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Background: Hyperlipidemia is one of the main causes of aggravated hepatic ischemia-reperfusion injury (IRI). Simvastatin
(SIM), a lipid-lowering drug, has been shown to effectively alleviate IRI caused by hyperlipidemia. However, the regulatory
mechanism by which SIM alleviates hyperlipidemia-induced hepatic IRI is still not clear. This study aims to explore the potential
mechanisms of SIM in inhibiting hyperlipidemia-induced hepatic IRI, providing new therapeutic strategies for the alleviation of
hepatic IRL.

Methods: An animal model of hyperlipidemia was induced by feeding mice a high-fat diet for 8 weeks. Subsequently, a hepatic
IRI animal model of hyperlipidemia was established by occluding the hepatic artery and portal vein for one hour, followed by
reperfusion for 6 or 12 h. Enzyme linked immunosorbent assay, Western blotting, hematoxylin-eosin (H&E) staining, immuno-
histochemistry, immunofluorescence, and Terminal-deoxynucleoitidyl Transferase Mediated Nick End Labeling assay, were used
to evaluate liver injury, neutrophil extracellular traps (NETs) formation, and related molecular mechanisms.

Results: Hepatic IRI was accelerated by hyperlipidemia, which enhanced the expression of oxidized low-density lipoprotein
(oxLDL) and Macrophage-1antigen (Mac-1), leading to the promotion of NETs formation and apoptosis of liver cells. The ad-
ministration of simvastatin reduced the levels of oxLDL and Mac-1, decreased the formation of NETs, and alleviated hepatic IRI
induced by hyperlipidemia.

Conclusions: Simvastatin reduced hyperlipidemia-induced hepatic IRI by inhibiting the formation of NETs through the regula-
tion of the oxLDL/Mac-1 pathway.
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Introduction exhibit high levels of low-density lipoprotein (LDL) and
triglycerides, and during IRI, a substantial amount of LDL

Hepatic ischemia-reperfusion injury (IRI) is a signif- is oxidized into oxidized low-density lipoprotein (oxLDL)

icant contributor to postoperative complications and mor-
tality in liver diseases [1]. The transition from ischemia to
reperfusion is a key pathological process leading to hepatic
damage [2]. During the reperfusion injury phase, immune
cells are widely activated, triggering a series of sterile in-
flammatory reactions, ultimately resulting in hepatic func-
tion damage or even death [3]. Despite extensive research,
the occurrence and development mechanisms of hepatic IRI
remain unclear.

In recent decades, the prevalence of hyperlipidemia
due to a high-fat diet has been increasing, leading to its sig-
nificant role in inducing hepatic IRI [4]. Tung ef al. [5]
have demonstrated that hyperlipidemia can result in hepatic
lipid accumulation, elevate levels of serum alanine amino-
transferase (ALT) and aspartate aminotransferase (AST),
induce hepatocyte apoptosis, and accelerate hepatic tis-
sue necrosis in rats. In addition, hyperlipidemic patients

[6]. Platelets stimulated by oxLDL enhance the patholog-
ical accumulation of immune cell subsets and neutrophils
through cellular interactions [7]. Neutrophils, as the most
abundant and rapid-reacting immune cells in the blood, ag-
gregate and activate in large numbers during IRI [8], re-
leasing a three-dimensional network structure composed
of DNA called neutrophil extracellular traps (NETs) [9].
These NETs are known to damage vascular endothelium,
activate the inflammation-coagulation cascade, and worsen
microcirculatory damage [10,11]. While some studies have
demonstrated that the formation of NETs depends on reac-
tive oxygen species (ROS) and nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidase [12], the communi-
cation factors that regulate NETs formation between cells
have not been fully elucidated. Macrophage-1 antigen
(Mac-1, CD11b/CD18), the most abundant and important
(2 integrin on the surface of neutrophils, can promote neu-
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trophil adhesion and recruitment to inflammatory sites by
crossing endothelial cells [13]. Recent studies have shown
that Mac-1 participates in the formation of NETs. Behnen
et al. [14] found that Mac-1 was involved in FcyRIIIb-
mediated NETs generation. After applying Mac-1 antibod-
ies, NETs formation significantly decreased. However, it
has not been reported whether oxLDL affects hepatic IRI by
regulating the specific membrane receptor Mac-1 expres-
sion on polymorphonuclear leukocytes and stimulating the
production of NETs.

Simvastatin (SIM) is a commonly used lipid-lowering
statin in clinical practice. In recent years, it has shown ef-
ficacy in treating IRI such as hepatic [15], myocardial [16],
and intestinal IRI[17]. However, the protective mechanism
of SIM in IRI has not been fully elucidated. Cowled et al.
[18] have indicated that SIM can inhibit neutrophil infiltra-
tion induced by IRI. It is speculated that the protective effect
of SIM on hepatic IRI may depend on the inhibition of NETs
formation, thereby alleviating the mechanism of liver func-
tional damage. This study aims to investigate whether SIM
can reduce hyperlipidemia-induced hepatic IRI by regulat-
ing the oxLDL/Macl pathway to inhibit NETs formation.

Materials and Methods

Establishment of the Hepatic IRI Model Caused by
Hyperlipidemia

A total of 60 male C57BL/6 mice, ten weeks
old and weighing 26 £+ 1.7 g, were purchased from
Guangzhou Ruige Biological Technology Co., Ltd. The
mice were used to model hyperlipidemia, following a pro-
tocol from previous study [19], where they were fed a high-
fat diet (XTHF60, Jiangsu Xietong Pharmaceutical Bio-
engineering Co., Jiangsu, China). The remaining feed and
water intake were measured daily to calculate the previous
day’s consumption. The bedding was changed every 4 days,
and the mice were weighed in each group. The modeling
period lasted 8 weeks. All animal breeding and other ex-
perimental procedures complied with relevant management
guidelines and ethical requirements for experimental ani-
mals.

To establish the hepatic IRI model, mice were fasted
for 12 h before modeling but were allowed access to water.
The model was based on previous reports [20]. Specifi-
cally, mice were intraperitoneally injected with pentobarbi-
tal sodium (80 mg/kg) for anesthesia. A midline longitudi-
nal incision was made in the abdomen to expose the hep-
atic cavity, and the specific locations of the left and median
lobes of the liver were identified. Microvascular clamps
(1011032, Shanghai Medical Instruments Co., Ltd., Shang-
hai, China) were used to occlude the hepatic artery and por-
tal vein for 1 h, resulting in ischemia of the left and middle
lobes of the liver. During this time, visible color changes in-
dicating ischemic hepatic lobes were observed. After con-
firming successful blood flow obstruction, the abdominal

cavity was temporarily closed, the incision in the abdominal
wall was covered, and the vascular clip was released after
the predetermined ischemic period. Finally, the abdomen
was closed. In the sham-operated group, mice underwent
the same surgical procedure but without occlusion of the
hepatic veins. Subsequently, mice were sacrificed with cer-
vical dislocation method at 6 and 12 h after reperfusion, and
liver and serum samples were immediately collected for fur-
ther analysis. The animal experiments were performed fol-
lowing the Animals (Scientific Procedures) Act 1986 and
approved by the Animal Care Committee of Guangzhou
Seyotin Biotechnology Co., Ltd. (SYT2023010).

Animal Grouping and Intervention

The mice were divided into four groups: the con-
trol group, the 6-hour hepatic IRI group, the 12-hour hep-
atic IRI group, and the 12-hour hepatic IRI + SIM group
(IRI 12 h + SIM), with 10 mice in each group. In the
IRI 12 h + SIM group, the mice were simultaneously ad-
ministered SIM (S129538, Aladdin, Shanghai, China) at a
dosage of 5 mg/kg through intraperitoneal injection during
the induction of ischemia [20]. The remaining two groups
received an intraperitoneal injection of saline. Addition-
ally, 20 hyperlipidemia mice were randomly assigned to
the IRI 12 h + SIM + oe-Mac-1 group, IRI 12 h + SIM
+ 0e-NC group, IRI 12 h + si-Mac-1 group, and IRI 12 h
+ si-NC group, with 5 mice in each group. Three days be-
fore the IR operations, they were respectively infected with
Viruses (8.87 x 10'2 vg/mL) pAV-CMV-Mac-1-P2A-GFP
(HY22839, WZ Biosciences, Jinan, Shandong, China),
pAV-CMV-P2A-GFP, pAV-4inl-shMac-1-GFP (HY23619,
WZ Biosciences, Shandong, China), and pAV-4in1-shNC-
GFP by intravenous injection (40 pL/mouse). The Adeno-
associated virus (AAVS8) containing Mac-1 was obtained
from WZ Biosciences (Shandong, China). The sequences
related to Mac-1 synthesis are shown in Supplementary
Table 1.

Biochemical Index Assays

Blood samples from mice were collected and allowed
to stand for 30 min. Subsequently, the samples were cen-
trifuged at 3500 rpm for 10 min to separate the serum. The
levels of ALT and AST in the serum were determined us-
ing an automatic biochemical analyzer (Iqlaahgabdfaazm-
blt, Thermo Fisher Scientific, Waltham, MA, USA). The
concentrations of oxLDL (ab285269, Beyotime, Shanghai,
China), Tumor necrosis factor-o (PT516, Beyotime, Shang-
hai, China), and Interleukin-6 (PI330, Beyotime, Shang-
hai, China) in the serum were analyzed using Enzyme
linked immunosorbent assay kits. Additionally, NETs-
associated myeloperoxidase (MPO)-DNA complexes were
quantified using the Cell Death ELISA kit (MA549071,
Thermo Fisher Scientific, USA).
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Hematoxylin-Eosin (H&E) Staining

Mice hepatic tissues were fixed in a 4% paraformalde-
hyde solution (BL539A, Biosharp, Beijing, China), dehy-
drated using various concentrations of ethanol, and then
subjected to xylene transparency, paraffin embedding, sec-
tioning, dewaxing, rehydration, and hematoxylin-eosin
staining (C0105M, Beyotime, Shanghai, China). The re-
sulting pathological changes in hepatic tissue were ob-
served under a light microscope (MS60, Mshot, Guangzhou
Mshot Photoelectric Technology CO., Ltd., Guangzhou,
China).

TUNEL Assay

The paraffin sections were stained according to
the instructions of the Terminal-deoxynucleoitidyl Trans-
ferase Mediated Nick End Labeling apoptosis detection
kit (C1088, Beyotime, Shanghai, China). Randomly se-
lected fields were observed under a high-power micro-
scope (CKX53, Olympus, Tokyo, Japan), and 5 fields were
counted on each slide to calculate the average number of
total liver cells and TUNEL-positive cells.

Immunofluorescence Staining

As described in 2.5, hepatic tissues from mice
were fixed in a 4% paraformaldehyde solution (BL539A,
Biosharp, Beijing, China), dehydrated using various
ethanol concentrations, and then subjected to xylene trans-
parency, paraffin embedding, sectioning, dewaxing, and
rehydration. Subsequently, these hepatic tissues were in-
cubated overnight at 4 °C with antibodies against citrulli-
nated histone H3 (Cit-H3) (EPR20358120, Abcam, Shang-
hai, China), MPO (ab45977, Abcam, Shanghai, China), and
Mac-1 (EPR19900147, Abcam, Shanghai, China). The sec-
ondary antibodies were then incubated at room temperature
on a shaking bed for 1 h. 4’,6-diamidino-2-phenylindole
(STC448, Seyotin, Guangzhou, China) was used for DNA
staining. The sections were observed and imaged un-
der a fluorescence microscope (CKX53, Olympus, Tokyo,
Japan). The ImageJ software (V1.8.0.112, Rawak Software
Inc., Stuttgart, Germany) was used to analyze these results.

Western Blotting

Proteins were extracted from the hepatic tissues
of mice and quantitatively analyzed using BCA Kkits
(P0012, Beyotime, Shanghai, China). Subsequently, 10
uL of protein samples from each group were subjected
to Sodium Dodecyl Sulfate-Polyacrylamide Gel Elec-
trophoresis (SDS-PAGE), followed by transfer and block-
ing. Primary antibodies including Cleaved Caspase-3 (C-
Caspase3) (1/1000, ab2302, Abcam, Shanghai, China),
Caspase-3 (1/10000, ab32042, Abcam, Shanghai, China),
BCL2-Associated X (1/500, ab182733, Abcam, Shang-
hai, China), B-cell lymphoma-2 (1/2000, ab182858, Ab-
cam, Shanghai, China), Cit-H3 (1/5000, ab219407, Abcam,
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Shanghai, China), p65 (1/2000, ab32536, Abcam, Shang-
hai, China), phospho-nuclear factor kappa-B/p65 (1/500,
ab53489, Abcam, Shanghai, China), Mac-1 (1/1000, Ab-
cam, Shanghai, China), and GAPDH (1/5000, ab8245, Ab-
cam, Shanghai, China) were incubated. This was fol-
lowed by the incubation with secondary antibodies in-
cluding C-Caspase3 (1/1000, ab2302, Abcam, Shanghai,
China), Caspase-3 (1/10000, ab216777, Abcam, Shang-
hai, China), Bax (1/10000, ab216776, Abcam, Shang-
hai, China), Bcl-2 (1/10000, ab32124, Abcam, Shang-
hai, China), Cit-H3 (1/10000, ab97051, Abcam, Shang-
hai, China), p65 (1/10000, ab216776, Abcam, Shang-
hai, China), p-p65 (1/10000, ab43041, Abcam, Shanghai,
China), Mac-1 (1/10000, Abcam, Shanghai, China), and
GAPDH (1/10000, ab8245, Abcam, Shanghai, China) on
a shaking bed at room temperature for 1 h. The enhanced
chemiluminescence luminescent solution (PK10003, Pro-
teintech, Wuhan, China) was used for exposure, and Im-
ageJ (V1.8.0.112, Rawak Software Inc., Stuttgart, Ger-
many) software was used for band statistical analysis.

Statistical Analysis

All experimental results were replicated three times.
The experimental data are represented as mean =+ standard
deviation (SD). Statistical analysis was conducted using
GraphPad Prism 6 software (GraphPad Software Inc., San
Diego, CA, USA). Differences were assessed using the Stu-
dent’s ¢-test for two groups or one-way Analysis of Variance
for more than two groups. Statistical significance was con-
sidered when the p-value was less than 0.05.

Results

Hyperlipidemia Enhanced Hepatic IR

To investigate the impact of hyperlipidemia on hep-
atic IRI, we fed mice a high-fat diet for 8 weeks to induce
hyperlipidemia. Subsequently, we subjected the hyperlipi-
demic mice to hepatic IRI by occluding the hepatic artery
and portal vein for 1 h. To assess the severity of liver func-
tion damage and its association with the duration of IRI,
we randomly divided the mice into three groups: the con-
trol group, the 6-hour group, and the 12-hour group, based
on the reperfusion time. The results showed a significant
increase in ALT (Fig. 1A, p < 0.05) and AST (Fig. 1A, p
< 0.01) levels at 6 and 12 h after reperfusion, compared
with the control group (Fig. 1A). Furthermore, we con-
ducted a histopathological examination of hepatic samples,
revealing a significant aggravation of hepatic tissue dam-
age at 6 and 12 h after reperfusion, as evidenced by the in-
creased area of coagulative necrosis in HE-stained sections
(Fig. 1B). The hepatic cord disappeared in hepatic tissue,
and a significant increase in the area of hepatic tissue coag-
ulation necrosis was observed (indicated by black arrows).
Meanwhile, the number of apoptotic cells in the liver of hy-
perlipidemic mice was observed to increase as the reper-
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Fig. 1. Hyperlipidemia enhanced hepatic ischemia-reperfusion injury (IRI). (A) Automatic biochemical analyzer detection of serum

aspartate aminotransferase (AST) and serum alanine aminotransferase (ALT) levels. (B) Hematoxylin-eosin (H&E) staining to evalu-

ate hepatic necrosis after IRI. (C) Terminal-deoxynucleoitidyl Transferase Mediated Nick End Labeling staining to detect hepatocyte

apoptosis in mice hepatic tissue. Scale bar: 50 pm. (D) Western blotting to detect the expression of Cleaved Caspase-3 (C-Caspase3),

Caspase3, BCL2-Associated X, and B-cell lymphoma-2 in mouse hepatic tissue. (E) Enzyme linked immunosorbent assay detection

of the expression levels of inflammatory factors Tumor necrosis factor-« and Interleukin-6 in mice serum. (F) Immunohistochemical

staining to evaluate the Ly6G positive expression. All the results were presented as mean =+ standard deviation (SD) (n=3). (*p < 0.05,

**p < 0.01, ***p < 0.001 vs Control group).

fusion time prolonged (Fig. 1C, p < 0.05). Additionally,
the expression levels of the apoptosis proteins C-Caspase3
(Fig. 1D, p < 0.01) and Bax (Fig. 1D, p < 0.05) in hep-
atic tissue significantly increased with prolonged reperfu-
sion time, while the expression level of the anti-apoptotic
protein Bcl-2 significantly decreased (Fig. 1D, p < 0.05).
Furthermore, ELISA detection results also demonstrated a
gradual increase in the expression levels of inflammatory
factors TNF-a (Fig. 1E, p < 0.05) and IL-6 (Fig. 1E, p

< 0.05) with prolonged reperfusion time, compared to the
control group. Importantly, the hepatic infiltration of neu-
trophils, assessed by immunohistochemical staining of the
neutrophil-specific marker Ly6G, increased significantly at
6 and 12 h after reperfusion, compared with the control
group (Fig. IF, p < 0.05). These findings suggest that hy-
perlipidemia can exacerbate hepatic IRI, potentially due to
the infiltration of a significant number of neutrophils.
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Fig. 2. Hyperlipidemia promoted the formation of neutrophil extracellular traps (NETs) in hepatic IRI. (A) ELISA detection of

myeloperoxidase (MPO)-DNA complexes content. (B) Western blotting was used to detect the expression of citrullinated histone H3

(Cit-H3) in hepatic tissues. (C) Immunofluorescence was used to label Cit-H3 and MPO co-localization. Scale bar: 50 um. All the
results were presented as mean &+ SD (n = 3). (¥p < 0.05, **p < 0.01, ***p < 0.001 vs Control group).

Hyperlipidemia Promoted the Formation of NETS in
Hepatic IR

To investigate the formation of NETs during hepatic
IRI, we initially examined the presence of NETs in mouse
serum following reperfusion. The levels of MPO-DNA
complexes significantly increased with longer reperfusion
time compared to the control group (Fig. 2A, p < 0.05).
Subsequently, western blot analysis revealed a significant
increase in the NETs marker Cit-H3 as reperfusion time pro-
longed (Fig. 2B, p < 0.01). Furthermore, immunofluores-
cence staining was utilized to co-localize Cit-H3 and MPO
in hepatic samples (Fig. 2C), showing a notable increase in
MPO-CitH3 expression over time after reperfusion. These
findings confirm that hyperlipidemia can induce the forma-
tion of NETs in hepatic IRI.

Hyperlipidemia Promoted the Formation of NETs
after Hepatic IRI by the oxLDL/Mac-1 Pathway

We further explored the mechanism of NETs. Previ-
ous studies have indicated that the aggregation, activation,
and release of NETs can be induced by the oxidation of LDL

and the activation of the specific membrane receptor Mac-
1 on macrophages [21,22]. We observed a significant in-
crease in serum oxLDL levels with time after reperfusion
(Fig. 3A, p < 0.05). Subsequently, immunofluorescence
analysis of hepatic tissues after perfusion showed a signif-
icant increase in Mac-1 expression over time (Fig. 3B, p
< 0.05). Furthermore, the expression level of Mac-1 pro-
tein was significantly elevated with prolonged perfusion
time (Fig. 3C, p < 0.01). The nuclear factor kappa-B pro-
inflammatory signaling pathway can promote the inflam-
matory response induced by NETs [23]. Our protein blot
analysis revealed that the activation of the inflammatory
NF-«£B signaling pathway increased over time, as indicated
by the elevated expression of p-p65, while the expression of
p65 showed no significant change (Fig. 3D, p < 0.01). To
investigate whether NETs formation was mediated by the
oxLDL/Mac-1 pathway, we downregulated Mac-1 and ob-
served a significant decrease in the content of MPO-DNA
complexes (Supplementary Fig. 1A, p < 0.05) and a de-
crease in Cit-H3 protein expression level (Supplementary
Fig. 1B, p < 0.05) in the IRI 12 h + si-Mac-1 group com-
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Fig. 3. Hyperlipidemia promoted the formation of NETs after hepatic IRI by the oxidized low-density lipoprotein (oxLDL)/

Macrophage-lantigen (Mac-1) pathway. (A) ELISA measurement of serum oxLDL levels. (B) Immunofluorescence staining of Mac-

1 expression in hepatic tissues. Scale bar: 50 pm. (C) Western blotting analysis of Mac-1 expression in hepatic tissues. (D) Western

blotting analysis of p65, phospho-nuclear factor kappa-B/p65 expression in hepatic tissues. All the results are presented as mean £+ SD

(n=3). (*p < 0.05, **p < 0.01, ***p < 0.001 vs Control group).

pared to the IRI 12 h group. This suggests that NETs forma-
tion is suppressed after the downregulation of Mac-1. Addi-
tionally, we found that the downregulation of Mac-1 inhib-
ited the activation of the NF-xB pathway, and decreased the
value of p-p65/p65 (Supplementary Fig. 1C, p < 0.001)
after 12 h of perfusion. Based on these results, our study
suggests that hyperlipidemia induces the formation of NETs
through the oxLDL/Mac-1 pathway, promoting the forma-
tion of NETs after hepatic IRI.

SIM Inhibited NETs Formation via the oxLDL/Mac-1
Pathway

To investigate the potential of SIM in reducing NETs
formation via the oxLDL/Mac-1 pathway induced by hy-
perlipidemia, we selected the 12-hour time point after reper-
fusion for SIM treatment. Our findings revealed a signif-
icant decrease in Ly6G positive expression in the hepatic
tissue following IRI after 12 h of SIM treatment (Fig. 4A,
p < 0.05). Furthermore, there was a notable reduction in

the levels of MPO-DNA complexes in the serum of mice
(Fig. 4B, p < 0.05), along with a decrease in Cit-H3 pro-
tein expression, a recognized marker for NETs formation,
in liver tissues (Fig. 4C,D, p < 0.01). Additionally, the
co-localization of MPO-CitH3 in hepatic tissues was in-
hibited by SIM treatment (Fig. 4E). Moreover, the expres-
sion of oxLDL and Mac-1 was significantly lower after 12
h of SIM treatment compared to IRI alone (Fig. 4F,G, p
< 0.05). To further investigate whether SIM inhibits the
formation of NETs through the oxLDL/Mac-1 pathway,
we overexpressed Mac-1 after SIM treatment, as shown
in Supplementary Fig. 2. Overexpression of Mac-1 re-
versed the effect of SIM, significantly promoting the ex-
pression of Cit-H3 protein (Supplementary Fig. 2A, p
< 0.01) and upregulating the levels of MPO-DNA com-
plexes (Supplementary Fig. 2B, p < 0.05). In conclusion,
our results strongly suggest that SIM can effectively reduce
neutrophil infiltration and restrain NETs formation by the
oxLDL/Mac-1 pathway.
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levels. (G) Immunofluorescence staining of Mac-1 expression in hepatic tissues. All the results are presented as mean + SD (n=3). (*p

< 0.05, **p < 0.01, ***

SIM Inhibited Hepatic IRI Caused by Hyperlipidemia

The results showed that SIM treatment reduced the
levels of ALT (Fig. 5A, p < 0.05) and AST (Fig. 5A, p
< 0.01) after 12 h of IR. It also improved the visibility of
the hepatic cord, decreased the area of coagulative necro-
sis, and relieved hepatic tissue (black arrow) (Fig. 5B). Ad-
ditionally, SIM inhibited liver cell apoptosis (Fig. 5C, p
< 0.01), decreased the expression levels of apoptosis pro-
teins C-Caspase3/Caspase3 (Fig. 5D, p < 0.01) and Bax
(Fig. 5D, p < 0.01), and upregulated the expression of
the anti-apoptotic protein Bcl-2 (Fig. 5D, p < 0.05). Fur-

p < 0.001 vs Control group, *p < 0.05, #p < 0.01 vs IRI 12 h group).

thermore, SIM treatment decreased the levels of TNF-a
(Fig. SE, p < 0.05) and IL-6 (Fig. 5E, p < 0.05) in liver
tissues after IRI, suggesting that SIM inhibits hepatic IRI
caused by hyperlipidemia.

Discussion

Hepatic IRI is an unavoidable complication during
hepatic resection and transplantation surgeries. In recent
decades, the increasing prevalence of hyperlipidemia has
emerged as a major cause of IRI [24]. In this study,
a mouse model was successfully established to simulate
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Fig. 5. SIM inhibited hepatic IRI caused by hyperlipidemia. (A) AST and ALT levels were analyzed using an automated biochemical

analyzer. (B) H&E staining evaluation of hepatic tissue necrosis. (C) TUNEL staining was used to detect hepatic cell apoptosis. Scale

bar: 50 um. (D) Western blot analysis of C-Caspase3, Caspase3, Bax, and Bcl-2 expression in hepatic tissues. (E) ELISA measurement

of TNF- and IL-6 levels in serum. All the results are presented as mean + SD (n=3). (**p < 0.01, ***p < 0.001 vs Control group, “p

< 0.05, ¥p < 0.01 vs IRI 12 h group).

hyperlipidemia-induced hepatic IRI. We observed a sig-
nificant increase in hepatic damage with prolonged reper-
fusion time. Indicators of liver injury and inflammation,
such as ALT, AST, TNF-q, and IL-6, exhibited a gradual
rise in the mice’s serum over time. Moreover, the area
of hepatic necrosis and the number of apoptotic hepato-
cytes increased progressively. The expression levels of C-
Caspase3 and Bax, proteins associated with apoptosis, also
increased, while the anti-apoptotic protein Bcl2 increased
with prolonged reperfusion time.

NETs are a novel mechanism discovered in 2004, in-
volving the capture and killing of infectious pathogens by
neutrophils. Over the past decade, research has increas-
ingly focused on the occurrence and development of NETs
in non-infectious diseases, including cancer [25], autoim-
mune diseases [26], thrombosis [27], and sterile inflamma-
tory tissue damage [28]. In particular, NETs play a key
role in sterile inflammatory tissue damage, specifically hep-
atic IRI. Studies have shown that after hepatic IRI occurs,
NETs and their important components, such as MPO, his-
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tones, and NE, can serve as damage-associated molecular
patterns (DAMPs), initiating and amplifying inflammatory
responses and activating the immune system. While caus-
ing damage to hepatic parenchymal cells, they exert cyto-
toxic effects on the liver’s vascular endothelium, leading to
widespread hepatocyte necrosis, cell apoptosis, and autoim-
mune liver diseases [29]. However, the specific mechanism
of NETs formation in hepatic IRI is still unclear. Therefore,
our study intends to further explore the molecular mech-
anism of NETs formation mediated by hyperlipidemia in
hepatic IRI. During hepatic IRI, hyperlipidemia-mediated
oxidative stress leads to the oxidation of LDL to oxLDL. On
the one hand, we consider that intracellular oxLDL directly
induces the production of NETs through the TLR-MAPK
pathway, stimulating inflammatory responses and exacer-
bating hepatic IRI [30]. On the other hand, oxLDL can
stimulate platelets to enhance the infiltration of neutrophils
[31], and it is known that platelets can induce the formation
of NETs on activated neutrophils by activating Mac-1 [32].
We hypothesized that oxLDL in the body may stimulate the
expression of Mac-1, leading to the formation of NETs. As
anticipated, our experimental results demonstrated that the
level of Cit-H3, a marker protein of NETs, and the quantity
of MPO-DNA complexes in the serum gradually increased
over time after reperfusion. Importantly, we also observed
elevated expression levels of oxLDL and Mac-1. These
findings suggest that hyperlipidemia may facilitate the gen-
eration of NETs through the oxLDL/Mac-1 pathway.

SIM is a lipid-lowering drug of the statin class, with
significant therapeutic effects in controlling cholesterol lev-
els in the blood and preventing cardiovascular diseases [33].
However, the treatment mechanism of SIM in hepatic IR is
not fully understood. This study found that SIM decreased
the levels of AST and ALT in the serum, reduced the ag-
gregation of neutrophils, decreased hepatic cell apoptosis,
improved hepatic function, and alleviated hepatic IRI. Re-
searches have confirmed that SIM can reduce neutrophil in-
filtration during IRI [18,34]. Furthermore, this study aimed
to investigate whether SIM could alleviate hyperlipidemia-
mediated hepatic IRI by inhibiting the formation of NETs
through the oxLDL/Mac-1 pathway, as suggested by the
findings in Figs. 2,3. It was hypothesized that SIM inter-
vention might hinder the generation of NETs by targeting
the oxLDL/Mac-1 pathway. As expected, the research ob-
served a decline in MPO-DNA levels in the serum and a
reduction in Cit-H3 expression, indicating that SIM effec-
tively suppressed the formation of NETs. Moreover, the
study detected a significant inhibition of oxLDL and Mac-1
expression following SIM treatment. These results suggest
that simvastatin alleviates hyperlipidemia-mediated liver
IRI by suppressing the formation of NETs through the
oxLDL/Mac-1 pathway. However, this study has several
limitations. First, it did not investigate the dose effect of
SIM and only used one dose (5 mg/kg), which cannot de-
termine the optimal therapeutic dose and time window of
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SIM. Future studies need to include different doses and time
points of SIM treatment to verify the best intervention strat-
egy. Second, the study did not evaluate the safety and toxi-
city of SIM, and cannot rule out the adverse effects of SIM
on other organs or systems. Lastly, the study did not ex-
plore the effects of SIM on other factors related to hepatic
IRI, such as liver metabolism, liver fibrosis, and liver re-
generation.

Conclusions

In summary, our study demonstrated that the use
of simvastatin alleviates hyperlipidemia-mediated hepatic
IRI. The protective mechanism of SIM against hepatic IRI
may be mediated through the regulation of the oxLDL/Mac-
1 pathway, inhibition of NETs formation, and inflammation
response. Our research strongly supports the inhibitory ef-
fect of SIM on NETs formation during hepatic IR, and its
potential as a viable strategy for protecting liver function
during hepatic surgeries.
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