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Abstract. Surgery for patients with complicated liver cancer 
often results in a long exposure to anesthesia with an increase 
in side effects. Continued long‑term exposure to isoflurane 
may promote liver cancer progression. Small ubiquitin‑like 
modifier (SUMO)  2 and  3, also known as SUMO2/3, 
conjugates to substrate proteins when cells undergo acute 
stress. However, whether or not SUMO2/3 is involved in 
isoflurane‑mediated liver cancer progression is unknown. In 
the present study, hepatocellular carcinoma (HCC) cells were 
exposed to 2% isoflurane for 12 h, followed by 36 h of drug 
withdrawal, and the formation of SUMO2/3 conjugates and 
cancer behavioral characteristics were studied. The results 
demonstrated that the formation of SUMO2/3 conjugates was 
significantly increased following HCC cells being exposed 
to isoflurane for 0.5 h, and continued to increase for 48 h, 
even after the drug had been withdrawn. Furthermore, 
isoflurane‑exposed HCC cells exhibited increased prolifera‑
tion and invasion activity during the subsequent observation 
period. SUMO specific protease 3 (SENP3), which inhibits 
the binding of SUMO2/3 to its target proteins, was over‑
expressed and it was discovered that isoflurane‑induced 
SUMOylation was significantly inhibited, and accordingly, 
the proliferation and invasion abilities of HCC cells were 
decreased to a certain extent. These findings indicated that 
SUMO2/3 is involved in the progression of HCC cells, at 

least in the Hep3B cell line, induced by the anesthetic isoflu‑
rane, and that inhibition of SUMO2/3 may antagonize the 
response. These results provided a novel target for decreasing 
the adverse reactions occurring in patients with HCC during 
anesthesia, particularly those who are exposed to isoflurane 
for long periods of time.

Introduction

Primary liver cancer is currently the fourth most common 
malignant tumor type and the third leading cause of mortality 
from cancer in China (1). There are three pathological types 
of primary liver cancer, including hepatocellular carcinoma 
(HCC), intrahepatic cholangiocarcinoma (ICC) and a mixed 
HCC‑ICC type. Of these, HCC accounts for 85‑90% of the 
cases (2). These cancers differ significantly in pathogenesis, 
biological behavior, histological morphology, treatment 
methods and prognosis (3). The diverse pathological types 
coupled with their characteristic rich blood supply dictate 
the specific surgical and anesthesia techniques used for 
treatment (4).

Almost all liver cancer surgeries are inevitably subject 
to prolonged anesthesia. Among all volatile anesthetics, 
isoflurane may be used to induce and maintain general 
anesthesia to eliminate the behavioral response of patients 
undergoing tumor resection  (5). However, several studies 
have demonstrated that continuous isoflurane exposure results 
in the alteration of tumor cell behavior, including increased 
cell proliferation, invasion and metastasis. Huang et al (6) 
reported that isoflurane enhanced the proliferation and 
chemo‑resistance of prostate cancer cells through regulating 
the HIF‑1α pathway. In non‑small cell lung cancer cells, 
exposure to isoflurane promoted cancer cell proliferation by 
activating the Akt‑mTOR signaling pathway (7). In addition, 
it was reported that, under exposure to isoflurane, melanoma 
grew faster in male mice than in female mice (8). In summary, 
these phenomena suggest that isoflurane exposure may be a 
promoting factor in the progression of the majority of cancer 
types (9).

SUMOylation, a form of protein post‑translational 
modification, frequently contributes toward the malignant 
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progression of tumors through involvement in various 
intracellular processes, including transcriptional regula‑
tion, nuclear transport, maintaining genomic integrity and 
signal transduction (10‑13). In general, SUMO1 mediates 
delayed reactions, while SUMO2 and SUMO3 are involved 
in acute cellular stress responses (14). To date, it has not 
been determined whether isoflurane, a specific acute stress 
inducer, exerts its cancer‑promoting effect on HCC by 
activating the SUMO2/3 pathway. In the present study, 
differences in SUMO2/3 protein expression were observed 
in HCC cells following isoflurane treatment and the effect 
of isoflurane on HCC cells was determined. The results 
indicated that isoflurane may significantly induce the acti‑
vation of SUMO2/3 protein in HCC cells, characterized 
by an increase in the conjugated form of SUMO2/3 during 
the acute phase of isoflurane stimulation. Overexpression 
of SENP3 inhibited the binding of SUMO2/3 to the target 
protein, which significantly inhibited the isoflurane‑induced 
activation of HCC cells. The results of the present study 
provide potential targets for anesthesiologists to decrease 
the side effects of anesthetic drugs during prolonged liver 
cancer surgery.

Materials and methods

HCC cell culture and isoflurane exposure. The human‑derived 
hepatocellular carcinoma Hep3B cell line was purchased 
from the American Type Culture Collection (ATCC). The 
cells were placed in an incubator at 37˚C with 5% CO2 and 
cultured in Dulbecco's modified Eagle's medium (DMEM), 
supplemented with 10%  fetal bovine serum  (FBS), 
100 U/ml penicillin and 100 µg/ml streptomycin (all Gibco; 
Thermo Fisher Scientific, Inc.). Prior to isoflurane exposure, 
the Hep3B cells were cultured in 60‑mm plates at a density of 
1x106 cells per plate for 12 h. The plates were then placed in a 
1.5‑liter airtight chamber with a continuous flow of 2% isoflu‑
rane (Abbott Laboratories Ltd.), 21%  oxygen, 5%  carbon 
dioxide and 72% nitrogen for 12 h, followed by a 36‑h period 
of drug withdrawal. The control group did not receive isoflu‑
rane treatment.

Gene transfection. A 2nd  generation system was used 
for lentiviral transfection. The overexpressing vector 
for pWPXLD‑GFP‑SENP3 or pWPXLD‑GFP (Biogot 
Technology, Co. Ltd.), the packaging plasmid, psPAX2 
(Addgene, Inc.), and the envelope plasmid, pMD2.G 
(Addgene, Inc.), were transfected into 293T  cells at 
the ratio of 4:3:1 for production of lentiviral particles. 
Lipofectamine 2000™ (Thermo Fisher Scientific, Inc.) was 
used as the transfection reagent, and the ratio of transfection 
reagent to plasmid was 1:2.5. The supernatant was filtered 
through a 0.45‑µm filter and was concentrated to 108 PFU/ml 
by passing through an ultrafiltration tube (EMD Millipore). 
The concentrated virus was then aliquoted, snap frozen 
in liquid nitrogen and stored at ‑80˚C as soon as possible 
to avoid loss of titer. In order to improve the efficiency of 
infection, two  infections were performed in total. First, 
the concentrated virus was used to infect Hep3B cells 
with 20‑30%  confluence (5x105  cells) in a 60‑mm dish 
with 8 mg/ml polybrene. The cells were incubated at 37˚C 

with 5%  CO2 for ~18  h, or until the following morning. 
Subsequently, the medium was carefully aspirated. The 
virus that had been aliquoted and preserved was used to 
infect Hep3B cells with 50‑60% confluence with 8 mg/ml 
polybrene a second time. Infected cells were selected using 
1 mg/ml puromycin. After successfully obtaining stable cell 
lines, 0.5 mg/ml puromycin was used to maintain the stable 
cell system. After 15 days, gene transfection efficiency was 
verified by western blot analysis.

Western blot analysis. Total protein was extracted from 
Hep3B cells after 0.5, 2, 6 and 12 h of isoflurane exposure, and 
under conditions of 12 h of isoflurane exposure, followed by 
drug withdrawal for a period of 12 or 36 h through incubation 
in RIPA buffer (Beijing Solarbio Science & Technology Co., 
Ltd.), supplemented with 1 mM phenylmethanesulfonyl fluo‑
ride and 20 mM N‑ethylmaleimide. Bicinchoninic acid assay 
(cat. no. PC0020; Beijing Solarbio Science & Technology Co., 
Ltd.) was used for protein quantification. Subsequently, 100 µg 
protein was separated on 4‑12% SDS‑PAGE gels, transferred 
onto polyvinylidene fluoride membranes (EMD Millipore, 
Inc.), blocked with 5% skimmed milk and 0.1% Tris‑buffered 
saline with 1 ml/l Tween‑20 for 1 h at 37˚C, and incubated 
with specific antibodies overnight at  4˚C following the 
parameters provided in Table I. The membranes were then 
incubated for 1  h at room temperature with horseradish 
peroxidase‑conjugated mouse anti‑rabbit IgG (1:2,000; 
cat.  no.  sc‑2357; Santa Cruz Biotechnology, Inc.) or goat 
anti‑chicken IgY H&L (1:2,000; cat. no.  ab6877; Abcam) 
secondary antibodies. A Super Signal protein detection kit 
(cat. no. 34095; Pierce; Thermo Fisher Scientific, Inc.) was 
used to detect protein signals according to the manufacturer's 
protocol. Following development, the value of each band was 
quantified by ImageJ version 1.48 image analysis software 
(National Institutes of Health).

Cell proliferation assay. The proliferation activity of tumor 
cells was measured using the Cell Counting kit‑8 (CCK‑8; 
Shanghai Yeasen Biotechnology Co., Ltd.). Hep3B cells 
were cultured in 96‑well plates for 24 h in normal medium, 
followed by a 12 h isoflurane exposure. The culture media 
was then replaced with fresh media, and cells were cultured 
for an additional 36 h. To determine the proliferation rate of 
the tumor cells, CCK‑8 (5 mg/ml) was added to each well and 
the cells were incubated for 1 h, followed by measuring the 
absorbance of each well at 450 nm using a microplate reader 
(Bio‑Rad Laboratories, Inc.). Finally, the absorbance values 
were used to derive the relative cell number from a standard 
curve.

Wound healing assay. When cell confluence in a 6‑well plate 
reached 90%, the Hep3B cells were exposed to 2% isoflurane 
for 12 h in DMEM supplemented with 10% FBS. The plates 
were removed and the medium was replaced with serum‑free 
DMEM. The surface of the cells was lightly scratched using a 
200 µl pipette tip to create a wound healing model. The scratch 
width was measured and recorded as S0 under a light micro‑
scope (magnification, x200; Olympus cellSens Entry 1.16; 
Olympus Corporation). After 36  h of routine culture in 
serum‑free DMEM, the distance between the two sides of the 
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scratch was measured again and recorded as S1. The actual 
healing distance was calculated by S0‑S1.

Invasion assay. The invasion capacity of the tumor cells 
was detected using a Transwell culture chamber. In brief, 
1x104 Hep3B cells were seeded into the upper chambers 
precoated with Matrigel overnight at 37˚C (BD Biosciences), 
and the lower chambers remained empty. Next, the 
Transwell chamber was transferred into an airtight chamber 
and exposed to 2%  isoflurane for 12  h. The Transwell 
culture chamber was then removed and the medium in the 
upper chambers was replaced with serum‑free DMEM, 
and DMEM medium containing 10%  FBS was added 
to the lower chambers. After 36 h of culture at 37˚C, the 
membrane of the upper chamber was stained with crystal 
violet for 10  min at room temperature. The number of 
invading cells was counted under an inverted light micro‑
scope (magnification, x200; Olympus cellSens Entry 1.16; 
Olympus Corporation).

Statistical analysis. The data are presented as the mean 
± standard deviation and were analyzed using GraphPad Prism 6 
software. Comparisons between two groups were performed 
using a Student's t‑test. Differences between multiple groups 
were analyzed by a one‑way analysis of variance followed by 
Tukey's test. P<0.05 was considered to indicate a statistically 
significant difference. All the experiments were repeated 
three times.

Results

Isoflurane exposure significantly increases the number 
of SUMO2/3 conjugates. SUMO2 and SUMO3 are two 
members of the SUMO family that participate in the acute 
stress response. To observe the effect of isoflurane expo‑
sure on SUMO2/3 protein expression, the human‑derived 
HCC Hep3B line was exposed to 2%  isoflurane for 0.5, 
2, 6 and 12 h. The results indicated that a short period of 
isoflurane exposure resulted in significant changes in the 
expression of SUMO2/3 protein in hepatoma cells. This 
was manifested by an increased number of SUMO2/3 
conjugates at 0.5 h of isoflurane exposure, and this upward 
trend continued with prolonged exposure to isoflurane 
(Fig.  1A  and  B). To determine whether the number of 
SUMO2/3 conjugates changes following the withdrawal 
of isoflurane, the HCC cells were exposed to isoflurane for 
12 h, and the cells were cultured in fresh medium without 
isoflurane for an additional 12 h (total 24 h) and 36 h (total 

48 h). The results indicated that the number of SUMO2/3 
conjugates continued to increase until 48 h, and this upward 
trend did not change following the withdrawal of isoflurane 
(Fig. 1A and B).

Isoflurane exposure promotes malignant progression of 
liver cancer cells. Next, the effects of isoflurane exposure 
on the behavior of liver cancer cells were investigated. The 
results of the CCK‑8 experiment demonstrated that HCC 
cells exhibited a faster proliferation rate following exposure 
to isoflurane for 12 h (Fig. 2A). The effects of isoflurane on 
liver cancer cell migration and invasion were then examined. 
The results indicated that the tumor cells exposed to isoflurane 
exhibited a stronger migration (Fig. 2B and C) and invasion 
ability (Fig. 2D and E). These results indicated that isoflurane 
exposure promotes the proliferation, migration and invasion 
of HCC cells and induces the malignant progression of liver 
cancer.

Overexpression of SENP3 effectively inhibits the generation 
of SUMO2/3 conjugates. It has been reported that SENP3 
may specifically inhibit the binding of SUMO2/3 to its target 
proteins. Therefore, SENP3 was overexpressed in HCC 
cells through gene transfection and the resulting number of 
SUMO2/3 conjugates were detected by western blot analysis. 
The results demonstrated that the control HCC cells expressed 
lower levels of SENP3 protein (Fig. 3A and B). By contrast, 
gene transfection significantly increased the expression level 
of SENP3 protein in HCC cells. As a result, the ability of 
SUMO2/3 to bind to its target protein was inhibited and the 
number of SUMO2/3 conjugates was significantly decreased 
(Fig. 3A and B).

Inhibition of SUMO2/3 disrupts the malignant progression of 
liver cancer cells exposed to isoflurane. The effect of inhib‑
iting the number of SUMO2/3 conjugates on the progression 
of liver cancer cells exposed to isoflurane was investigated 
by overexpressing SENP3. The results of cell proliferation 
experiments revealed that overexpression of SENP3 antago‑
nized isoflurane‑induced proliferation of HCC cells (Fig. 4A). 
Furthermore, inhibition of SUMO2/3 conjugate formation by 
overexpression of SENP3 significantly inhibited the migra‑
tion (Fig. 4B and C) and invasion (Fig. 4D and E) of HCC 
cells resulting from isoflurane exposure. Taken together, these 
results indicated that overexpression of SENP3 may effectively 
inhibit the generation of SUMO2/3 conjugates and antagonize 
the malignant progression of liver cancer cells induced by 
isoflurane exposure.

Table I. Information regarding all antibodies used in the present study.

Antibody	 SUMO2/3	 SENP3	 GFP	 β‑actin	 IgG	 IgY

Supplier	 Abcam	 Abcam	 Abcam	 Abcam	 Santa Cruz Biotechnology, Inc.	 Abcam
Catalog no.	 ab3742	 ab124790	 ab13970	 ab8227	 sc‑2357	 ab6877
Dilution factor	 1:1,000	 1:2,000	 1:5,000	 1:1,000	 1:2,000	 1:2,000

SENP3, SUMO specific protease 3; SUMO2/3, small ubiquitin‑like modifier 2/3.

https://www.spandidos-publications.com/10.3892/ol.2021.12535
https://www.spandidos-publications.com/10.3892/ol.2021.12535
https://www.spandidos-publications.com/10.3892/ol.2021.12535
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Discussion

In China, liver cancer accounts for the second highest 
mortality rate from malignant tumors in cities and represents 
the highest mortality rate in certain rural areas (15). Guangxi 

Province has experienced a particularly high incidence of 
liver cancer in mainland China  (16). At present, surgery 
remains the primary treatment method for liver cancer (17). 
The pathological type, tumor volume, intrahepatic location, 
invasive disease and distant metastasis affect the duration 

Figure 2. Isoflurane exposure promotes the malignant progression of HCC cells. (A) The proliferation activity of HCC cells was evaluated using a Cell 
Counting kit‑8 assay. (B and C) The migratory ability of HCC cells was determined by a wound healing experiment (scale bar, 20 µm). (D and E) The invasive 
ability of HCC cells was determined by a Transwell experiment (scale bar, 20 µm). Data are presented as the mean ± standard deviation (n=8); *P<0.05, 
**P<0.01, compared with the control group. HCC, hepatocellular carcinoma.

Figure 1. Isoflurane increases the production of SUMO2/3 conjugates in hepatocellular carcinoma cells. (A) The protein expression of SUMO2/3 conjugates 
was determined by Western blot analysis. (B) Bar graph from A. Data are presented as the means ± standard deviation (n=3); **P<0.01 or ***P<0.001, compared 
with the 0 h group. ∆P<0.05, compared with the 12 h group. SUMO2/3, small ubiquitin‑like modifier 2/3.
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Figure 4. SENP3 overexpression antagonizes the malignant progression of HCC cells caused by isoflurane exposure. (A) Proliferation of HCC cells was 
determined by a Cell Counting kit‑8 assay. (B and C) The migratory ability of HCC cells was determined using a wound healing assay (scale bar, 20 µm). 
(D and E) The invasive ability of HCC cells was determined by a Transwell experiment (scale bar, 20 µm). Data are presented as the mean ± SD (n=8); *P<0.05, 
**P<0.01, compared with the control group. ∆P<0.05, compared with the isoflurane exposure group. SENP3, SUMO specific protease 3; HCC, hepatocellular 
carcinoma.

Figure 3. SENP3 overexpression inhibits SUMO2/3 conjugate formation. (A) Protein expression was investigated by Western blot analysis. (B) Bar graph of 
data from A. Data are presented as the mean ± standard deviation (n=3); **P<0.01 or ***P<0.001, compared with the 0 h group. SENP3, SUMO specific protease 
3; SUMO2/3, small ubiquitin‑like modifier 2/3.

https://www.spandidos-publications.com/10.3892/ol.2021.12535
https://www.spandidos-publications.com/10.3892/ol.2021.12535
https://www.spandidos-publications.com/10.3892/ol.2021.12535
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of liver cancer surgery and expose patients to anesthesia 
for extended periods of time (17). It is generally believed 
that short‑term exposure to narcotic drugs does not cause 
significant adverse effects in patients (18). However, inap‑
propriate drug selection, long‑term anesthetic drug exposure 
and the quality of patient liver function, may affect long‑term 
prognosis (19). Therefore, elderly and frail patients and those 
with abnormal liver function are given extra attention by 
anesthesiologists.

Among narcotic drugs, halogen anesthetics, including 
sevoflurane, isoflurane and enflurane, are the main gas anes‑
thetics that are widely used clinically (20). They are inhaled 
in gaseous form, incorporated into the blood circulation and 
transported to the central nervous system where they exert an 
anesthetic effect. Halogen anesthetics have several advantages, 
including a strong effect, rapid induction of anesthesia, quick 
patient recovery and ease of use (21). Therefore, they have 
remained a cornerstone in general anesthesia.

However, a problem that should not be overlooked is 
that inhaled anesthetics exhibit liver toxicity. Halothane is 
the most commonly used drug that causes liver toxicity (22). 
Compared with halothane, the incidence of liver toxicity 
with sevoflurane, enflurane, isoflurane and other halogenated 
inhalation anesthetics is significantly decreased, but not 
completely eradicated  (23). These halogenated inhalation 
anesthetics are oxidized and metabolized by P4502E1 isoen‑
zymes to produce substances similar to the intermediate 
products of halothane metabolism  (24). Therefore, these 
drugs exhibit similar activity coupled with mild hepatotox‑
icity. A recent study revealed that insulin‑like growth factor 
1 (IGF‑1) levels are downregulated following exposure to 
isoflurane anesthesia (25). IGF‑1 may be involved in the liver 
injury mechanism induced by exposure to isoflurane (25). 
However, another group demonstrated that isoflurane inhibits 
hepatic carcinoma growth and aggressiveness, and promotes 
apoptosis through the PI3K/Akt‑mediated NF‑κB signaling 
pathway (9). Although these results appear to be contradic‑
tory, the results were obtained using primary cultured cells 
from patients receiving general anesthesia, isoflurane, intra‑
venous medication or even tissue damage caused by surgery. 
We hypothesize that different methods of anesthesia result in 
different experimental conclusions. Lai et al (5) reported that 
during open hepatectomy for HCC, the use of propofol anes‑
thesia was associated with longer survival times compared 
with desflurane. Patients receiving propofol anesthesia 
exhibited a significant decrease in distant metastasis and 
local recurrence (5).

Another issue that should be considered is that specific 
types of inhaled anesthetics, or long‑term exposure to 
certain anesthetics, may cause unpredictable consequences 
in tumors (26). The present study focused on the biological 
response of HCC cells following isoflurane exposure. The 
identification of novel molecular mechanisms may lead to 
interventions against these molecular targets to decrease the 
adverse effects of isoflurane on HCC cells. SUMOylation, 
mediated by members of the SUMO family, is widely involved 
in various cellular responses to external stimuli and internal 
microenvironmental changes  (27). SUMO1 is involved in 
delayed cellular responses, whereas SUMO2/3 is primarily 
involved in acute stress responses (14,28). In general, simple 

liver cancer surgery lasts 2‑5 h, while complex liver cancer 
resection plus lymph node dissection may require 10 h or more. 
Therefore, in the present study, changes in SUMO2/3 conjugates 
were investigated at different time points during early isoflu‑
rane exposure. The results of the present study indicated that 
isoflurane exposure for 0.5 h may induce a significant increase 
in SUMO2/3 conjugates, and this upward trend continued with 
increased isoflurane exposure time. Considering that patients 
undergoing refractory liver cancer surgery may receive anes‑
thesia for more than ten h, the maximum exposure time of 
isoflurane was limited to 12 h, and the subsequent changes in 
SUMO2/3 conjugates following isoflurane withdrawal were 
observed. The results demonstrated that the increased number 
of SUMO2/3 conjugates did not abate with the withdrawal of 
isoflurane. By contrast, the number of SUMO2/3 conjugates 
continued to increase up to 48 h after detection. The effect 
of isoflurane exposure on the HCC cell phenotype was then 
investigated. The results demonstrated that isoflurane exposure 
increased the proliferation, migration and invasion activity of 
HCC cells.

It is generally recognized that SENP3 may effectively 
dissociate SUMO2/3 from its substrates (29). Therefore, in 
follow‑up experiments, SENP3 was overexpressed in HCC 
cells by gene transfection, which effectively inhibited the 
generation of SUMO2/3 conjugates. The SUMO2/3 substrates 
that have been identified thus far include Akt, HIF‑1α, Oct4, 
CDK6 and dozens of other proteins involved in tumor cell 
proliferation, migration and invasion (30‑35). A recent study in 
rats demonstrated that increased levels of Heat shock protein 
27 resulting from SUMO2/3‑mediated SUMOylation serve an 
important role in the progression of primary hepatocellular 
carcinoma  (36). This finding may provide insight for the 
development of novel therapeutic drugs to treat primary 
hepatocellular carcinoma (36).

In the present study, the specific proteins that are activated 
by isoflurane exposure to generate conjugates with SUMO2/3 
were not investigated, but such investigations should be made in 
the future by targeting SUMO2/3 with proteomics technology. 
Nevertheless, it remains likely that isoflurane participates in the 
malignant progression of HCC cells by activating SUMO2/3 
and increasing the formation of conjugates. Inhibiting the 
generation of SUMO2/3 conjugates by overexpressing SENP3 
also antagonizes the progression of cancer cells resulting from 
isoflurane exposure.

In conclusion, it was confirmed that short‑term (<12 h) 
isoflurane exposure results in the activation of SUMO2/3 and 
increases the formation of conjugates, thereby promoting 
the malignant progression of HCC cells. Therefore, on the 
basis of the results of the present study, we hypothesize that 
targeted inhibition of SUMO2/3 conjugate formation may 
antagonize the progression of HCC caused by isoflurane 
exposure. However, the Hep3B cell line was derived from 
an 8‑year‑old black male with HCC (37) and is different 
from HCC cells derived from adults  (38,39). Therefore, 
further studies are required using additional liver cancer 
cell lines, including those derived from adults, various 
tumor types and animal experiments. Furthermore, as the 
role of SUMO2/3 expression in the progression of HCC 
cells remains unclear, further investigations are required in 
future studies.
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