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 Background: Inflammation is one of the most significant mechanisms of hepatic ischemia-reperfusion injury (IRI). Sufentanil 
has a protective effect against liver injury by reducing inflammatory response. In this study, we used a cellular 
hepatic ischemic/reoxygenated (IR) model to determine whether sufentanil preconditioning protects against 
hepatic IRI.

 Material/Methods: The human normal liver cells line L-O2 was studied. The levels of glutamic oxaloacetic transaminase (AST), 
lactate dehydrogenase (LDH), malonaldehyde (MDA), and superoxide dismutase (SOD) were measured using 
corresponding assay kits. The protein levels of total and phosphorylated ERK1/2, JNK, and p38, and the ex-
pression of p65 and COX2 genes, were measured by Western blotting. The levels of inflammatory factors were 
examined by ELISA. The Cell Counting Kit-8 (CCK-8) was used to determine if the viability of L-O2 cells was af-
fected by sufentanil. The effects of sufentanil on IR-induced cell apoptosis were examined by flow cytometry.

 Results: IR-induced caused L-O2 cells to become rounded and to have a lower adhesive rate than normal cells. The lev-
els of AST, LDH, and MDA were higher but the level of SOD was lower in the IR group than in the control group. 
The phosphorylated protein levels of ERK1/2, JNK, and p38, along with the expression of p65 and COX2, were 
upregulated in the IR group compared to the normal group. In addition, a variety of inflammatory factors were 
secreted in L-O2 cells after IR. The viability of L-O2 cells decreased and cell apoptosis increased significantly af-
ter IR treatment. All indexes of cell injury were reversed by sufentanil in a concentration-dependent manner.

 Conclusions: Sufentanil stimulation triggers downregulation of inflammatory factors such as HIF-1a, TNF-a, IL-1b, and IL-6, 
possibly through suppressing the p38/ERK/JNK/NF-kB-p65/COX2 pathways, and thereby reduces the damage 
to IR hepatic cells.
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Background

IRI refers to hepatic blood supply recovery after ischemia as-
sociated with hepatic surgery such as hepalobectomy, and he-
patic transplantation further aggravates hepatic dysfunction 
and structural damage instead of ameliorating functional re-
covery [1]. It is vitally important significance to discover protec-
tion strategies since IRI can trigger a spectrum of organ abnor-
malities resulting in various post-operative complications [2].

Anesthetic preconditioning (APC) has been widely regarded 
as a promising protective approach because it has a remark-
able ability to effectively reduce IRI by suppressing inflamma-
tion [3,4]. Fentanyl, a high-potency opiate, is widely prescribed 
to treat acute and chronic pain [5,6]. The mechanisms respon-
sible for the analgesic effects of fentanyl have been extensively 
investigated [7–9]. Sufentanil, a derivative of fentanyl, is an 
opioid with high affinity to opioid receptors. Its analgesic po-
tency is 8 times that of fentanyl, and it is the most potent opi-
oid agonist known [10]. Compared with fentanyl, the elimina-
tion of the effect of sufentanil in vivo is faster, and the effect 
on respiratory function is less [11]. Other studies have shown 
that there is no obvious accumulation in tissues after use of 
sufentanil, and it is also easily cleared in adipose and muscle 
tissues. It has been well documented that inflammation results 
in pain [12,13]. Sufentanil has the advantages of strong an-
algesic effect, quick onset, and short waking time [11]. It has 
been previously concluded that narcotics have a protective 
effect against acute lethal liver injury by reducing the magni-
tude of inflammatory response [14], which is one of the ini-
tiating factors causing hepatic IRI to cause damage [15,16]. 
However, the effect of sufentanil on hepatic IRI is unclear. In 
this study, the effects of sufentanil on hepatic ischemic reper-
fusion injury was explored.

Inflammation is an important hallmark of hepatic IRI [17], 
and it has been previously reported that inflammatory stim-
uli increase expression of mitogen-activated protein kinases 
p38 [17], ERK1/2 [18], and JNK [19], as well as activating nu-
clear factor kappa B (NF-kB) and downstream inflammation-
exacerbating factors COX2, TNF-a, IL-1b, and IL-6 [20]. ERK1/2, 
JNK, and p38 belong to the superfamily of serine/threonine ki-
nases, which are mainly involved in activation of nuclear tran-
scription factors controlling cell proliferation, differentiation, 
and apoptosis [21].

In our study, we found that sufentanil increased cell activity 
and decreased apoptosis of IR hepatocytes, accompanied by 
reduction of inflammatory factors such as HIF-1a, TNF-a, IL-1b, 
and IL-6, indicating the protective function of sufentanil against 
hepatic IRI. We also found that a protective role of sufentanil 
rooted in suppressing the p38/ERK1/2/JNK/NF-kB-p65/cox2 
signaling pathway.

Material and Methods

Cell culture and pretreatment

The human normal liver cells line (L-O2) was obtained from 
the American Type Culture Collection (Manassas, VA, USA) and 
maintained in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with penicillin (100U/ml), streptomycin (100 ug/ml), 
and 10% fetal bovine serum (FBS) at 37°C in a humidified in-
cubator with 5% CO2. When the cell count reached (2×103) 
cells per well, cells were pretreated with sufentanil (Yichang 
Humanwell Pharmaceutical Co. Yichang, China) in various gra-
dient concentrations (5, 10, 20, and 40 μM) for 24 h. To ob-
tain ischemia-hypoxia/reoxygenation models, L-O2 cells were 
cultured with serum-free medium in a sealed container with 
95% N2 and 5% CO2 at a flow rate of 10 L/min for 5 min, and 
then were incubated in a hypoxic environment of 1% O2 at 
37°C for 8 h. After that, normal medium was added, and the 
cells were cultured 24 h in a normal incubator. Cells were ran-
domly divided into 3 groups: a normal L-O2 cells group (control 
group), an ischemia-reperfusion group (IR group), an IR group 
treated with normal saline (10 ml, 0.9%) (NS group), and an IR 
group treated with different doses of sufentanil (5, 10, 20, and 
40 μM) (5, 10, 20, and 40 μM groups). The morphology of L-O2 
cells was then viewed under a microscope (OLYMPUS, Japan).

Cell viability assay

The CCK-8 kit (Dojindo Molecular Technologies, Inc., Kumamoto, 
Japan) was used to determine cell viability. Briefly, L-O2 cells 
were seeded into 96-well plates and replenished with medium 
containing CCK-8 solution (15 μL CCK-8 in 100 μL medium) 
and incubated at 37°C for 4 h. The absorbance was analyzed 
at 490 nm using a microplate reader (Bio-Tek Instruments, 
Winooski, VT, USA). The viability of L-O2 cells was detected. 
All experiments were performed in triplicate.

Flow cytometry

The cells were collected into 10-ml centrifuge tubes and centri-
fuged at 1000 rpm for 5 min, then we removed the supernatant 
and washed the cells with incubation buffer. After centrifuga-
tion of 1000 rpm for 5 min, the cells were resuspended with 
100 ul label solution and incubated for 15 min with exposure 
to light. Then, we repeated the centrifugation and washed the 
cells with incubation buffer. The SA-FLOUS solution was added 
into centrifuge tubes and the cells were incubated without light 
at 4°C for 20 min. The excitation wavelength was 488 nm, and 
detection wavelength was 515 nm for FITC and over 560 nm 
for PI using flow cytometry (FACSCalibur) and CellQuest Pro 
software (both from BD Biosciences, Franklin Lakes, NJ, USA) 
according to the manufacturer’s protocols. Experiments were 
repeated 3 times.
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Hepatocyte functional measurement

AST activity was measured by use of an AST activity assay kit 
(MAK055-1KT, Sigma-Aldrich) at OD 450 nm. After incubation 
with a lactate dehydrogenase (LDH) assay kit (88953, Thermo 
Scientific™, USA) at room temperature for 30 min, reactions 
were stopped and LDH activity was determined by measuring 
the absorbance at 490 nm.

Measurement of cytokines

Levels of HIF-1a, TNF-a, IL1b, and IL-6 in the supernatant of 
the L-O2 cells culture obtained by centrifugation (15 min; 
1000 g; 2–8˚C) were measured using HIF-1a (DYC1935-5), 
TNF-a (DTA00C), IL-1b (DLB50), and IL-6 (S6050) ELISA kits (all 
from R&D Systems, Inc., Minneapolis, MN, USA) in accordance 
with the manufacturer’s protocol.

MDA and SOD assay

Cells were homogenized in 10 ml physiological saline and centri-
fuged at 12 000 g for 15 min at 4°C to obtain the supernatant, 
then the MDA and SOD contents were measured by ELISA 
kits (MDA kit, ml022446; SOD kit, ml022368) from Shanghai 
Enzyme-linked Biotechnology Co. (Shanghai, China) according 
to the manufacturer instructions.

Western blot

Cells were washed 3 times with phosphate-buffered saline, then 
they were homogenized in ice-cold lysis buffer and boiled for 
10 min. The BCA Protein Assay Kit (P0010; Beyotime Institute 
of Biotechnology) was used to determine the protein concen-
tration. Proteins were separated with sodium dodecyl sulfate 
polyacrylamide gels (SDS/PAGE), and transferred to nitrocel-
lulose membranes. After 30-min incubation with 3% BSA at 
room temperature, they were incubated overnight at 4°C with 
primary antibody against p-p38 (#4511), ERK1/2 (#4695), 
p-ERK1/2 (#4376), JNK (#9252), and p-JNK (#9251) obtained 
from Cell Signaling Technology, Inc. (Danvers, MA, USA). p65 
(ab32536), COX2 (ab52237), and p38 (ab178867) were pur-
chased from Abcam (Cambridge, UK). Then, the membranes 
were washed with TBST and incubated with secondary anti-
body for 1 h. Protein signals were detected using the Odyssey 
Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, USA). 
GAPDH was used as the internal control.

Statistical analysis

Data are expressed as the mean ± standard deviation. All sta-
tistical analyses were performed using SPSS version 14.0 sta-
tistical software (SPSS, Inc., Chicago, IL, USA). The t test was 
used to evaluate the differences between 2 groups, while 
differences between multiple groups were assessed by one-
way analysis of variance followed by Dunnett’s post hoc test. 
A value of P<0.05 was considered to indicate a statistically 
significant difference.

Control

5 μM 10 μM 20 μM 40 μM

IR

Sufentanil

NS

Figure 1.  Morphology of L-O2 cells after different treatments. Inverted microscopy showed that L-O2 cells were becoming round 
globular cell clusters with lower adhesive rate after IR treatment; however, Sufentanil restored the appearance of L-O2 cell 
organelles and increased cell adhesion, and higher concentration of sufentanil was associated with faster cell recovery (×200).
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Results

Sufentanil reduces damage to IR hepatocytes

As shown in Figure 1, after IR, L-O2 cells became rounded and 
were floating in the nutrient medium, with lower adhesive rate 
than the normal cells in the control group. Surprisingly, incu-
bation of damaged IR cells with sufentanil in various gradi-
ent concentrations (5, 10, 20, and 40 μM) reversed the abnor-
mal cellular morphology and the increased attachment rate in 
a dose-dependent manner, while sterile saline solution treat-
ment had no such effect in the NS group.

To further characterize the effect of sufentanil on cell activity, 
we used the Cell Counting Kit-8 (CCK-8) to confirm the effects 
of sufentanil treatment on cell viability of L-O2 cells with IR. 
After IR, L-O2 cells showed a substantial decrease in cell via-
bility compared to the control group (Figure 2). The viability of 
L-O2 cells increased with the concentration of sufentanil, which 
had showed a brief increase followed by a gradual decrease in 
parallel with increased concentration, peaking at 10 μM suf-
entanil (Figure 2). Flow cytometry also suggested that sufen-
tanil treatment gradually decreased the apoptosis induced by 
IR with increasing dosages (Figure 3A, 3B).

We used hepatocyte functional measurement kit to directly 
assess the expression of AST and LDH after sufentanil pre-in-
cubation. The levels of AST and LDH were significantly higher 
in the IR group compared to the control group (Figure 4A, 4B), 
which shows that hepatocyte damage is organ-specific. We also 
found that after sufentanil treatment, cells had lower levels of 
AST and LDH than in the IR and NS groups, showing a linearly 
decreasing trend with increasing dosage (Figure 4). Our results 
reveal that sufentanil can reduce IR damage to hepatic cells.

Sufentanil reverses typical inflammatory and ROS-related 
molecular changes during hepatic IRI

Hypoxia promotes progression of inflammation in multiple 
ways [22,23], in which hypoxia-inducible factor 1 alpha (HIF-1a) 
plays a critical role as a nuclear transcription activator [24,25]. 
Accumulation of initial cytokines such as tumor necrosis fac-
tor-a (TNF-a) [26], interleukins 1 beta (IL-1b) [27], and inter-
leukins 6 (IL-6) [28] results in neutrophil acceleration and ad-
hesion, leading to damage of tissues and organs during IRI. 
Based on these molecular changes during IR, we directly as-
sessed their expressions after sufentanil pretreatment of IR 
L-O2 cells using ELISA. Figure 5 shows that the IR treatment of 
cells caused an increase in the levels of HIF-1a, TNF-a, IL-1b, 
and IL-6, which were all downregulated by sufentanil in a dose-
dependent manner.

Generation of abundant reactive oxygen species (ROS) during 
hypoxia leads to damage through oxidative stress and lipid per-
oxidation [29,30], and inflammation-related neutrophil hyper-
activation increases oxidative stress, thereby causing increased 
damage [31]. The changes in MDA generated by ROS-induced 
lipid peroxidation [32] and SOD, eliminated ROS [33]. Our re-
sults show that MDA in IR cells was significantly upregulated, 
but SOD was significantly reduced in the IR group compared 
to normal cells in the control group (Figure 6). Surprisingly, our 
analysis also revealed sufentanil increased SOD and decreased 
MDA compared to the IR and NS groups (Figure 6). In conclu-
sion, sufentanil reverses deleterious changes of inflammatory 
and ROS-related molecules during hepatic IRI, showing its pro-
tective role in IRI.

Effects of sufentanil on L-O2 cells through suppressing 
p38/ERK/JNK/NF-kB-p65/COX2 pathways

Sufentanil-induced downregulation of HIF-1a, TNF-a, IL-1b, 
and IL-6 raises a question about whether sufentanil functions 
through the classical p38/ERK/JNK/NF-kB-p65/COX2 signaling 
pathway. We demonstrated that as sufentanil dose increases, 
protein expression of p65 (a subunit composing NF-kB) and 
COX-2 is significantly reduced compared with the IR and NS 
groups (Figure 7). To assess the activity of the ERK1/2 signal 
pathway in L-O2 cells after IR treatment, the levels of total 
and phosphorylated ERK1/2, JNK, and p38 were measured by 
Western blot analysis. In parallel with COX2 and p65, phosphor-
ylation levels of p38, ERK1/2, and JNK were all downregulated 
in a dose-dependent manner by sufentanil, whereas there was 
no significant difference in expression of total p38, ERK1/2, 
and JNK (Figure 8), suggesting that the protective role of suf-
entanil against hepatic IRI may function through suppressing 
the p38/ERK/JNK/NF-kB-p65/COX2 pathways.
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Figure 2.  The viability of L-O2 cells after exposure to sufentanil 
(5, 10, 20, and 40 μM) for 24 h. *** p<0.001 vs. control 
group; # p<0.05, ## p<0.01, ### p<0.001 vs. IR group; 
& p<0.05, && p<0.01, &&& p<0.001 vs. NS group.
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Discussion

Hepatic IRI in liver surgery triggers a spectrum of postoperative 
complications. However, effective prevention and treatment are 
still lacking. Anesthetic preconditioning is a promising strategy 
that has been widely studied in IRI of various organs [34,35]. 
Anesthesia has been found to significantly attenuate acute 
liver inflammation induced by lipopolysaccharide/D-galactos-
amine [16], which raises the intriguing question of whether 
sufentanil contributes to alleviating hepatic IRI, since inflam-
mation functions as an important initiator and progresses 
through the entire process.

Some clinical trials showed that volatile anesthetic precon-
ditioning in liver surgery had a protective effect [36,37], 

and recent work suggested that one of the most important pro-
tective mechanisms of anesthetic preconditioning is inhibition 
of inflammation. It was reported that desflurane inhalation re-
duced endotoxin-induced cytokine responses, decreasing expres-
sion of TNF-a and IL-1b [38]. Similarly, according to Joseph et al., 
isoflurane preconditioning improved survival of hypoxic mice 
and decreased inflammatory reaction, with significant down-
regulation of NF-kB-p65, TNF-a, IL-6, and IL-10 [39]. In 2008, 
Hofstetter found that isoflurane inhalation after endotoxemia 
induction in rats attenuated systemic release of proinflamma-
tory cytokines [40]. In addition, sevoflurane preconditioning in 
a rat model of liver IRI decreased inflammation by suppressing 
ICAM1 (intercellular adhesion molecule 1) expression and im-
proved liver function parameters [41]. It was also found that 
sevoflurane anesthesia might share the same protective function 
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Figure 3.  (A) Apoptosis of L-O2 cells after exposure to sufentanil (5, 10, 20, and 40 μM) for 24 h was evaluated using flow cytometry. 
(B) Quantification of cell apoptosis in different groups. *** p<0.001 vs. control group; ## p<0.01, ### p<0.001 vs. IR group; 
&& p<0.01, &&& p<0.001 vs. NS group.
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with isoflurane in pig hepatic ischemia-reperfusion injury based 
on measurements of a number of liver parameters [42]. These 
results are similar to our experimental results.

We confirmed the protective effects of sufentanil in IR LO-2 
cells by assessing morphology, cell activity, apoptosis, and the 

levels of AST and LDH. In the present study, the levels of AST 
and LDH were upregulated in the IR group. In the sufentanil-
treated groups, there was a decrease in the release of AST 
and LDH from IR injury, revealing that cells were protected 
from IR-caused damage. In addition, our experiments provide 
2 lines of evidence suggesting that sufentanil can help reduce 
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inflammatory injury: 1) Sufentanil is sufficient to reduce ex-
pression of inflammation-related HIF-1a, TNF-a, IL-1b, and IL-6; 
2) Phosphorylation levels of p38, ERK1/2, and JNK and expres-
sion of p65 and COX2 after sufentanil treatment are downreg-
ulated, indicating the possible pathways underlying the pro-
tective role of sufentanil. Our results suggest that sufentanil 
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Figure 7.  Effects of sufentanil on p65 and COX2 expression in L-O2 cells. (A) Representative Western blots showing the levels of p65 
and COX2. (B) Histograms summarizing the results shown in A. Results are expressed as mean ±S.D (n=6). *** p<0.001 vs. 
control group; # p<0.05, ## p<0.01, ### p<0.001 vs. IR group; & p<0.05, && p<0.01, &&& p<0.001 vs. NS group.

recovers the viability of L-O2 cells through the p38/ERK/JNK 
signaling pathway. The level of SOD was significantly higher 
but MDA was lower in the sufentanil treatment groups than 
in the IR and NS groups, indicating that sufentanil alleviated 
oxidative injury to L-O2 cells in the IR group.
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There are certain limitations to the present study. First, the 
properties of sufentanil are complex and the exact functions 
of this compound have not been fully elucidated. Second, the 
present study only focused on the association between suf-
entanil and the changes of the main molecules participating 
in the p38/ERK/JNK signaling pathway and inflammatory re-
sponses, and gene silencing and overexpression of p38/ERK/JNK 
must be performed to study the underlying mechanism. Third, 
more research is required to determine the exact mechanism 
of action of sufentanil, and the anti-inflammatory effect also 
needs to be evaluated in vivo.

In our study, we also demonstrate the protective role of sufen-
tanil preconditioning in inhibiting inflammation at the cellular 
level. At present our group is further studying the precise mech-
anism by which reduction of phosphorylation of p38, ERK1/2, 
and JNK results in downregulation of NF-kB-p65, then leading to 
decrease of inflammatory factors in a linear relationship, along 
with conducting experiments on sufentanil in animal hepatic 
IRI models. Sufentanil is widely used as an anesthetic drug, 

but recent research shows it also has some adverse effects. In 
view of the complex role of sufentanil and the fact that recent 
research on sufentanil is limited to cell experiments, further an-
imal experiments and clinical trials are needed to determine 
whether sufentanil has a therapeutic anti-inflammatory ef-
fect. Therefore, in future work, we will pay more attention to 
the potential adverse effects of sufentanil and try to balance 
it with the positive influence of protecting against hepatic IRI.

Conclusions

Overall, our findings suggest that sufentanil can provide new 
insights into a mechanism of anti-inflammatory reaction, high-
lighting its potential to prevent hepatic IRI. In addition, this 
study provides evidence that sufentanil reduces injury to L-O2 
cells via the ERK1/2-dependent signaling pathway. Sufentanil 
appears to have a therapeutic effect for hepatic injury induced 
by IRI. Further studies are necessary to confirm the effects of 
sufentanil on other clinical diseases.
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Figure 8.  Effects of sufentanil on MAPK (p38/ERK/JNK) signaling in L-O2 cells. (A) Representative Western blots showing the levels of 
total and phosphorylated ERK1/2, JNK, and p38. (B, C) Histograms summarizing the results shown in A. Results are expressed 
as mean ±S.D (n=6). *** p<0.001 vs. control group; # p<0.05, ## p<0.01, ### p<0.001 vs. IR group; & p<0.05, && p<0.01, 
&&& p<0.001 vs. NS group.
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