (NC vs. P, 1.0 ± 0.1 vs. 0.7 ± 0.2, 
p = 0.028, n = 6) (Fig.  4e). Similarly, the fluorescent 

Table 1   Summary of the parameters of the OPLS-DA models

The models are based on the media spectral data of SKOV3 
cell line comparing naïve control and sevoflurane treatment 
groups or vehicle control and propofol groups. Permutation p 
values were derived from 100 permutes (n = 10)
Abbreviations: NC, naïve control group; VC, vehicle control 
group; S, sevoflurane group; P, propofol group; OPLS-DA, 
orthogonal projections to latent structures discriminant analy-
sis

Model Type O-PLS-DA statistical parameters

R2X R2Y Q2Y Permutation 
P value

NC vs. S Media 20.49% 99.87% 0.86 0.005
VC vs. P Media 31.78% 99.91% 0.98 0.005

Table 2   Summary of the metabolites that were present in the media of SKOV3 cells

For each model, “ + ” indicates a higher correlation in the treated groups, whereas “ − “ indicates a higher correlation in the control 
groups. The symbol r represents the correlation coefficient values; p represents significance level based on two-tailed heteroscedastic 
t-test; q is corrected values using Benjamini–Hochberg correction
Abbreviations: s, singlets; d, doublets; dd, double of doublets; t, triplets; q, quartets; m, multiplets

Metabolites δ1H Model r p q

Acetate 1.92 (s) NC vs. S 0.85 4.44E-06 5.04E-05
VC vs. P 0.99 6.22E-19 5.04E-16

Acetone 2.24 (s) VC vs. P 0.99 2.11E-18 1.12E-15
Alanine 1.48 (d); 3.78 (q) NC vs. S 0.95 2.53E-10 1.45E-07

VC vs. P 0.97 4.74E-12 1.59E-10
Arginine 1.68 (m), 1.90 (m), 3.23 (t), 3.76 (t) VC vs. P 0.99 3.18E-15 4.05E-13
Asparagine 2.86 (dd), 2.96 (dd), 4.00 (dd) VC vs. P 0.97 3.18E-12 1.13E-10
Ethanol 1.17 (t), 3.65 (q) VC vs. P  − 0.99 5.70E-18 2.50E-15
Fatty acids 0.88 (m); 1.28 (m); 1.58 (m); 2.04 (m); 2.25 (m) VC vs. P 0.88 3.25E-07 2.54E-06
Glucose 3.25 (t); 3.39–3.55 (m); 3.69–3.93 (m); 4.65 (d); 5.24 (d) NC vs. S  − 0.9 1.18E-07 2.99E-06

VC vs. P 0.91 3.66E-08 3.79E-07
Glutamine 2.14 (m); 2.44 (m); 3.77 (m) NC vs. S  − 0.97 3.75E-12 3.16E-08

VC vs. P 0.98 2.22E-14 1.94E-12
Glycerol 3.55 (m); 3.64 (m); 3.78 (m) VC vs. P 0.93 1.79E-09 2.74E-08
Isoleucine 0.94 (t); 1.01 (d); 1.27 (m); 1.48 (m); 3.67 (m) VC vs. P 0.91 3.94E-08 4.04E-07
Isopropanol 1.18 (dd); 4.03 (m) NC vs. S 0.65 2.37E-03 1.24E-02

VC vs. P  − 0.82 8.06E-06 4.34E-05
Lactate 1.33 (d); 4.11 (q) NC vs. S 0.92 3.77E-08 1.58E-06

VC vs. P 0.99 1.35E-15 2.04E-13
Leucine 0.96 (d); 0.97 (d); 1.69 (m); 1.71 (m); 3.74 (t) NC vs. S 0.82 1.58E-05 1.49E-04

VC vs. P 0.93 3.08E-09 4.36E-08
Pyruvate 2.38 (s) NC vs. S 0.89 3.74E-07 6.72E-06

VC vs. P 0.95 1.93E-10 3.85E-09
Succinate 2.41 (s) VC vs. P 0.84 3.47E-06 2.04E-05
Valine 0.99 (d); 1.04 (d); 2.27 (m); 3.61 (d) NC vs. S 0.82 2.06E-05 1.88E-04

VC vs. P 0.91 9.80E-09 1.21E-07
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staining showed SKOV3 cells administered with sevoflurane had a higher intensity of HIF-1α than the 
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naïve control, while those of the propofol group had 
a lower intensity of HIF-1α than control (Fig.  4b). 
From Western blot analysis, it was also found that 
the expression level of HIF-1α was significantly 
increased after cancer cells administered with sevo-
flurane (NC vs. S, 1.0 ± 0.3 vs. 1.5 ± 0.5, p = 0.045, 
n = 6), but significantly decreased after propofol treat-
ment compared to the control (NC vs. S, 1.0 ± 0.3 vs. 
0.4 ± 0.3, p = 0.037, n = 6) (Fig. 4f).

Effects of sevoflurane or propofol on CXCL12 and 
CXCR4 expressions

According to immunofluorescent staining, the 
intensity of CXCL12 was increased in the sevo-
flurane group but decreased in the propofol group 
(Fig. 5a and c). Similarly, the fluorescent staining of 
CXCR4 was higher in the sevoflurane group than the 
control, and the intensity of the marker was lower in 
the propofol group than the control (Fig. 5b  and d). 
These results showed that the expressions of CXCL12 
and CXCR4 were both increased by sevoflurane but 
decreased by propofol administration. The original 
data was included in Table S2.

Discussion

Our current study suggested that inhalational anes-
thetic sevoflurane enhanced ovarian cancer cell 
viability, proliferation, migration, and invasion. 
In contrast, intravenous anesthetic propofol inhib-
ited those cellular activities. These phenotypic 

changes may be correlated with the upregulated 
expressions of GLUT1, MPC1, GLUD1, p-Erk1/2, 
HIF-1α, CXCL12 and CXCR4, and the downregu-
lated PEDF expression by sevoflurane. Sevoflurane, 
but not propofol, promoted the energic metabolism 
efficiency of ovarian cancer cells by enhancing 
the uptake of the metabolic substrates such as glu-
cose and glutamine and improved their growth and 
malignancy (Fig. 6).

Clinically, patients are administered with propofol 
for maintenance of general anesthesia under target 
plasma concentration of propofol of 4 μg/mL (Zheng 
et al. 2022), while 2–3% sevoflurane is usually given 
to patients for anesthesia maintenance (Yancik 1993; 
Nickalls and Mapleson  2003). In addition, most sur-
gery lasts for 2–3 h. Therefore, our data reported here 
were achieved under that the dose or concentration 
and anesthetic exposure time are all clinically relevant.

The lower concentration of glucose and higher 
concentration of pyruvate in the media were found 
after sevoflurane exposure compared to the naïve 
control, which was in line with the upregulated 
expression level of GLUT1. The enhanced activ-
ity of GLUT1 may transport more glucose into the 
cytoplasm to convert to pyruvate, which explained 
the metabolic changes in the media after sevoflu-
rane administration. In contrast, propofol down-
regulated GLUT1, which resulted in less glucose 
uptake from media, and hence, the concentration of 
glucose was increased after propofol exposure. The 
cellular glucose uptake via a high level of GLUT1 
expression was correlated with the malignancy of 
cancers (Leung 2007; Pezzuto et  al. 2020) and the 
overexpression of GLUT1 in cancer cells was essen-
tial for the high rate of glycolysis (Wright 2020). 
Propofol was reported to downregulate the GLUT1 
gene in macrophages (Tanaka et  al. 2010) and this 
was due to the downregulation of GLUT1 proteins 
in the rat brain tissue under hypoxic preconditioning 
(Xiao et al. 2020). This condition mimics the cancer 
cell scenario: under high proliferative rate, cancer 
cells had inadequate oxygen supply and were under 
hypoxic conditions (Mudassar et  al. 2020). These 
support our findings that the malignancy of ovarian 
cancer cells was related to the expression of GLUT1 
after anesthetic administration.

The concentration of lactate was increased in 
both sevoflurane and propofol treatments, resulting 
from the increased glycolysis of pyruvate and thus 

Fig. 4   The opposite effects of sevoflurane and propofol on 
the PEDF/Erk/HIF-1α pathway in ovarian cancer cells. Ovar-
ian cancer cells were administered with media (naïve control), 
2.5% sevoflurane, or 4  μg/mL propofol. The expressions of 
PEDF (a) and HIF-1α (b) were detected with immunofluo-
rescence. The expression levels of PEDF, p-Erk1/2, Erk1/2, 
and HIF-1α were evaluated with Western blot analysis (c). 
The intensity of PEDF and HIF-1α bands was normalized 
by GAPDH (d and f). At the same time, the intensity of the 
p-Erk1/2 band was normalized by Erk1/2 (e). Data were ana-
lyzed with one-way ANOVA with the Dunnett multi-compar-
ison test and presented as mean ± standard deviation and dots 
plot (n = 6). *p < 0.05, ****p < 0.0001 versus naïve control. 
Scale bar: 50  μm. NC, naïve control group; S, sevoflurane 
group; P, propofol group; PEDF, pigment epithelium-derived 
factor; p-Erk1/2, phospho-extracellular-signal-regulated kinase 
1 and 2; HIF-1α, hypoxia-inducible factor-1 alpha; ANOVA, 
analysis of variance

◂
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subsequently more lactate being generated. It was 
reported that sevoflurane and propofol both increased 
the lactate level in the blood of dogs (Söbbeler et al. 
2018). Another study in mice also demonstrated that 
sevoflurane increased pyruvate and lactate levels 
(Horn and Klein 2010). All these reports were in line 
with the findings of our current study.

It was found that both MPC1 and GLUD1 expres-
sions were upregulated after sevoflurane exposure 
but were downregulated after propofol treatment. 
Besides, the concentration of glutamine in media was 
decreased after sevoflurane administration. MPC1, a 
member of the mitochondrial carrier system, locates 
at the inner membrane of mitochondria and transports 

Fig. 5   The expressions of CXCL12 and CXCR4 in ovarian 
cancer cells after sevoflurane or propofol exposure. SKOV3 
cells were exposed to pure culture media (naïve control), 2.5% 
sevoflurane, or 4 μg/mL propofol for 2 h and followed by 24-h 
recovery. The expressions of CXCL12 (a) and CXCR4 (b) 
were detected with immunofluorescent staining (green) and 

overlaid with DAPI (blue). Sevoflurane exposure increased 
CXCL12 (c) and CXCR4 (d) in ovarian cancer cells, while 
propofol decreased the expressions of both markers. NC, 
naïve control group; S, sevoflurane group; P, propofol group; 
CXCL12, C-X-C motif chemokine ligand 12; CXCR4, C-X-C 
motif chemokine receptor 4
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pyruvate into mitochondria from the cytoplasm (Tay-
lor 2017). The expression of MPC1 is decreased in 
most tumor types, especially those under a high pro-
liferation rate related to the increased rate of glycoly-
sis. This suggests that pyruvate likely shifts from the 
mitochondrial TCA cycle to cytoplasm glycolysis, 
which does not require oxygen supply as cancer cells 
are usually under hypoxic conditions (Rauckhorst 
and Taylor  2016). In addition, glutaminolysis com-
pensates for the disturbed function of the TCA cycle 
due to less pyruvate intake and cancer cells, in turn, 
uptake glutamine and convert them into glutamate. 
The glutamate can be converted to α-ketoglutarate 

under the activation of GLUD1 and used by the TCA 
cycle to restore the survival of cancer cells as the 
intermediates of the TCA cycle are the source for the 
synthesis of amino acids, proteins, fatty acids, lipids, 
carbon skeleton, and nucleic acids (Yoo et al. 2020). 
Evidence from other studies showed propofol might 
disturb the mitochondrial respiratory chain, which 
was related to the TCA cycle (Berndt et al. 2018). It 
was also reported that unlike the inhibitory effects 
of propofol, sevoflurane preserved the mitochondrial 
respiratory chain function in a myocardial ischemic 
model (Lotz et  al. 2020). Our data demonstrated 
that after sevoflurane administration, the MPC1 and 

Fig. 6   The molecular 
interactions in ovarian 
cancer cells after anesthetic 
administration. Sevoflurane 
upregulated the expressions 
of GLUT1, MPC1, and 
GLUD1, which induced 
glucose uptake, pyruvate 
mitochondrial transporta-
tion, and glutaminolysis. 
These processes enhanced 
the TCA cycle activity 
and decreased the PEDF 
expression. The downregu-
lation of PEDF upregulated 
the HIF-1α via the Erk1/2 
pathway. The role of 
HIF-1α was as a transcrip-
tional regulator, which 
upregulated tumor-related 
genes. However, propofol 
had an opposite function 
on the above biomarkers. 
GLUT1, glucose transporter 
1; MPC1, mitochondrial 
pyruvate carrier 1; GLUD1, 
glutamate dehydrogenase 1; 
PEDF, pigment epithelium-
derived factor; p-Erk1/2, 
phospho-extracellular-
signal-regulated kinase 1 
and 2; HIF-1α, hypoxia-
inducible factor-1 alpha
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GLUD1 expressions were upregulated, enhancing 
the activity of the TCA cycle to meet the demands 
of cancer survival and progression. The decreased 
glutamine concentration in media suggested that the 
utilization of glutamine was likely increased, and glu-
taminolysis was then promoted. With the disturbed 
function of the TCA cycle after propofol exposure, 
amino acids that can be used in the TCA cycle were 
accumulated, such as asparagine and arginine (Pasini 
et al. 2018), which was consistent with our findings.

Another “mirror change” of metabolites between 
sevoflurane and propofol administration was iso-
propanol except for glucose and glutamine. It was 
reported that the level of isopropanol was increased in 
the exhaled breath of lung cancer patients, and it had 
been regarded as a potential biomarker for lung can-
cer diagnosis (Chien et al. 2017). It seemed the level 
of isopropanol had some correlations with cancer 
malignancy, which was consistent with the findings of 
this study that sevoflurane enhanced the malignancy 
of ovarian cancer cells and increased the level of iso-
propanol, while propofol inhibited the malignancy of 
ovarian cancer cells and decreased the level of isopro-
panol. Isopropanol can be reversibly converted to ace-
tone (Beauchamp et al. 2016; Li et  al. 2017), which 
may also contribute to the increased level of acetone 
in the media of the propofol group.

The levels of glycerol and fatty acids were 
increased in the propofol group. Through β-oxidation 
of fatty acids, acetyl-CoA is generated and used in the 
TCA cycle (Liu 2006). Thus, the changes of glycerol 
and fatty acids in the propofol group were another 
evidence that the mitochondria function and TCA 
cycle was inhibited or disturbed by propofol treat-
ment. The glycerol and fatty acids might also come 
from cell membrane degradation and phospholipid 
metabolism. From an earlier study, it was found 
that propofol affected the membrane ultrastructure 
of HeLa cells that the surface roughness of cellular 
membrane was decreased in a dose-dependent man-
ner (Zhang et al. 2016).

In the current study, the expression level of PEDF 
was decreased after sevoflurane administration but 
increased after propofol treatment. In human retinal 
pigment epithelium, the expression of GLUT1 was 
increased under hypoxia conditions that resulted 
in the increased uptake of glucose, which led to a 
decrease of PEDF expression (Calado et  al. 2016a, 
b). Another study also reported that the PEDF gene 

overexpression in mice was related to reducing glu-
cose uptake and decreased expression of GLUT1 
(Calado et al. 2016a, b). These reports were consist-
ent with our findings that sevoflurane increased the 
GLUT1 expression and glucose uptake, which led to 
a downregulated expression of PEDF. However, an 
opposite effect was found with propofol treatment.

In the current study, the Erk1/2 signaling pathway 
was induced after sevoflurane exposure but inhibited 
after propofol exposure. There was evidence that the 
increased PEDF expression was related to the Erk1/2 
signaling pathway inhibition in a diabetic model 
(Dong et al. 2019), which was in line with our results. 
HIF-1α is a transcriptional factor regulated by vari-
ous signaling pathways, including the Erk1/2 pathway 
(Liu et al. 2020). In cancer cells, the HIF-1α is over-
expressed, which regulates tumor survival-related 
genes, such as CXCL12 and CXCR4 (Gola et al. 2020; 
Xue et al. 2020). It was in line with the current study 
data that sevoflurane upregulated the Erk1/2 signaling 
pathway and HIF-1α, CXCL12, and CXCR4 expres-
sions while propofol downregulated these molecular 
entities.

Our study has some limitations. Firstly, the cause 
and effect between cellular signaling changes and 
metabolic alterations induced by anesthetics remains 
unknown. However, it is very likely that, for example, 
sevoflurane promotes cancer cell survival and devel-
opment due to cell survival signaling pathway activa-
tion and, subsequently, metabolic changes occurred. 
Secondly, how our cultured cell study related to 
human disease is not known. However, retrospective 
clinical studies indicated that breast, colonic, and rec-
tal cancer patients were anesthetized with inhalational 
anesthetics sevoflurane or desflurane, or intravenous 
anesthetic propofol during surgery, and the survival 
rate of propofol anesthetized patients were signifi-
cantly higher than those with inhalational anesthe-
sia (Enlund et al. 2014; Wu et al. 2018). Laboratory 
data, including the one reported here, and retrospec-
tive clinical data, all point to that sevoflurane might 
be a risk factor for cancer patients, while propofol 
may benefit cancer patients for their surgery. There-
fore, clinical studies are urgently needed to optimize 
anesthesia regimens for better surgical outcomes for 
cancer patients. Thirdly, it might be worth assessing 
a longer recovery period and at different time points 
after anesthetic exposure with colony survival assay. 
However, our study was designed to mimic clinical 
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settings for surgery with relative short exposure and 
recovery period of anesthetics use. The conclusion 
derived from our data reported here is likely valid 
clinically per se. Fourthly, other cancer cell lines 
and/or normal cell lines should be used and other 
biomarkers, for example, nuclear factor erythroid 
2-related factor 2 (NRF2) and p53, should be deter-
mined in the present study as well. Propofol inhibited 
the cell viability, proliferation, migration, and inva-
sion of lung cancer cells; all of which were associ-
ated with several pro-tumor genes (such as VEGFA, 
CTBP1 and CST7) were downregulated but several 
anti-tumor genes (such as NR4A3, RB1, and NME1) 
of lung cancer cells were upregulated after propofol 
treatment. However, these were not noticed on neuro-
glioma cells (Hu et al. 2021). These indicate that the 
cancer cell biology of anesthetics depends on differ-
ent cancer cells, and thus, further study is needed.

Conclusions

The current study demonstrated that sevoflurane 
upregulated GLUT1, MPC1, and GLUD1 expressions 
of ovarian cancer cells, while propofol downregulated 
the expressions of these molecules. These regula-
tions by sevoflurane or propofol on ovarian cancer 
cells led to different metabolic features. The upregu-
lated GLUT1 expression and, in turn, increased 
glucose uptake after sevoflurane exposure resulted 
in a decreased expression of PEDF. In contrast, an 
increased expression of PEDF was found after propo-
fol treatment. Furthermore, unlike propofol, sevo-
flurane upregulated the Erk1/2 pathway, HIF-1α, 
CXCL12, and CXCR4 expressions through PEDF 
inhibition per se. In summary, the profiling alterations 
of molecular and metabolic modulations found in the 
present study indicate the pro- and anti-tumor prop-
erties of sevoflurane and propofol, respectively. The 
translational value of these findings should be further 
studied in pre-clinical and clinical settings.
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