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Introduction: Intravenous anesthesia with propofol was reported to improve cancer surgical outcomes
when compared with inhalational anesthesia. However, the underlying molecular mechanisms largely
remain unknown.
Objectives: The anti-tumor effects of propofol and the possible underlying mechanism including altered
metabolic and signaling pathways were studied in the current study.
Methods: The cell viability, proliferation, migration, and invasion of cancer cells were analyzed with
CCK-8, Ki-67 staining, wound healing, and Transwell assay, respectively. The protein changes were ana-
lyzed with Western blot and immunofluorescent staining. The metabolomics alteration was studied with
1H-NMR spectroscopy. The gene expression regulations were analyzed with PCR gene array and qRT-PCR
experiments.
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 Results: In this study, we found that propofol reduced cell viability and inhibited cell proliferation, migra-
tion and invasion of lung cancer cells, but not neuroglioma cells. In lung cancer cells, propofol downreg-
ulated glucose transporter 1 (GLUT1), mitochondrial pyruvate carrier 1 (MPC1), p-Akt, p-Erk1/2, and
hypoxia- inducible factor 1 alpha (HIF-1 a ) expressions and upregulated pigment epithelium-derived
factor (PEDF) expression. Propofol increased intracellular glutamate and glycine but decreased acetate
and formate whilst increased glucose, lactate, glutamine, succinate, pyruvate, arginine, valine, isoleucine,
and leucine and glycerol, and decreased acetate, ethanol, isopropanol in the culture media of lung cancer
cells. Furthermore, VEGFA, CTBP1, CST7, CTSK, CXCL12, and CXCR4 gene expressions were downregu-
lated, while NR4A3, RB1, NME1, MTSS1, NME4, SYK, APC, and FAT1 were upregulated following the
propofol treatment. Consistent with the phenotypical changes, these molecular and metabolic changes
were not found in the neuroglioma cells.
Conclusion: Our findings indicated anti-tumor effects of propofol on the lung cancer but not brain cancer,
through the regulation of tumor metastasis-related genes, multi-cellular signaling and cellular
metabolism.
� 2021 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Cancer is the second leading disease of death worldwide [1,2].
Owing to ageing population globally, the incidence of cancer is
increasing [2]. Among all the types of cancers, lung cancer caused
the highest mortality in adults reported in 2017 [3], whilst in chil-
dren, the mortality of brain tumor is higher than other cancer types
[4].

Surgery remains the primary therapy for solid organ cancer
including lung cancer [5,6]. However, most cancer patients after
surgery die due to the metastasis and recurrence. Recurrence can
be local, regional and distant recurrence [7], and the recurrence
type, severity, and incidence are determined by many factors,
including malignancy of cancer, surgical trauma and stress, adju-
vant therapies and beyond [8].

It has been recognized that anesthetics and techniques may also
contribute to the outcomes of cancer patients after surgery. For
example, it was reported that patients received inhalational anes-
thetics had a shorter recurrent free life when compared to those
who were administered with intravenous anesthetic propofol dur-
ing their surgical treatments for cancer [9]. However, the mecha-
nisms underlying these clinical findings remain unknown. A
previous study demonstrated volatile anesthetics, such as, sevoflu-
rane, isoflurane, and desflurane, upregulated the metastatic genes
in ovarian cancer cells [10]. Furthermore, unlike propofol, isoflu-
rane was also demonstrated to increase hypoxia-inducible factor-
1 alpha (HIF-1a) [11], which is a transcriptional factor associated
with the progression of a variety of cancer types, such as breast,
colonic and lung cancer [12]. HIF-1a can be activated by its
upstream effectors, such as Akt and Erk1/2 [13,14]. Akt, also known
as protein kinase B, belongs to the cAMP-dependent protein kinase
superfamily, which is involved in many biological functions, for
example, cell cycle, nutrient metabolism, and transcriptional regu-
lation [15]. Erk1/2 is also involved in a variety of biological func-
tions, including proliferation, differentiation and cell survival
[16]. Akt and Erk1/2 signaling pathways can be regulated by a
diversity of factors, such as pigment epithelium-derived factor
(PEDF) [17,18]. PEDF is a secreted protein of serine protease inhibi-
tor family and has anti-angiogenic, anti-tumor, and neurotrophic
functions; and its therapeutic value for heart disease, choroidal
neovascularization and cancer has been explored [19,20].

In the current study, the role of PEDF and HIF-1a in anti-cancer
property of propofol will be determined in lung and brain cancer
cell cultures. We hypothesized that propofol downregulates glu-
cose transporter 1 (GLUT1) and mitochondrial pyruvate carrier 1
(MPC1, also called BRP44L, brain protein 44-like) expressions,
which leads to the disturbance of metabolisms of cancer cells.
These changes may alter PEDF expression, which in turn, downreg-
2

ulates HIF-1a expression via Akt and Erk1/2 cellular signaling
pathways. The suppression of HIF-1a expression finally affects
tumor-related gene expressions and changes cancer cell malig-
nancy and biology.

Materials and methods

Cell culture

Lung cancer (A549) and neuroglioma (H4) cell lines were
obtained from ECACC (Wiltshire, UK). A549 cell line was grown
in Gibco RPMI media 1640 (ThermoFisher, Paisley, UK) supple-
mented with 10% fetal bovine serum (FBS) and 1% penicillin–strep-
tomycin (ThermoFisher, Paisley, UK), while H4 cell line was
cultured in Gibco Dulbecco’s Modified Eagle Medium (Thermo-
Fisher, Paisley, UK) supplemented with 10% FBS and 1%
penicillin–streptomycin. A549 and H4 cells were cultured at
37 �C with 5% CO2 and balanced with air. Cells were treated with
4 lg/mL propofol (Sigma-Aldrich, Dorset, UK) for 2 h when the
seeded cells formed a continuous monolayer. Intralipid (Santa Cruz
Biotechnology, Dallas, Texas, USA) was used as vehicle control.
After which, cell media was replaced with fresh media for the next
24 h for further experiments.

Cell counting kit-8 viability assay

The cultured A549 and H4 cells were added with cell counting
kit-8 (CCK-8) solution (Sigma-Aldrich, Dorset, UK). The blank well
was with media and cell counting kit-8 solution but without cells.
Cancer cells were incubated at 37 �C with 5% CO2 for 2 h. The opti-
cal density (OD) values were obtained via a microplate reader (Bio-
Tek, Swindon, UK) at 450 nm wavelength. The cell viability was
calculated as: [OD (Test) - OD (Blank)]/[OD (Control) - OD
(Blank)] X 100%.

Wound healing scratch migration assay

Cancer cells were scratched in the center of the confluent
monolayer and taken a picture under microscope as the baseline.
The cells were incubated in media without FBS for 24 h, after
which the picture was taken again at the same region. The percent-
age of scratching gap closure was analyzed with ImageJ 2.0
(National Institutes of Health, Bethesda, Maryland, USA).

Transwell invasion assay

Cells were collected after the dissociation by trypsin (Sigma-
Aldrich, Dorset, UK). They were re-suspended with serum-free
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media and seeded into the upper chamber of the Transwell assay
kit (Sigma-Aldrich, Dorset, UK), which was pre-embedded with
Matrigel (Sigma-Aldrich, Dorset, UK) while the lower chamber
was filled with serum-enriched media. After incubation for 24 h,
the upper chamber was fixed in 70% methanol for 30 min, which
was followed by 15 min staining with 0.1% crystal violet (Sigma-
Aldrich, Dorset, UK). After removal of the cells on the upper mem-
brane, the cells remained on the bottommembrane were identified
as invasive cells.

Immunofluorescent staining for protein expression and/or Ki-67 cell
proliferation

A549 and H4 cells were fixed with 4% paraformaldehyde solu-
tion in PBS (Santa Cruz Biotechnology, Dallas, Texas, USA) for
15 min, which was followed by the blocking procedure with 10%
normal donkey serum (Sigma-Aldrich, Dorset, UK) for 30 min. After
blocking, they were incubated with the primary antibodies
(Table S1) at 4 �C overnight and then probed with the secondary
antibodies (Table S1). The cells were mounted with DAPI (40, 6-
diamidino-2-phenylindole) mounting media (Vector Laboratories,
Burlingame, California, USA), and imaged by fluorescent micro-
scopy. ImageJ 2.0 software (National Institutes of Health, Bethesda,
Maryland, USA) was used to quantify analysis wherever necessary.

Western blotting determining protein expression

Western blotting was done using our established protocol [10].
The treated cells were lysed in cell lysis buffer (Cell Signaling, Dan-
vers, Massachusetts, USA) and the protein concentration of the
supernatant sample of cell lysis was measured. Protein samples
with 60 lg were loaded into 4–12% polyacrylamide gel (Life Tech-
nologies, Paisley, UK) to be electrophoresed for 1.5 h. After trans-
ferring the protein bands onto a polyvinylidene difluoride (PVDF)
membrane, the membrane was blocked with 5% non-fat milk for
1 h, before incubation with the primary antibodies (Table S1) at
4 �C overnight. After washing, the membrane was incubated with
the secondary antibodies (Table S1) for 1 h at room temperature.
The membrane was immersed with the enhanced chemilumines-
cence (ECL) system (Santa Cruz Biotechnology, Dallas, Texas,
USA), and developed by GeneSnap (Syngene, Cambridge, UK). The
intensity of blot bands was quantified with ImageJ 2.0 (National
Institutes of Health, Bethesda, Maryland, USA).

Nuclear magnetic resonance spectroscopic analysis of cells and media

Cell pellets were collected with trypsin (Sigma-Aldrich, Dorset,
UK) and placed into a bead beater tube (STARLAB Science Labora-
tory, Hamburg, Germany) containing 0.1 g sterile beads with a
diameter of 0.1 mm and 1.5 mL of the pre-chilled mixture of
methanol (Thermo Fisher, Paisley, UK) and water (MeOH:H2O, v:
v, 1:1). The tubes were placed in a bead beater (Bertin Instruments,
Montigny-le-Bretonneux, France) to homogenize the samples
using two cycles of 6,500 Hz for 40 s with 5 min on dry ice between
cycles. The samples were then centrifuged at 10,000 g at 4 �C for
10 min and the supernatants were transferred to new Eppendorf
tubes before drying at 45 �C overnight and stored at �40 �C. The
dry cell extract samples were resuspended in 210 lL of potassium
phosphate buffer (pH = 7.4) containing deuterium oxide (D2O) for
magnetic field lock, 0.01% 3-(trimethylsilyl)-[2,2,3,3-2H4]-
propionic acid sodium salt (TSP) for the spectral calibration,
0.15 M KH2PO4, and 0.1 mM sodium azide (NaN3). The resulting
3

mixture was centrifuged at 20,817 g for 10 min, and 180 lL super-
natant was transferred to an NMR tube (Bruker Corporation, Rhe-
instetten, Germany) with an outer diameter of 3 mm pending
1H-NMR spectral acquisition.

The cell media were collected and centrifuged at 18,000 g for
10 min. A total of 540 lL supernatant was mixed with 60 lL potas-
sium phosphate buffer containing D2O, 0.1% TSP, 1.5 M KH2PO4 and
1 mM NaN3. The mixture was transferred to an NMR tube with an
outer diameter of 5 mm pending 1H NMR spectral acquisition.

The 1H-NMR spectra of cell extract and media samples were
obtained using a Bruker 600 MHz spectrometer (Bruker Corpora-
tion, Rheinstetten, Germany) 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� acquisition) was
applied to acquire 1H NMR spectral data (t1 = 3 ls, tm = 100 ms).
The water peak suppression was achieved using selective irradia-
tion during a recycle delay of 4 s and tm. A 90� pulse was adjusted
to ~ 10 ls. A total of 32 scans were collected into 64 k data points
with a spectral width of 20 ppm.

PCR gene array

RNeasy mini kit� and QIAshredder (QIAGEN, West Sussex, UK)
were employed to obtain total RNA from cells. A BioPhotometer
(Eppendorf, Stevenage, UK) was used to determine the quantity
and quality of RNA. The A260/A280 and A260/A230 ratio greater
than 1.8 and 1.7 respectively, were regarded as sufficient quality
for further analysis. The RT2 First Strand Kit (QIAGEN, West Sussex,
UK) was utilized to convert total RNA to complementary DNA
(cDNA), which was then mixed with SYBR Green ROX FAST Master-
mix (QIAGEN, West Sussex, UK). The mixture was added in an RT2

ProfilerTM PCR Array Human Tumor Metastasis (QIAGEN, West Sus-
sex, UK), which was processed and analyzed with the Rotor-Gene Q
system (QIAGEN, West Sussex, UK).

qRT-PCR determining gene expression

Paired oligonucleotide forward and reverse primers (Table S2)
for C-X-C chemokine receptor type 4 (CXCR4) and GAPDH were
designed using Primer Designer (Scientific and Educational Soft-
ware, Durham, USA) against the sequence downloaded from Gen-
Bank and obtained from Invitrogen. The process of RNA
extraction and cDNA generation was the same as those in the
PCR array experiment. The cDNA sample was mixed with forward
and reverse primers and SYBR Green ROX qPCR Mastermix (QIA-
GEN, West Sussex, UK). The PCR mixture was processed and ana-
lyzed with the Rotor-Gene Q system (QIAGEN, West Sussex, UK).
All mRNA data were expressed relative to the endogenous control
gene, GAPDH.

Statistical analysis

Data were expressed as median (range) or mean ± standard
deviation and dot plot wherever appropriate. Except the data of
Ki-67 staining, wound healing, and 1H NMR, the individual controls
were grouped to calculate the internal variation and all changes
induced by treatments relative to the mean of controls of other
measurements were calculated for statistical data analyses. Data
were then further analyzed with Kruskal-Wallis test, followed by
Dunn’s test or one-way analysis of variance (ANOVA) followed by
Dunnett test for comparison (GraphPad Prism 8.2.0, GraphPad Soft-
ware, La Jolla, California, USA) wherever applicable. The gene data
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in the two group were statistically analyzed with unpaired t test (if
the effect size is large) or Mann-Whitney U test (if the effect size is
small) [21,22]. A two-sided p value of<0.05 was considered to be a
statistical significance. The NMR data were imported and pro-
cessed by MATLAB R2018a (MathWorks, Cambridge, UK) program-
ming language with MATLAB scripts [23,24]. After data was
normalized with probabilistic quotient normalization method
and aligned with recursive segment-wise peak alignment method,
principal component analysis (PCA) and orthogonal projections to
latent structures discriminant analysis (OPLS-DA) were used to
analyze the processed spectral data [59,60]. The RNA array data
was uploaded to GeneGlobe Data Analysis Centre (QIAGEN online
program) and then analyzed.
Results

Effects of propofol on cancer malignancy in lung cancer and
neuroglioma cells

Propofol decreased the cell viability of A549 cells (Fig. 1A) (NC
vs. P of median [min–max range], 100.30% [93.74%, 104.7%] vs.
91.98% [89.02%, 94.63%], p < 0.001, n = 8), while there was no sig-
nificant change in H4 cells (Fig. S1A; NC vs. P, p = 0.24, n = 8). A sig-
nificant decrease of Ki-67 positive cell numbers was observed in
A549 cells treated with propofol compared with the naïve control
(Fig. 1B and C) (NC vs. P: 29.14% [21.87%, 51.64%] vs. 5.44% [5.12%,
7.33%], p < 0.05, n = 5). In contrast, no change was detected in H4
cells (Fig. S1B and C; p = 1.00 for NC vs. P, n = 5).

Propofol administration significantly decreased the migration of
A549 cells (Fig. 1D and E) (NC vs. P: 55.38% [48.05%, 57.14%] vs.
23.56% [14.55%, 26.17%], p < 0.01, n = 5), but not H4 cells
(Fig. S1D and E; p = 1.00 for NC vs. P, n = 5). As shown by Transwell
assay, the invasion of A549 was significantly decreased (NC vs. P,
1.00 ± 0.14 vs. 0.67 ± 0.07, p < 0.01, n = 5) by propofol (Fig. 1F
and G), while no significant difference (NC vs. P, p = 0.89, n = 5)
in numbers of invasive cells following propofol administration
was seen in H4 cells (Fig. S1F and G).

Propofol downregulated GLUT1 and MPC1 expressions in lung cancer
cells but not in neuroglioma cells

The immunofluorescent staining of A549 cells showed GLUT1 (a
cell membrane glucose transporter) and MPC1 (a mitochondrial
pyruvate transporter) markers had clear co-expressions in naïve
control group and vehicle control group, while both expressions
in propofol group were significantly decreased (Fig. 2A). The pro-
tein expression levels of GLUT1 (0.29 ± 0.13 vs. 1.00 ± 0.69 of con-
trol, p < 0.05, n = 6) and MPC1 (0.55 ± 0.09 vs. 1.00 ± 0.16 of control,
p < 0.01, n = 6) were significantly decreased by propofol treatment
(Fig. 2B-D). In H4 cells, GLUT1 and MPC1 expressions had no signif-
icant changes among naïve control, vehicle control, and propofol
groups in immunofluorescent staining (Fig. S2A and B) and Wes-
tern blotting analysis (Fig. S2C-F) (NC vs. P, GLUT1, p = 0.74;
MPC1, p = 0.99, n = 6).

Propofol disturbed the metabolism of lung cancer but not neuroglioma
cells

The 1H-NMR spectroscopy was used to analyze metabolic
changes in cell extract and media samples of A549 and H4 cells.
Pair-wise comparisons between control and propofol group of
A549 and H4 cells were carried out using OPLS-DA analysis with
4

one predictive component and one orthogonal component. R2X,
Q2X, Q2Y and permutation p values of OPLS-DA models were sum-
marized in Table S3. The changes of metabolites observed in pair-
wise comparisons were shown in Table S4. It showed a clear sep-
aration in A549 cell extract samples between control and propofol
groups (Fig. 2E). The significant difference was contributed by
increased cellular concentrations of glutamate and glycine and
decreased concentrations of formate and acetate in propofol group
(Fig. 2F). The separation in media samples between control and
propofol groups of A549 cells was also clear (Fig. 2G). With propo-
fol treatment, the concentrations of glucose, lactate, glutamine,
succinate, pyruvate, arginine, valine, isoleucine, leucine, glycerol
and lipids were increased, while the concentrations of acetate,
ethanol, and isopropanol were decreased (Fig. 2H). However, no
significant metabolic differences between the propofol and the
control groups in either H4 cells or media (permutation p
values > 0.05).

Propofol increased PEDF expressions in lung cancer cells but not in
neuroglioma cells

PEDF expression in A549 and H4 cells was evaluated using
immunofluorescent staining and Western blotting. The
immunofluorescent staining of A549 cells showed that the expres-
sion level of PEDF in propofol group was higher than naïve control
group (Fig. 3A). A significant increase in PEDF protein in the propo-
fol group was observed compared with naïve control group based
on Western blotting analysis (NC vs. P, 1.00 ± 0.42 vs. 3.07 ± 1.95,
p < 0.05, n = 6), but not between naïve and vehicle control groups
in A549 cells (Fig. 3E and F). The immunofluorescent staining
(Fig. S3A) and Western blotting analysis (Fig. S3C and D) of H4
cells showed no significant change between any groups analysis
(NC vs. P, p = 0.37, n = 6).

Propofol suppressed both Akt and Erk pathways in lung cancer but not
neuroglioma cells

Akt and Erk pathways, which could be affected by PEDF, were
evaluated. The immunofluorescent staining showed both p-Akt
(Fig. 3B) and p-Erk (Fig. 3C) of lung cancer cells were suppressed
by propofol treatment. Western blotting analysis showed a signif-
icant decrease of p-Akt/Akt between the naïve control and propofol
group (NC vs. P, 1.00 ± 0.45 vs. 0.35 ± 0.07, p < 0.01, n = 6) (Fig. 3E
and G). Moreover, the evaluation for p-Erk/Erk showed the similar
pattern that a significant change was identified between the naïve
control and propofol group (NC vs. P, 1.00 ± 0.52 vs. 0.38 ± 0.07,
p < 0.01, n = 6), but not between naïve and vehicle control group
(Fig. 3E and H). In H4 cells, there was no significant change
between any groups of p-Akt/Akt (NC vs. P, p = 1.00, n = 6,
Fig. S3C and E) and p-Erk1/2 ratio Erk1/2 (NC vs. P, p = 0.72,
n = 6, Fig. S3C and F).

HIF-1a expression was downregulated by propofol in lung cancer but
not neuroglioma cells

HIF-1a is one of the downstream pathways of Akt and Erk path-
ways. The immunofluorescent staining showed HIF-1a expression
in A549 cells was decreased after propofol treatment (Fig. 3D). HIF-
1a expression in A549 cells measured by Western blotting was
also decreased in the propofol group (0.67 ± 0.14, p < 0.01, n = 6)
compared with the naïve control group (1.00 ± 0.20) (Fig. 3E and
I). However, HIF-1a expression in H4 cells was not changed follow-



Fig. 1. The cell viability, proliferation, migration, and invasion of lung cancer cells after propofol exposure. Lung cancer (A549) cells were treated with intralipid (vehicle
control), 4 lg/mL propofol, or pure culture media (naïve control). Cell viability of lung cancer cells was evaluated with the CCK-8 assay (A). Cell proliferative capability of
A549 cells was evaluated with Ki-67 immunofluorescent staining (B) to compare the Ki-67 positive cell percentage in A549 cells (C). The migration was assessed via wound
healing assay (D) with statistical analysis of the percentage of gap closure of A549 cells (E). The invasion of A549 cells (F) was evaluated by Transwell assay with the statistical
analysis of the relative ratio of invasive cell number to NC (G). The data of CCK-8, Ki-67 staining, and wound healing assay were expressed as median with range and dot plot
(n = 5–8). The data of Transwell assay was expressed as mean ± standard deviation and dot plot (n = 5). *p < 0.05, **p < 0.01, ***p < 0.001 versus naïve control. Scale bar:
100 lm. NC, naïve control; VC, vehicle control; P, propofol.
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Fig. 2. Propofol disturbed cellular metabolism via down-regulating GLUT1 and MPC1 in lung cancer cells. Lung cancer A549 cells were administered with 4 lg/mL
propofol or intralipid (vehicle control) or media without drugs (naïve control) for 2 h followed by 24 h recovery time. GLUT1 (green) and MPC1 (red) expressions were
identified by dual-immunofluorescent staining (A). The expression levels of GLUT1 and MPC1 were validated with Western blotting analysis (B-D). The intensity of Western
blotting bands was normalized by housekeeping protein GAPDH. Data were analyzed with one-way analysis of variance (ANOVA) followed by Dunnett multi-comparison test.
Data were presented as mean ± standard deviation and dot plot (n = 6). Orthogonal projection to latent structures-discriminant analysis (OPLS-DA) loadings plots from 1H
NMR spectral data of the A549 cell extract (E and F) and media samples (G and H) for comparisons as control vs. propofol (n = 9–10). E and G: OPLS-DA scores plot; F and H:
OPLS-DA loadings plot. The color bar indicates the correlation coefficient values (r2) to be high in red and low in blue. *p < 0.05; **p < 0.01 versus naïve control. Scale bar:
50 lm. Metabolites and r2 value were presented below, F: formate (0.58); Glc: glucose (0.90); Gln: Glutamine (0.83); Glu: glutamate (0.67); Eth: ethanol (0.98); Gly: glycine
(0.58); Suc: succinate (0.98); Pyr: pyruvate (0.81); Ace: acetate (0.62); Arg: arginine (0.94); Lac: lactate (0.74); Gro: glycerol (0.98); FA: fatty acids (0.86); IPA: isopropanol
(0.61); Val: valine (0.49); Ile: isoleucine (0.98); Leu: leucine (0.79). NC: naïve control; VC: vehicle control; P: propofol; C: control; GLUT1: glucose transporter 1; MPC1:
mitochondrial pyruvate carrier 1.
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Fig. 3. Propofol up-regulated PEDF and down-regulated p-Akt/Akt, p-Erk1/2 ratio Erk1/2, and HIF-1a in lung cancer cells. Lung cancer (A549) cells were administered
with a clinically relevant concentration 4 lg/mL of propofol for 2 h. The expression of PEDF (A), p-Akt (B), p-Erk (C), and HIF-1a (D) was analyzed by immunofluorescent
staining. The target protein (green) was overlaid with DAPI (blue). The expression levels of PEDF, p-Akt, Akt, p-Erk1/2, Erk1/2, HIF-1a, and GAPDH were analyzed by Western
blotting (E). The intensity of Western blotting bands was normalized by housekeeping protein GAPDH (F-I). Data were analyzed with one-way analysis of variance (ANOVA)
followed by Dunnett multi-comparison test. Data were presented as mean ± standard deviation and dot plot (n = 6). *p < 0.05, **p < 0.01 versus naïve control. Scale bar:
50 lm. NC: naïve control; VC: vehicle control; P: propofol; PEDF: pigment epithelium-derived factor; p-Akt: phospho-Akt; Erk1/2: extracellular-signal-regulated kinase 1/2;
p-Erk1/2: phospho-Erk 1/2; HIF-1a: hypoxia-inducible factor-1 alpha.

C. Hu, M. Iwasaki, Z. Liu et al. Journal of Advanced Research 31 (2021) 1–12
ing propofol exposure (Fig. S3C and G) (p = 0.91 for NC vs. P of Wes-
tern blotting analysis, n = 6).

Effects of propofol on tumor-related gene expressions of lung cancer
and neuroglioma cells

Out of 84 tumor-related genes, 6 pro-tumor genes, namely,
VEGFA, CTBP1, CST7, CTSK, CXCL12, and CXCR4, were downregulated
7

in the propofol group compared with control. In addition, 8 anti-
tumor genes including NR4A3, RB1, NME1, MTSS1, NME4, SYK,
APC, and FAT1 were upregulated (Fig. 4A) in lung cancer cells.
Among these altered gene expressions (summarized in Table S5),
CXCR4 were significantly downregulated by propofol administra-
tion (Fig. 4B, CXCR4, C vs. P, 1.000 ± 0.004 vs. 0.986 ± 0.004,
p < 0.05, n = 3). The similar changes were subsequently validated
by qRT-PCR (Fig. 4C) (0.23 ± 0.16 vs. 1.00 ± 0.41 of control,



Fig. 4. Propofol altered lung cancer cell mRNA expression levels of tumor-
related genes assessed by PCR array and qRT-PCR. Lung cancer (A549) cells were
treated with 4 lg/mL propofol or intralipid as the control for 2 h and then recovered
for up to 24 h. A. The PCR array analysis of tumor-related genes. Unsupervised
hierarchical cluster analysis using Euclidean distance from the low-density arrays.
Propofol upregulated 8 anti-tumor genes and downregulated 6 pro-tumor genes of
A549 cells (n = 3). The data is relative to endogenous control, GAPDH. Red and green
colors indicate relatively high and low expression, respectively. The results of CXCR4
obtained from A549 cells using PCR array (B, n = 3) and qRT-PCR (C, n = 3) were
presented. The result of CXCR4 obtained from H4 cells using qRT-PCR was presented
(D, n = 5). Data were expressed as mean ± standard deviation and dot plot. *p < 0.05
versus control. C: control; P: propofol; VEGFA: vascular endothelial growth factor A;
CTBP1: C-terminal binding protein 1; CST7: cystain 7; CTSK: cathepsin K; CXCL12: C-
X-C motif chemokine 12; CXCR4: C-X-C chemokine receptor type 4; NR4A3: nuclear
receptor subfamily 4 group A member 3; RB1: retinoblastoma susceptility 1; NME1:
NME/NM23 nucleoside diphosphate kinase 1; MTSS1: metastasis suppressor I-BAR
domain containing 1; NME4: NME/NM23 nucleoside diphosphate kinase 4; SYK:
spleen tyrosine kinase; APC: adenomatous polyposis coli; FAT1: FAT tumor
suppressor homolog 1.
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p < 0.05, n = 3). However, there was no significant change in CXCR4
expression (Fig. 4D, p = 0.42, n = 5) in H4 cells between control and
propofol groups.

The statistical values of CCK-8 assay, Ki-67 staining, would heal-
ing assay, Transwell assay, Western blot, PCR array and qRT-PCR
experiment were also summarized in Table S6.
Discussion

In the current study, we found that propofol, one of the most
commonly used intravenous general anesthetic, downregulated
GLUT1, MPC1, HIF-1a, p-Akt and p-Erk1/2 expressions and upreg-
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ulated PEDF in lung cancer cells but not in brain cancer cells
(Fig. 5). Furthermore, 6 pro-tumor genes were downregulated
and 8 anti-tumor genes were upregulated after propofol adminis-
tration, while the cell metabolism of lung cancer cells was altered
by propofol. Ultimately, the cell viability, proliferation, migration
and invasion of lung cancer cells were suppressed by propofol.
However, these effects of propofol were not found in neuroglioma
cells. Our data indicated that the malignancy of lung cancer cells
was attenuated by propofol, which might be associate with the
alterations of cell metabolisms and cell signaling pathways.

In this study, propofol was found to inhibit GLUT1 and MPC1
expressions, which were located at the cellular and mitochondrial
membrane, respectively. In line with our data, propofol was previ-
ously reported to suppress GLUT1 expression in human myeloid
leukemia cells [25]. MPC1 is responsible for transferring pyruvate
into mitochondria for the tricarboxylic acid (TCA) cycle, which is
a major energy synthesis pathway for normal cells [26]. However,
in contrast to normal cells, cancer cells are more likely to shift from
mitochondrial oxidative phosphorylation to glycolysis, such phe-
nomenon is called ‘‘Warburg effect” [27]. ‘‘Warburg effect”
requires the downregulation of MPC1 in cancer cells and the
MPC1 levels are relatively low in several cancer types, including
lung cancer [28,29]. Although cancer cells do not mainly rely on
the TCA cycle to generate ATP, it still requires the TCA cycle to pro-
duce the intermediates for the synthesis of nucleic acids, fatty
acids, and carbon skeleton [30]. However, MPC1 deficiency was
reported to increase the malignancy of lung adenocarcinoma via
STAT3 pathway [29]. This discrepancy between that study and ours
remains to be investigated, but in most of cancer types including
lung cancer, the glucose uptake was increased by upregulating
GLUT1 level [31]. Our data showed that both MPC1 and GLUT1
expression were downregulated by propofol exposure, indicating
that the malignancy of the lung cells used in our study was sup-
pressed via cell metabolism by propofol, but this warrants further
study.

Interestingly, resveratrol is a phenolic structured natural
healthy supplement that not only blocks the activity of GLUT1,
but also downregulates the expression level of GLUT1. It was found
that the exposure of resveratrol to leukemic and ovarian cancer
cells inhibits the uptake of glucose [32]. Resveratrol was found to
inhibit the proliferation, metastasis and epigenetic alterations,
and induce the apoptosis in vitro and in vivo studies of breast can-
cer [33]. Lonidamine, an anti-tumor drug, was found to kill cancer
cells by inhibiting the activity of MPC1. This was in agreement with
our 1H NMR spectral data, which showed that pyruvate, lactate and
glucose in the media of lung cancer cells was increased by propo-
fol, indicating that glucose uptake was inhibited and pyruvate was
more converted to lactate and less entered the TCA cycle. This was
very likely due to the decrease of MPC1 demonstrated in our study
while propofol itself induced mitochondrial bilayer perturbations
might contribute to this. In cancer cells, pyruvate is converted to
formate and acetyl-CoA catalyzed by pyruvate formate lyase, and
acetyl-CoA can be metabolized to acetate or enter TCA cycle [34].
The concentrations of formate and acetate were decreased follow-
ing the administration of propofol, indicating pyruvate metabolism
towards the production of acetyl-CoA was reduced. In cancer cells,
apart from glucose, glutamine is another nutrition source, which is
converted to glutamate and used in TCA cycle, namely glutaminol-
ysis [35]. Our data showed that the concentration of glutamine and
glutamate was increased in media and lung cancer cell extracts
respectively after treated with propofol, which was an evidence
of lower activity of glutaminolysis and TCA cycle. The metabolism
of other amino acids was also affected, including glycine, succinate,



Fig. 5. The cellular signaling interactions in lung cancer cells after propofol administration. Propofol downregulates GLUT1, which decreases glucose uptake into cell
plasma. Propofol also downregulates MPC1 expression, which converts pyruvate more to lactate and less to formate and acetate or enters TCA cycle. The decreased level of
TCA activity uses less glutamate, which inhibits the uptake of glutamine. Furthermore, the decreased activation of TCA cycle inhibits the generation of intermediates for the
synthesis of nucleic acids, fatty acids, and carbon skeleton. The less uptake of glucose induces the secretion of PEDF. PEDF inhibits both Akt and Erk phosphorylation, which
leads to the downregulation of HIF-1a. HIF-1a is less translocated into the nucleus and increases anti-tumor genes or decreases pro-tumor genes. Propofol disturbs
metabolism and alters tumor-related genes and ultimately inhibits the malignancy of lung cancer cells. GLUT1: glucose transporter 1; MPC1: mitochondrial pyruvate carrier
1; TCA: tricarboxylic acid; PEDF: pigment epithelium-derived factor; Erk1/2: extracellular signal-regulated kinase 1/2; HIF-1a: hypoxia-inducible factor 1 alpha.
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arginine, valine, isoleucine, and leucine. Glycine was elevated in
lung cancers administered with propofol as glycine can be con-
verted to pyruvate, which is relevant with glucose metabolism or
TCA cycle [36]. Isoleucine, leucine, valine, succinate, and arginine
was elevated in the media of propofol group, which further
indicted that propofol inhibited the metabolism of lung cancer
cells, leading to less utilization of amino acids. Isopropanol, a
9

potential primary lung cancer biomarker [37], was decreased in
lung cancer cells with propofol treatment, suggesting that the pro-
gression of lung cancer cells was inhibited by the treatment.
Although the metabolism of isopropanol was not fully understood,
some reports claimed that isopropanol might be transformed from
acetone, which was converted from pyruvate [38,39]. Another
source of acetone is from beta-oxidation of fatty acids in mitochon-
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dria [40]. Propofol might injure mitochondrial beta-oxidation,
which generated less acetone to convert to isopropanol. These
findings collectively indicated that propofol likely causes mito-
chondrial injury and disturbs cancer cell metabolisms. One can
argue that propofol may be also harmful to normal cells and even
patients. Indeed, propofol infusion syndrome occurs when some
patients are administered with a high dose infusion of propofol
for more than 48 h [41], which was reported to be related to mito-
chondrial injury such as oxidative phosphorylation defect [42,43].
It is true that propofol is different from other anesthetics as it has a
unique phenolic structure, which gives it a lipophilic property that
can be solubilized inside the lipid membrane bilayer and induce
the lipid perturbations [44,45], whilst the lipid bilayer is the plat-
form for protein–protein interaction and cellular signaling modula-
tion, and its perturbations can affect several signaling pathways
and biochemical reactions [46]. Therefore, compared to normal
cells, cancer cells are more vulnerable to propofol, which decreases
the malignancy of cancer cells without harm to normal cells and
patients during cancer surgery for relatively short time use.

It was reported that with higher glucose uptake, PEDF expres-
sion was decreased in retinal Muller cells [47,48]. In line with this,
GLUT1 was downregulated in lung cancer cells by propofol and less
glucose was transferred into lung cancer cells. It was consistent
with our finding of elevated glucose in media, which might suggest
less glucose was utilized by cells. This might induce the secretion
of PEDF, which was confirmed with our both immunofluorescent
staining and Western blot data (Fig. 3). PEDF has an anti-tumor
and anti-angiogenesis property and some tumor malignancy-
related cellular signaling pathways in lung cancer cells may likely
be interrupted by the increased level of PEDF. Indeed, Akt and Erk
in lung cancer cells were inhibited by propofol as shown in our
study and also reported previously [49,50]. Our group previously
demonstrated that volatile anesthetic isoflurane enhanced the
malignancy of renal cancer cells by activating HIF-1a via Akt sig-
naling pathway [51]. Overexpressed HIF-1a had been found in
many aggressive cancer types and was found to correlate with
tumor progression [52,53]. In contrast to inhaled anesthetics,
propofol inactivated HIF-1a in lung cancer cells in the current
study; this is consistent with prostate cancer cells in which propo-
fol inhibited the synthesis of HIF-1a through Akt pathway which
was initially induced by isoflurane and then suppressed by the
superposition of propofol as we reported [11]. HIF-1a is a key tran-
scriptional regulator which are involved in cell survival, prolifera-
tion, migration and invasion [54]. Our PCR array results showed
that several pro-tumor genes (for example, VEGFA, CXCL12, and
CXCR4) were downregulated and anti-tumor genes (for example,
RB1, APC, and FAT1) were upregulated (Table S5). These were in
contrast to volatile anesthetics which induced the tumor meta-
static related genes that were associated with the enhanced malig-
nancy of ovarian cancer cells [10]. Interestingly, a retrospective
clinical study showed that patients received tumor resection were
grouped into total intravenous anesthesia (propofol and remifen-
tanil) or inhalational anesthesia (isoflurane or sevoflurane) groups.
It was found that patients received inhalational anesthesia during
cancer surgery had a lower 3 year-survival rate than those received
propofol-based intravenous anesthesia [9]. In another study, it was
concluded that propofol-based intravenous anesthesia for colonic
cancer surgery was associated with better survival rate than
desflurane-based inhalational anesthesia [55]. Arguably, these
clinical data are well supported by our current findings that propo-
fol inhibits the malignancy of cancer cells, albeit derived from lung
cancer.
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In contrast, the expressions of GLUT1, MPC1, PEDF, p-Akt, p-Erk,
and HIF-1a were not changed in neuroglioma cells by propofol. In
addition, no significant changes were identified in our metabolism
and PCR data. Unlike lung cancer cells, the cell viability, prolifera-
tion, migration, and invasion of neuroglioma cells were not signif-
icantly inhibited by propofol either. Why neuroglioma cells
behaved so different to propofol compared to lung cancer cells is
unknown and warrants further study. One can argue that, in gen-
eral, brain cancer is very insensitive to chemotherapy and/or radio-
therapy, indicating that this type of cancer is more robust than
other cancer types. Nevertheless, our study may support clinical
retrospective observations, in which patients were under either
propofol or sevoflurane maintenance of anesthesia for glioma
resection and their progression-free or overall survival were not
different between two anesthetic regimens [56,57]. The current
study was based on in vitro assays and the future investigation
need to be carried out in vivo to evaluate the effect of propofol at
the systemic level. Clinically, there are many other risk factors,
for example, surgery induced inflammation and abnormal immune
function during perioperative period, that also affect the prognosis
of cancer patients after surgery. It was reported that propofol
increased the cytotoxicity effects of natural killer (NK) cells, which
might also benefit the outcome of cancer patients [58]. All these
point to that propofol may be a good choice of anesthetics used
during surgery for certain cancer type but in order to better simu-
late clinical scenarios, in vivo and clinical studies are required.
Conclusion

Our data suggested that unlike brain cancer cells, propofol dis-
turbed the metabolism, decreased GLUT1 and MPC1 expressions,
and increased PEDF expression of lung cancer cells. PEDF then
inhibited HIF-1a via both Akt and Erk signaling and consequently
upregulated anti-tumor genes and downregulated pro-tumor
genes. The alteration of tumor-related genes together with the dis-
turbance of cellular metabolism may ultimately lead to the inhibi-
tion of malignancy of lung cancer cells. Our study likely leads to
new anesthetic regimens for lung cancer surgery to reduce lung
cancer post-surgical recurrent risk. However, in vitro experimental
setting cannot represent clinical scenario and, therefore, further
clinical study/trial are required to valid the benefit effects of
propofol found in our study.
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