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SENP1 attenuates hypoxia-reoxygenation injury in liver sinusoid
endothelial cells by relying on the HIF-1a signaling pathway
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Abstract. Liver sinusoidal endothelial cells (LSECs) have an
important role in hepatic ischemia-reperfusion injury (I/R), but
the specific molecular mechanism of action is unknown. LSEC
proliferation is regulated and fenestration is maintained via the
Sentrin/SUMO-specific protease 1 (SENP1)/hypoxia-inducible
factor-lo. (HIF-1a) signaling axis under hypoxic conditions.
In the present study, a hypoxia-reoxygenation (H-R) injury
model was established using mouse LSECs to explore the
relationship between SENP1 and H-R injury in vitro, and
the specific underlying mechanism was identified, revealing
new targets for the clinical attenuation of hepatic I/R injury.
Following the culture of LSECs under H-R conditions, it was
demonstrated that the expression of SENP1 was upregulated
by reverse transcription-quantitative polymerase chain reac-
tion and western blotting (WB). In addition, scanning electron
microscopy indicated that fenestrae damage was increased, a
Cell Counting Kit-8 assay demonstrated that the proliferation
of cells was impaired and flow cytometry showed that apop-
tosis was increased. After silencing SENP1 expression with
short interfering RNA, the proliferation activity of LSECs
decreased, the fenestrae damage increased, the apoptosis rate
increased and the expression levels of SENP1, HIF-1a, heme
oxygenase and Bcl-2 were downregulated (as demonstrated

Correspondence to: Dr Zhong Zeng, Organ Transplantation
Center, The First Affiliated Hospital of Kunming Medical College,
295 Xichang Road, Kunming, Yunnan 650032, P.R. China

E-mail: zzong993@163.com

“Contributed equally

Abbreviations: LSECs, liver sinusoidal endothelial cells; SENPI,
Sentrin/SUMO-specific protease 1; HIF-la, hypoxia-inducible
transcription factor-la; VEGF, vascular endothelial growth factor;
I/R, ischemia-reperfusion; H-R, hypoxia-reoxygenation; RT-qPCR,
reverse transcription-quantitative polymerase chain reaction; WB,
western blotting; ELISA, enzyme-linked immunosorbent assay

Key words: liver sinusoidal endothelial cells, Sentrin/SUMO-
specific protease 1, hypoxia-inducible factor-la, hypoxia-
reoxygenation injury

by WB), while the expression levels of apoptosis-related
proteins, cleaved-caspase-3 and Bax, were upregulated.
Enzyme-linked immunosorbent assay detection showed that
the level of vascular endothelial growth factor in the super-
natant decreased and the level of IL-6 and TNF-a increased.
Following the administration of an HIF-1a signaling pathway
agonist, the situation was reversed. These results therefore
suggested that SENP1 attenuated the reduction in prolifera-
tion, apoptosis and fenestration of LSECs observed following
H-R injury through the HIF-1a signaling pathway. In conclu-
sion, SENP1 may attenuate H-R injury in LSECs in a HIF-1a
signaling pathway-dependent manner.

Introduction

A number of pathological injuries, such as infection and
ischemia-reperfusion injury (I/R), are common in liver trans-
plantation and partial hepatectomy (1-3). Furthermore, I/R is
a common pathophysiological process (1). Liver parenchymal
and non-parenchymal cells undergo apoptosis or are lysed
under ischemic and hypoxic conditions, profoundly affecting
the recovery of postoperative liver function (1-3). Liver failure
may be the outcome of such severe damage, subsequently
endangering the life of the patient (1-4). The mechanisms
underlying early I/R injury include Kiipffer cell activation,
hepatocyte swelling and hepatic microcirculation dysfunc-
tion, and liver sinusoidal endothelial cells (LSECs) have an
important role in regulating hepatic microcirculation (5-11).
Extensive apoptosis and a loss of normal function due to I/R
injury may lead to further injury, apoptosis and disrupted liver
regeneration (5-7). Therefore, studying the specific mechanism
underlying hypoxia-reoxygenation (H-R) injury in LSECs
is important to reduce the incidence and severity of hepatic
I/R injury.

LSECs have a unique shape, including a very thin
cytoplasmic extension and a perforated membrane, termed
fenestration. Cells with normal fenestration are considered
to be in the differentiation state (12-14). By contrast, a reduc-
tion in or abrogation of fenestration is termed capillarization,
and LSECs in the dedifferentiation state are associated with
hepatic stellate cell activation, liver fibrosis, liver ischemia
and hypoxia-effect aggravation (12-14). LSECs with healthy
fenestrae play a normal role, and therefore, it is important to
maintain the fenestration of LSECs to reduce liver I/R injury
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and promote liver regeneration. The maintenance of LSEC
fenestration requires the participation of both paracrine
and autocrine cell signals (13). Vascular endothelial growth
factor (VEGF), which has a key role in fenestration regula-
tion, is mediated through nitric oxide (NO)-dependent and
NO-independent pathways (15,16). VEGF may also prevent the
capillarization of LSECs (16).

In our previous study, it was demonstrated that LESC
proliferation and fenestration maintenance is mediated
by regulation of the Sentrin/SUMO-specific protease 1
(SENP1)/hypoxia-inducible factor-la (HIF-1a)/VEGF
signaling axis under hypoxic conditions (17). The ubig-
uitin-specific proteases, SENPs, have an important function in
the posttranslational SUMO modification of proteins (17,18).
Furthermore, SENP1 is highly sensitive to hypoxia and
can regulate the stability of HIF-1a in the nucleus by desu-
moylation (17-19). In addition, SENP1 and HIF-1a can promote
the actions of each other, forming a positive feedback loop and,
through this feedback loop, HIF-1a activates the expression of
VEGF (17-19). However, this adaptation of cells to hypoxia has
only been identified in the hepatic sinusoid (19), and whether
this mechanism underlies the effect mediated by LSECs in
H-R injury to reduce damage is unknown.

In the present study, it was found that LSECs upregulated
the expression of SENP1 and HIF-1a following H-R. However,
whether these proteins have a role in the H-R injury of LSECs
has not, to the best of our knowledge, been studied. Therefore,
the present study utilized mouse LSECs to construct an
in vitro H-R model to explore the relationship between SENP1
and LSEC H-R injury, and to explore the specific mechanism
of action to provide new targets for the clinical reduction of
hepatic I/R injury.

Materials and methods

Cell culture and establishment of an LSEC H-R model. Mouse
primary LSECs were purchased from iCell Technologies, Inc.
This company obtained LSECs from male C57BL/6 mice by
digesting dissected liver tissue with elastase and collagenase
and then culturing the cells at 37°C with 5% CO, in primary
endothelial cell culture medium (iCell Bioscience, Inc.). In the
present study, LSECs were inoculated in a 6-well culture plate
and the culture medium was changed every 24 h. When the
cells reached 90% confluency in each well, H-R was performed
in a closed chamber at 37°C. For this, the cells were cultured
under anoxic conditions [a N,/CO, (95:5) gas mixture] for 6 h
and were then reoxygenated in an air/CO, (95:5) gas mixture
for 24 h. The cells were maintained in low serum (<5%) culture
medium (iCell Bioscience, Inc.). The cells in the control group
were exposed to normoxia [air/CO, (95/5)] (20).

Reagents. Rabbit antibodies against SENP1 (cat. no. AF0275)
and HIF-la (cat. no. AF1009) were purchased from Affinity
Biosciences. Rabbit antibodies against heme oxygenase
(HO-1; cat. no. ab189491), Bax (cat. no. ab32503), Bcl-2
(cat. no. ab182858), cleaved-caspase-3 (cat. no. ab2302),
[-actin (cat. no. ab8227) and GAPDH (cat. no. ab9485) were
purchased from Abcam. Goat anti-rabbit HRP-conjugated
secondary antibodies were purchased from Proteintech Group,
Inc. (cat. no. PR30012). Dimethyloxalylglycine (DMOG)

was purchased from MedChemExpress. Short interfering
(si)-HIF-1a, si-SENPI1 and control oligonucleotides were
synthesized by Shanghai GenePharma Co., Ltd. These
siRNAs were transfected into LSECs by Lipofectamine® 2000
(Invitrogen; Thermo Fisher Scientific, Inc.).

Experimental grouping and study process. First, LSECs
were randomly divided into two groups for an in vitro study:
A normoxic group (group A) and an H-R group (group B).
The cells in group B were further subdivided into a control
group, which was an H-R injury only group; a negative control
(NC) group, in which H-R cells were transfected with si-NC;
an si-SENP1 group, in which H-R cells were transfected with
si-SENP1; and an si-SENP1 + HIF-1a agonist rescue group,
in which H-R cells were transfected with si-SENP1 and
then treated with an HIF-1a agonist (DMOG). After 24 h of
culture, the cells in each group were analyzed using a scan-
ning electron microscope to determine the effect of H-R on
LSEC fenestration. The apoptosis and proliferation rates of
the LSECs in each group were measured by flow cytometry
and Cell Counting Kit-8 (CCK-8) assay, respectively, to study
the effect of H-R on these processes. Furthermore, with an
identical procedure, the expression levels of SENPI1, HIF-1a,
VEGEF, HO-1, Bax, Bcl-2 and Caspase-3 in the normoxic and
H-R groups were measured.

Scanning electron microscopy examination. After LSECs were
seeded onto glass slides, the cells were treated according to the
experimental protocols, quickly fixed with 3% glutaraldehyde
at 4°C for 2 h and then stored at 4°C overnight. Then, the cells
were fixed in a 1% osmium tetroxide (pH 7.4) acetate buffer
solution at 4°C for 1 h, dehydrated with a series of ethanol solu-
tions, dried in a critical-point device and then plated onto gold
in a vacuum coating device. The fenestration of the cells in
each experimental group was determined by observation with
a scanning electron microscope (SU8010; Hitachi, Ltd.) with
a 1.5 kV acceleration voltage and at x60,000 magnification.

Cell viability determination by CCK-8 assay. The CCK-8 cell
viability assay kit contains WST-8 [2-(2-methoxy-4-nitroph
enyl)-3-(4-nitrophenyl)-5-(2rec-4-disulfophenyl)-2H-tetrazolium-
monosodium salt; CAS:193149-74-5]. In the presence of an
electronic carrier, WST-8 is reduced by intracellular dehy-
drogenase to form a water-soluble orange methylene dye
that can be dissolved in tissue culture medium. The amount
of dye produced is proportional to the number of living
cells. Therefore, CCK-8 method is a highly sensitive and
non-radioactive colorimetric method for determining the
number of living cells in cell proliferation experiments. An
LSEC suspension (100 ul of 5x10° cells/well) was inoculated
into a 96-well plate. When the confluency reached 70%, the
cells were cultured in DMEM/F12 without fetal bovine serum
(FBS) for 24 h. Then, the culture plate was incubated in an
anoxic or normoxic incubator and the medium was replaced
with DMEM containing FBS (iCell Bioscience, Inc.). The
culture plates were incubated (5 replicate wells for each time
point) for the appropriate time (specifically grouped according
to the experimental protocol). Then, 10 ul CCK-8 solution
(from a CCK-8 detection kit; Peptide Institute, Inc.) was added
to the medium and incubated for 2 h. The absorbance was then
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Table I. Primers used in reverse transcription-quantitative polymerase chain reaction.

Gene name (mouse)

Forward primer (5'-3")

Reverse primer (5'-3")

SENP1
GAPDH

CTGGGGAGGTGACCTTAGTGA
AGTGGCAAAGTGGAGATT

GTGATAATCTGGACGATAGGCTG
GTGGAGTCATACTGGAACA

SENP1, Sentrin/SUMO-specific protease 1.

measured at 450 nm using an automatic microplate reader
(EL309; BioTek; Agilent Technologies, Inc.). All experiments
were repeated at least three times.

Detection of apoptosis by flow cytometry. Apoptosis was
analyzed using an Annexin V-FITC Apoptosis Detection Kit
(BD Biosciences). After treatment, the cells were harvested
and precipitated from the solution according to the aforemen-
tioned experimental methods. Binding buffer (100 pl) was
added to each cell sample, and the samples were transferred
to a flow tube. Then, 10 pl propidium iodide and 5 ul Annexin
V/FITC solution was added to the cells and incubated at room
temperature for 15 min. Finally, 900 x1 0.01 M PBS (1X PBS)
was added to each cell sample before flow cytometry analysis.
Apoptosis was measured using a FACScan flow cytometer
(BD Biosciences) and analyzed using FlowJo software (version
10.0; FlowJo LLC). Apoptosis portion (%)=Q2 (late stage
apoptotic cells) + Q3 (early apoptotic cells).

si-SENPI transfection into LSECs. First, the cells were
inoculated into culture plates, and the target sequence (sense:
5-GCAGUUCUGUGUAGCGAAATT-3', antisense: 5'-UUU
CGCUACACAGAACUGCTT-3") with the highest transfec-
tion efficiency and the appropriate transfection conditions
(mass, 10 pmol; 37°C for 48 h) were established based on the
manufacturer's instructions. The negative control sequence
was 5-UUCUCCGAACGUGUCACGUTT-3" and 5'-ACG
UGACACGUUCGGAGAATT-3". After which, the transfected
cells were divided into groups according to the aforementioned
experimental grouping, and stably transfected cells were used
in the primary and follow-up experiments. The time interval
between transfection and subsequent experimentation was
12-24 h.

Western blotting (WB). The cells in each group were cultured
under the aforementioned normoxic or H-R conditions and
then collected for WB analysis. First, the proteins were
extracted by radioimmunoprecipitation assay RIPA lysis
buffer (cat. no. PO013B) and 1% PMSF (cat. no. ST506; both
Beyotime Institute of Biotechnology). The concentration of the
total protein extracted from each group was measured via the
BCA method, according to the manufacturer's instructions.
The proteins (15 ul/lane; containing 25-40 ug of protein)
were then denatured and separated in a 10% sodium dodecyl
sulfate-polyacrylamide gel and then transferred to a polyvi-
nylidene fluoride membrane. The membrane was blocked with
5% skimmed milk for 2 h at room temperature and then incu-
bated with rabbit anti-SENP1 (1:2,000), rabbit anti-HIF-1a
(1:2,000), rabbit anti-GAPDH (1:3,000), rabbit anti-HO-1

(1:5,000), rabbit anti-Bax (1:1,000), rabbit anti-Bcl-2 (1:1,000),
rabbit anti-f3-actin (1:3,000) and rabbit anti-cleaved-caspase-3
(1:1,000) overnight at 4°C. After washing, a goat anti-rabbit
HRP antibody (1:2,000) was incubated with the membrane
for 1 h at 37°C. Finally, the protein bands were detected by
the enhanced chemiluminescence method (Life-ilab), and the
relative protein levels were determined by scanning densitom-
etry analysis in Quantity One software (version 4.6; Bio-Rad
Laboratories, Inc.) with GAPDH and (-actin as the loading
controls.

Reverse transcription-quantitative polymerase chain reaction
(RT-qgPCR). After the cells were treated as aforementioned, total
RNA was extracted using TRIzol® (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's instructions.
RT of ~2 ug of RNA into cDNA was performed using a Prime
Script RT kit (TransGen Biotech Co., Ltd.) according to the
manufacturer's protocol. gPCR analysis was then performed
with a Light Cycler Real-Time PCR System (LightCycler 480;
Roche Diagnostics; SYBR Green). The amplification proce-
dure was as follows: 95°C for 30 sec, 40 cycles at 95°C for
5 sec, 60°C for 30 sec and 72°C for 60 sec. The results were
determined using the 2-24°4 method (21) and are expressed as
the fold difference relative to the GAPDH level. The primers
used are shown in Table 1.

Enzyme-linked immunosorbent assays (ELISAs). The super-
natant of the cultured cells was collected, and the levels of
VEGF (cat. no. MMVO00), IL-6 (cat. no. M6000B) and TNF-a
(cat. no. MTAOOB) were determined with commercial ELISA
kits (R&D Systems, Inc.). The sample was diluted five times,
and all the experiments were conducted according to the
manufacturer's instructions. Each experiment was repeated
three times.

Statistical analysis. All data are presented as the average +
standard deviation. The P-values were determined by Ordinary
one-way ANOVA (Tukey's multiple comparisons test),
two-way ANOVA (Sidak's multiple comparisons test) and
unpaired t-tests. All analyses were performed using Prism 8
(Dotmatics). P<0.05 was considered to indicate a statistically
significant difference.

Results

Expression of SENPI in LSECs is significantly upregulated
following H-R. After the H-R LSEC model was established, it
was verified via RT-qPCR that the level of SENP1 mRNA in
these LSECs was significantly higher than that in the control
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Figure 1. Expression of SENP1 in liver sinusoidal endothelial cells following H-R. (A and B) Western blotting analysis. (C) Reverse transcription-quantitative
polymerase chain reaction analysis. Data were presented as the mean + SD (n=3); “"P<0.001, "P<0.0001 vs. the control (normoxic) group. H-R, hypoxia-

reoxygenation; SENP1, Sentrin/SUMO-specific protease 1.
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Figure 2. Effects of SENPI expression downregulation and reactivation on the extent of fenestration damage and the reduction in the viability of H-R injured
LSECs. (A) Representative scanning electron microscopy images showing fenestrae in each treatment group. (B) Scanning electron microscopy images
showing the number of fenestrae in LSECs. (C) Cell Counting Kit-8 assay results. Data were presented as the mean + SD (n=3); "P<0.05 vs. the control
(normoxic) group; ““P<0.0001 vs. the H-R + si-NC group; ““P<0.001, “"P<0.0001 vs. the H-R + si-SENP1 group. H-R, hypoxia-reoxygenation; LSECs, liver
sinusoidal endothelial cells; NC, negative control; SENPI1, Sentrin/SUMO-specific protease 1; si(RNA), short interfering RNA.

(normoxic) cells (P<0.001; Fig. 1C). Similarly, it was demon-
strated by WB that the protein expression level of SENPI in
the H-R LSEC model was significantly higher than that in the
control (normoxic) cells (P<0.0001; Fig. 1A and B). From these
results, it can be suggested that SENP1 may be involved in the
regulation of H-R injury in LSECs.

Viability of LSECs is impaired and fenestration damage is
increased following H-R. To explore the phenotypic changes
in primary mouse LSECs following H-R injury, a CCK-8

assay was conducted to measure cell viability. It was found
that, compared with the control (normoxic) group, the
viability of the H-R injured LSECs decreased significantly
(P<0.0001; Fig. 2C).

To explore the effect of H-R on LSEC fenestration, scanning
electron microscopy was performed to identify fenestrated
cells. Compared with the control (normoxic) group, the fenes-
tration in the H-R injured cells was significantly damaged,
with a significant decrease in the number of fenestrated cells
(P<0.05; Fig. 2A and B). These results suggested that the
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fenestration of LSECs decreased rapidly following H-R, which
accelerated cell dedifferentiation.

Apoptosis rate of LSECs is significantly increased following
H-R. To explore the effect of H-R injury on primary mouse
LSEC apoptosis, the number of apoptotic cells was measured
by flow cytometry. It was found that the apoptosis rate of the
H-R injured cells was significantly higher than that of the
control (normoxic) group (Fig. 3A-C).

Silencing of SENPI in H-R injured LSECs decreases the prolif-
eration rate and increases the extent of fenestration damage
and the apoptosis rate. To determine whether the phenotypic
changes in LSECs following H-R injury, such as the decrease
in proliferation rate and fenestration and the increase in apop-
tosis, were related to changes in SENP1 protein expression, the
SENP1 expression in LSECs was silenced with siRNA. It was

P<0.001 and "P<0.05 vs. the rescue group. H-R, hypoxia-reoxygenation; NC, negative control; SENP1, Sentrin/SUMO-specific

found that, compared with the control group, after silencing
SENPI1 expression, the decrease in the proliferation rate, the
extent of diminished fenestration and the increase in the apop-
tosis rate were all exacerbated. This indicated that SENP1 may
be involved in the regulation of LSEC proliferation, fenestra-
tion and apoptosis after H-R exposure (Figs. 2 and 3).

Following activation of the HIF-1a signaling pathway, the
reduction in LSEC fenestration and proliferation rate is
alleviated and the apoptosis rate is decreased. After acti-
vating the HIF-1a signaling pathway with the HIF-1a agonist,
DMOG, the reduction in LSEC fenestration and proliferation
rate was significantly alleviated and the apoptosis rate was
significantly decreased (Figs. 2 and 3). These results suggested
that SENP1 may regulate LSEC fenestration maintenance,
proliferation and apoptosis after H-R exposure through the
HIF-1a signaling pathway.
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SENPI attenuates the decrease in proliferation rate, increase
in apoptosis rate and damage to fenestration in H-R injured
LSECs through the HIF-1a signaling pathway. To further
explore the specific mechanism by which SENP1 regulated the
proliferation, apoptosis and fenestration of LSECs following
H-R injury, SENPI1 expression in LSECs was silenced with
siRNA. It was found that si-SENP1 not only decreased the
SENPI1 protein level but also decreased the expression of
HIF-1a and HO-1, increased the expression of apoptosis-related
proteins, cleaved-Caspase-3 and Bax, and decreased the expres-
sion of Bcl-2 (Fig. 4A-F). In addition, the levels of VEGF, IL-6
and TNF-a in the cell culture medium were determined by
ELISA (Fig. 5). The levels of IL-6 and TNF-a in the H-R group
were significantly higher than those in the control (normoxic)
group. The concentration of VEGF was also increased (Fig. 5).
However, compared with the si-NC group, the VEGF protein
expression level in the si-SENP1 group decreased significantly,
while the levels of IL-6 and TNF-a increased significantly
(Fig. 5). However, after the HIF-1a signaling pathway agonist,
DMOG, was added to cells (the rescue group), the results were
the opposite of that following SENP1 silencing. In addition,
the HIF-1a signaling pathway was reactivated, attenuating the
damage caused by H-R. This indicated that silencing SENP1
may inhibit the effect of the HIF-1a signaling pathway and
subsequently aggravate the damage caused by H-R. Specifically,
these results suggested that SENP1 attenuated the increase in
apoptosis and fenestration impairments in LSECs following
H-R through the HIF-1a signaling pathway.

Discussion

Hepatic I/R injury is a common pathophysiological outcome of
liver transplantation and hepatectomy (1,2). LSECs experience
H-R injury, which proceeds through two different stages (1,2).
During the ischemic period, blood flow to the liver is inter-
rupted, resulting in tissue hypoxia, which damages the normal
function of mitochondria (1,2,22). Specifically, the lack of
oxygen delivered via electron carriers to the end of the mito-
chondrial respiratory chain immediately interrupts electron
flow, resulting in reduced respiratory chain output (22). The
subsequent interruption to oxidative phosphorylation leads to
the rapid depletion of ATP, the acceleration of glycolysis, an
increase in lactic acid production and a change in Ca** homeo-
stasis, which all exert damaging effects on LSECs, hepatocytes
and other liver cells (23). Although blood flow to the liver is
restored through reperfusion, the number of inflammatory
cells, pro-inflammatory mediators and reactive oxygen species
increases, exacerbating liver injury (24). Furthermore, damage
to LSECs leads to a lack of neovascularization in hyperplastic
liver tissue and the disruption of microcirculation in hepatic
sinusoids, exacerbating ischemic and hypoxic damage to hepa-
tocytes and other non-parenchymal cells (6). These outcomes
increase the hepatocyte apoptosis and necrosis rates, eventu-
ally aggravating hepatic I/R injury and potentially inducing
liver failure (6). Therefore, reducing H-R injury to LSECs
would increase the stability of microcirculation in the hepatic
sinusoid environment and alleviate I/R injury.

Previous studies have shown that LSECs not only coor-
dinate the response of the liver to injury but also mediate
the recovery of liver injury (2,12,13). LSECs reduce the

effect of I/R injury through autophagy, thus ensuring normal
cell function (25). Furthermore, LSECs with normal func-
tion ensure liver regeneration and liver function recovery
following hepatectomy (12,13). A number of mechanisms
may regulate the activation of autophagy in endothelial cells.
A decrease in ATP or in the availability of growth factors
leads to the activation of AMP-activated protein kinase
(AMPK). Once activated, AMPK inhibits mTOR action,
resulting in the activation of unc-51 like autophagy activating
kinase (ULK1), which triggers autophagy. In endothelial
cells, calmodulin-dependent protein kinase-f-mediated
AMPK activation inhibits mTOR activity, resulting in the
upregulation of ULK1 and autophagy activation. Therefore,
in endothelial cells, the activation of autophagy involves the
dynamic interaction between AMPK, intracellular calcium,
mTOR and ULK-1 (26,27). However, when H-R injury
is severe, LSECs show dysfunction, the hepatic sinusoid
microenvironment is subjected to ischemic and hypoxic
conditions, the number of inflammatory mediators increases
and reactive oxygen species accumulate (1,6,22). The LSECs
and hepatocytes then undergo necrosis or apoptosis and
liver regeneration is attenuated, making liver failure a likely
outcome (1,22). Therefore, reducing the damage to LSECs
caused by I/R injury promotes liver regeneration and liver
function recovery following hepatectomy.

Our previous study revealed that, under hypoxic culture
conditions, LSECs maintained fenestration and prolifer-
ated via regulation of the SENP1/HIF-1a/VEGF signaling
pathway (17,28). Thus, SENP1 has been suggested to be
involved in regulating the maintenance of a healthy LSEC
phenotype under hypoxic conditions, assisting LSEC function
in promoting liver regeneration. However, during and after
hepatectomy, the pathophysiological process of I/R in hepatic
sinusoids due to the disappearance of a hepatic artery buff-
ering effect and unbalanced proliferation of cells in the liver
during liver regeneration, leads to H-R injury to LSECs (29).
The expression of SENPI has been reported to be upregu-
lated in cardiomyocytes during H-R injury, reducing H-R
injury (30). Our previous study confirmed that SENP1 expres-
sion was significantly upregulated in hypoxia-treated LSECs
and participated in the regulation of LSEC proliferation and
fenestration maintenance. Therefore, it was hypothesized that
SENP1 may be involved in regulating the pathological process
underlying H-R injury in LSECs.

In the present study, using a mouse primary LSEC H-R
model, it was found that SENP1 expression in LSECs was
significantly upregulated at both the mRNA and protein levels
compared with the control group. These findings therefore
indicated that SENP1 expression in LSECs is affected by H-R.
In addition, it was found that the proliferation rate was reduced,
fenestration damage was increased and the apoptosis rate was
increased in LSECs cultured in H-R conditions. To explore
whether these phenotypic changes were related to changes in
SENPI1 expression, siRNA was used to silence SENP1 expres-
sion in LSECs. It was demonstrated that, compared with the
control group, the reduction in viability was more profound,
fenestration damage was increased and the apoptosis rate was
increased in cells transfected with si-SENP1. This indicated
that SENP1 may be involved in the regulation of viability,
fenestration and apoptosis in LSECs exposed to H-R.
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Figure 4. SENPI1, HIF-1a, HO-1, cleaved-caspase-3, Bax and Bcl-2 protein expression levels in SENPI1-knockdown H-R-injured liver sinusoidal endothelial
cells. (A) Representative western blots and ratio of SENP1, HIF-1a vs. GAPDH expression determined from the western blot images in the normoxia group.
(B) Representative western blots and ratio of SENP1, HIF-1a in the H-R group. (C) Representative western blots and ratio of Bax and cleaved-caspase-3 in the
normoxia group. (D) Representative western blots and ratio of Bax and cleaved-caspase-3 in the H-R group. (E) Representative western blots and ratio of Bcl-2
and HO-1 in the normoxia group. (F) Representative western blots and ratio of Bcl-2 and HO-1 in the H-R group. Date were shown as the mean + SD (n=3);
“P<0.05, “P<0.01, “P<0.001, “"P<0.0001 vs. the si-NC or si-SENPI group. HIF-1a, hypoxia-inducible transcription factor-1a; HO-1, heme oxygenase; NC,
negative control; SENP1, Sentrin/SUMO-specific protease 1; si(RNA), short interfering RNA; H-R, hypoxia-reoxygenation.

To further explore the specific mechanisms by which
SENPI1 regulates the viability, apoptosis and fenestra-
tion of LSECs following H-R, the expression levels of
associated factors were assessed. It was found that si-SENP1

transfection not only decreased the protein level of SENP1 but
also decreased the expression of HIF-1a and HO-1, increased
the expression of the apoptosis-related proteins, caspase-3
and Bax, and decreased the expression of Bcl-2. These results
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Figure 5. VEGF, IL-6 and TNF-a protein levels in SENPI-knockdown hypoxia-reoxygenation-injured LSECs. (A) ELISA of VEGF expression in all LSEC
groups. (B and C) ELISAs of IL-6 and TNF-a expression in all LSEC groups. Data were presented as the mean + SD (n=5); “P<0.01, ""P<0.001, “*P<0.0001
vs. the si-NC or si-SENP1 groups; “P<0.01, 7"P<0.001 vs. the normoxic group. ELISA, enzyme-linked immunosorbent assay; LSECs, liver sinusoidal endo-
thelial cells; NC, negative control; VEGF, vascular endothelial growth factor; SENP1, Sentrin/SUMO-specific protease 1; siitRNA), short interfering RNA.

therefore revealed that silencing SENP1 expression suppressed
the HIF-1a signaling pathway, increasing the activity of the
intrinsic apoptosis pathway, and thus increasing LSEC apop-
tosis. In addition, ELISAs were performed to measure the
levels of VEGF, IL-6 and TNF-a in the cell culture medium.
It was found that, compared with the control group, the levels
of VEGF, IL-6 and TNF-a were significantly increased in
the H-R group. However, compared with the H-R group, the
protein expression of VEGF was decreased, while the levels
of IL-6 and TNF-a were significantly increased in the group
transfected with si-SENP1. Studies (12-15) have demonstrated
that VEGF participated in maintaining LSEC differentiation
and fenestration. However, when LSECs were damaged by
H-R, the expression of VEGF increased, delaying the loss of
fenestration. Moreover, after SENP1 silencing, the expression
of VEGF decreased significantly, and the loss of fenestration
was more notable, indicating that SENP1 regulated the expres-
sion of VEGF in LSECs, which was similar to the findings of
our previous study (17). In the present study, IL-6, TNF-o and
other inflammatory mediator levels were found to be increased
in LSECs following H-R exposure, which was similar to
previous findings reported in the literature (20,31). These find-
ings suggested that the number of LSECs may increase due to
the increase in inflammatory factors that trigger the intrinsic
apoptosis pathway, thus explaining the increase in the LSEC
apoptosis rate following H-R injury.

However, the limitations of the present study should be
acknowledged. The experiments were conducted in vitro and
cannot truly reflect the complex internal environment in vivo.
Studies have shown that in vivo, VEGF is secreted mainly by
hepatocytes and hepatic stellate cells, which affect LSECs
through paracrine signaling (13,15). The results of the present
study demonstrated that LSECs self-regulate fenestration via
autocrine VEGF.

In addition, through the use of an HIF-1a signaling pathway
agonist, the outcomes of the aforementioned experiments were
reversed. Specifically, the inhibitory effect of si-SENP1 was
counteracted, indicating that silencing SENP1 expression may
inhibit the effect of the HIF-1a signaling pathway, aggravating
the damage caused by H-R. However, when a HIF-1a signaling
pathway agonist was used, the damage caused by H-R was
alleviated. Therefore, SENP1 may reduce the apoptosis rate
and fenestration damage in LSECs following H-R through the
HIF-1a signaling pathway.

In summary, after H-R treatment, the proliferation rate
was decreased, fenestration was inhibited, the apoptosis
rate increased and SENPI expression was increased in
LESCs. Moreover, after SENP1 silencing, the expression of
HIF-1a decreased and the damage to LSECs was aggravated.
However, the H-R injury of LSECs was reversed when an
HIF-1a signaling pathway agonist was used to treat the cells.
These findings indicated that SENP1 may alleviate H-R injury
to LSECs by mediating the effects of HIF-1a. signaling.
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