Journal of Advanced Research 79 (2026) 521-534

journal homepage: www.elsevier.com/locate/jare

Contents lists available at ScienceDirect

Journal of Advanced Research

Neutrophil extracellular traps-triggered hepatocellular senescence
exacerbates lipotoxicity in non-alcoholic steatohepatitis

Check for
updates

Ming Xu ', Hao Xu', Yu-Wei Ling !, Jing-Jing Liu, Ping Song, Zhi-Qiang Fang, Zhen-Sheng Yue,

Juan-Li Duan *, Fei He ™,

Lin Wang *

Department of Hepatobiliary Surgery, Xijing Hospital, Fourth Military Medical University, Xi’an 710032, China

HIGHLIGHTS

« Neutrophil extracellular traps (NETs)
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ABSTRACT

Introduction: Neutrophils are initial responders in inflammation and contribute to non-alcoholic fatty
liver disease (NAFLD) progression to steatohepatitis (NASH).

Neutrophil extracellular traps (NETs) are implicated in liver injury, yet their precise mechanisms in
NASH progression remains unclear.
Objectives: This study investigates how NETs drive NASH progression by exacerbating hepatocyte lipo-
toxicity and explore the regulatory mechanism of NETs formation and its downstream effects on liver
pathology.
Methods: Clinical samples from NASH patients and diet-induced NASH mice were analyzed for NET
levels. NETs were pharmacologically inhibited, and senescent cells were selectively eliminated in mice.
Myeloid-specific RBP-] knockout mice were generated to disrupt Notch signaling, with subsequent eval-
uation of NET formation, senescence markers, steatosis, fibrosis, and inflammation.
Results: NETs were elevated in NASH patients and mice, correlating with hepatocyte senescence and lipo-
toxicity. Pharmacological NET disruption reduced hepatocyte senescence, accompanied by attenuated
steatosis and fibrosis. Senescent cell clearance replicated these improvements, confirming liver senes-
cence emerges is a vital step for NETs to promote the progression of NASH. Myeloid-specific Notch sig-
naling ablation suppressed NET generation, concurrently decreasing lipid deposition and liver
inflammation.
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Conclusion: Our findings elucidate a novel mechanism by which neutrophil-derived Notch driven NETs
exacerbate NASH by promoting cell senescence, thereby contributing to hepatic steatosis and fibrosis.
This insight may provide potential intervention strategies and therapeutic targets for NASH treatment.
© 2025 The Author(s). Published by Elsevier B.V. on behalf of Cairo University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Non-alcoholic fatty liver disease (NAFLD) afflicts more than a
third of the world’s population and has become the most common
chronic liver disease worldwide [1-3]. With the confluence of obe-
sity, diabetes and other metabolic related factors, its incidence rate
continues to escalate [4]. NASH is a critical juncture in the evolu-
tion of the NAFLD disease spectrum. If a patient is diagnosed with
NASH, their risk of developing end-stage liver diseases such as cir-
rhosis and liver cancer increase significantly [5]. Although liver
immune disorders and lipotoxicity are considered the primary
pathogenic factors, due to the elusive etiology, impedes the devel-
opment of curative and effective treatment strategy for NASH [6,7].

Inflammatory infiltration characterizes the pathological land-
scape of NAFLD, and neutrophils, as the first responders of inflam-
mation notably, play an indispensable role in the evolution from
simple hepatic steatosis to NASH [8-10]. Traditionally, neutrophils
have been recognized primarily for their roles as antigen-
presenting cells and which include stimulating macrophage
recruitment. However, recent studies have expanded this view by
demonstrating that neutrophils also advance NAFLD progression
through the production of NETs [11]. NETSs, intricate DNA network
structures released by neutrophils in response to various damage
stimuli, are attached with proteins such as citrullinated histone
H3 (CitH3) and myeloperoxidase (MPO) [12]. Increasing evidence
links that NETs are closely related to various acute and chronic
liver injuries, where their accumulation initiates a series of inflam-
matory responses [13-17]. Therefore, delineating the origins and
impacts of NETs in NAFLD may offer innovative strategies for
managing this disorder.

Cellular senescence denotes an irreversible state of cell cycle
arrest induced by a variety of endogenous or exogenous factors,
including telomere shortening, DNA damage, epigenetic disorders,
and mitochondrial dysfunction [18]. Senescent cells not only
undergo morphological changes but also alter the secretion of
inflammatory cytokines [19]. Recognized cellular senescence
biomarkers in scientific literature include SA-B-Gal, p16, p53 and
p21[18,20,21]. Senescent cells not only contribute to bodily senes-
cence but also foster various diseases and metabolic disorders
through the senescence of different cell types [22]. Cellular senes-
cence also precipitates adipose degeneration, a metabolic disorder
[23]. Research has revealed that liver cells in NAFLD patients man-
ifest senescent characteristics, notably severe DNA damage and cell
cycle arrest [24]. Despite these findings, the precise mechanisms at
play warrant further investigation [25].

The Notch signaling pathway, a short-range signal transduction
mechanism mediated by transmembrane ligand-receptor interac-
tions, plays a pivotal role in development, tissue and organ home-
ostasis maintenance, and disease onset and progression [26].
Studies have identified Notch and its downstream molecules as
key regulators of liver physiological metabolism, liver fibrosis,
repair and regeneration, and liver cancer occurrence [27,28]. Nota-
bly, the roles of liver cells and non-parenchymal cell-derived
Notch, notably from liver sinusoidal endothelial cells (LSECs), in
NAFLD have been investigated and reported [29]. However,
research on the impact of immune cell-derived Notch signaling,
such as neutrophils, on liver diseases including NAFLD remains
scarce. Examining this area is essential for a comprehensive
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understanding of the intricate relationship between Notch signal-
ing, liver metabolism, and associated pathologies.

In this study, we performed rigorous in vivo and in vitro exper-
iments using clinical samples and mouse models to examine the
role of neutrophils in driving liver cell senescence by regulating
NETs formation, thereby promoting lipotoxicity and disease pro-
gression. Additionally, we elucidated the role of neutrophil-
derived Notch signaling in the onset and development of NASH.
Our findings may provide novel insights and potential therapeutic
targets for NASH treatment.

Materials and methods
Mice

C57BL/6 wild-type mice were purchased from Gempharmatech
Co., Ltd., Lyz2-Cre; RBPP"** mice were donated by Prof. Han Hua of
the Fourth Military Medical University. Lyz2-Cre; RBPfX/flox
(RBPJ-KO) littermate Lyz2-Cre; RBPF®/* or wild C57BL/6 mice were
used as controls. Experimental NAFLD mouse model was induced
by feeding either the choline-deficient L-amino acid diet (CDAA)
for 10 weeks or the methionine and choline-deficient diet (MCD)
for 6 weeks to 7-8 week-old male mice. In order to eliminate NETs
in NASH mice, DNase I (Roche, China) was diluted with PBS and
formulated into a concentration of 100 pg/mL. According to the
body weight of the mice, DNase I was injected intraperitoneally
at a dose of 2.5 pg/g, 3 times a week, at the beginning of the 4th
week of modeling in MCD mice, and samples were sacrificed until
the 6th week. The control group used PBS. In order to eliminate
senescent cells in NASH mice, the drug was dissolved with 4 %
DMSO, 30 % PEG300, 2.5 % Tween 80 and 61 % ddH,0, and
Dasatinib&Quercetin (DQ) gavage was administered to MCD mice
at doses of dasatinib 5 mg/kg and quercetin 50 mg/kg, 3 times a
week, starting at the 4th week of modeling until the sixth week.
The control group was treated with equal proportion solvent.

All laboratory animals are housed in SPF-rated animal houses,
and all animal experiments are conducted in accordance with the
guidelines of the the Fourth Military Medical University Animal
Laboratory Management Board.

Serum and liver tissue samples of patients

Serum and liver tissue samples (paraffin-embedded liver tissue)
from NASH patients were obtained from the Department of Hepa-
tobiliary Surgery, Xijing Hospital, the Fourth Military Medical
University. The patients with NASH were clinically and pathologi-
cally diagnosed, while the control group was non-diabetic, non-
alcoholic, or non-viral hepatitis patients. Basic patient information
is listed in Table S1. All participants have signed informed consent.
Clinical samples involving humans are approved by the Ethics
Committee of Xijing Hospital, the Fourth Military Military Medical
University.

Histology assay

Liver tissue was fixed with 4 % paraformaldehyde. Paraffin and
frozen sections were prepared according to the previously
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described protocol, and Hematoxylin and Eosin (H&E) staining,
Sirius Red staining, immunofluorescence (IF) staining, and
immunohistochemical (IHC) staining were performed (Antibodies
were used in Table S2). The saturated Oil Red O solution was pur-
chased from Servicebio (G1015-100 mL, Wuhan, China), and the
SA-B-gal staining kit was purchased from Beyotime (C0602, Shang-
hai, China). Fresh liver tissue was stained according to the product
instructions.

Biochemistry and Enzyme-linked immunosorbent assay (ELISA)

Serum levels of alanine aminotransferase (ALT), aspartate
aminotransferase (AST), total triglycerides (TGs) were determined
using commercially available kits (Rayto, Shenzhen, China) and
measured using an automated biochemical analyzer (Chemray
800, Rayto, China). TC and TG levels in liver tissue were measured
using commercially available kits (Applygen, Beijing, China). The
levels of MPO in serum were measured using kits from Liankebio
(Zhejiang, China) following the manufacturer’s protocols.

Neutrophil isolation and NETSs extraction

Neutrophils from human peripheral blood were isolated by gra-
dient centrifugation. Peripheral venous blood was collected from
healthy subjects using anticoagulant tubes, and 15 mL centrifuge
tube is added successively from bottom to top: 5 mL 1119 lympho-
cyte isolation solution (Sigam, USA) — 2 mL 1077 lymphocyte iso-
lation solution (Sigam, USA) — 5 mL-7 mL peripheral blood whole
blood. Then 4 °C, 750 g, slowly rise slowly fall, centrifuge for
30 min. After centrifugation, the plasma layer, PBMCs layer and lig-
uid separation layer were discarded, and neutrophils layer were
collected, and add with about 5 mL red blood cell lysis buffer
(Solarbio, Beijing, China), which was cracked at 4°C for 15 min
and then again. Neutrophil precipitation was obtained by centrifu-
gation at 450 g for 10 min (the erythrocyte Lysing step was
repeated until no red blood cells were found in the precipitation).
Finally, about 5 mL PBS was added to wash the cell precipitation,
and after blowing evenly, the supernatant was discarded after
being centrifuged at 4°C and 450 g for 5 min. Leukocyte precipita-
tions were suspended in a complete medium containing 1640
RPMI. For mouse bone marrow neutrophils, bone marrow cell sus-
pensions were collected from the femur and tibia of mice, and the
neutrophils were isolated by gradient centrifugation as in periph-
eral blood.

Mouse bone marrow neutrophils were isolated from the femur
and tibia of mice. After the bone marrow suspension was collected,
gradient centrifugation was performed using 1119 and 1077, and
the remaining steps were the same as above.

The suspended neutrophils were planted in a 10 cm? petri dish,
added with 90 nM PMA, placed in an incubator at 37 °C and 5 % CO,
for 4 h, then the supernatant was discarded, the residual medium
was gently rinsed with sterile PBS, and the flocculent attachment
at the bottom of the petri dish was rinsed with clean sterile PBS
and collected into a 15 mL centrifuge tube. After full blowing, the
supernatant containing NETs was obtained by centrifugation at
450 g at 4 °C for 10 min and frozen at —80 °C for storage. NETs were
quantified according to instructions with Quant-iT™ PicoGreen™
dsDNA Reagent and Kit from Thermo Fisher Scientific (MA, USA)
prior to use.

Primary hepatocyte isolation

Primary hepatocyte were isolated from liver tissues as previ-
ously described [30].
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Cell culture

Alpha mouse liver 12 (AML12) cells were cultured in Special
medium for AML12 cells (Procell, Wuhan, China), added with the
fresh medium containing different concentrations NETs for 48-
72 h, and primary hepatocyte were cultured in DMEM without
FBS, added with the fresh medium containing 300 uM H,0, or
NETs for 24 h. Then the treated AML12 or primary hepatocyte cells
were stained with Oil Red O (Servicebio, Wuhan, China) and SA-B-
gal (Beyotime, Shanghai, China). Triglyceride content in the treated
AML12 or primary hepatocyte cells was measured using a detec-
tion kit (Applygen, Beijing, China) following the manufacturer’s
protocols.

PMN were treated with y-secretase inhibitor N-[N-(3,5-Difluor
ophenacetyl)-L-alanyl]-S-phenylglycine t-butyl Ester (DAPT,
5 pM, Selleck, USA) or DMSO for 24 h, changed and cultured with
the fresh medium containing PMA for 2 h, and the conditioned
medium (CM) were harvested, then determining NETs concentra-
tion according to instructions with Quant-iT™ PicoGreen™ dsDNA
Reagent and Kit.

Western blot

Total protein of liver tissues was extracted using RIPA lysis buf-
fer (Beyotime, Shanghai, China) containing phenylmethylsulfonyl
fluoride (PSMF, 10 mM), and the protein concentration was quan-
tified using the BCA Protein Assay Kit (Beyotime, Shanghai, China)
following the manufacturer’s instructions. The samples were ana-
lyzed by SDS-PAGE, transferred to PVDF membranes (Millipore,
Billerica, MA, USA), blocked with 5 % skimmed milk powder, and
incubated with primary antibodies targeting MPO, CitH3, P16,
P21 and P53 overnight at 4 °C, and then with HRP-conjugated goat
anti-mouse or anti-rabbit IgG secondary antibodies. The informa-
tion of the antibodies used is listed in Table S2.

RNA extraction and Real- time quantitative PCR assay (RT-qPCR)

Extract RNA from cells and tissues by TRIzol reagent (Invitro-
gen,USA) and reverse transcribed the mRNA into cDNA using Evo
M-MLV RT Premix (Accurate Biology, Changsha, China). Quantita-
tive PCR (qPCR) was performed using SYBR Green PCR Master
Mix (Accurate Biology) according to the manufacturer’s protocol.
Relative gene expression levels were normalized to those of B-
actin or Gapdh. All primers were purchased from Tsingke Biotech-
nology Co. Ltd. (Beijing, China). The sequences of the primers used
in the current article are listed in Table S3 and Table S4.

RNA sequencing and bioinformatics analysis

Establish a CDAA model with Lyz2-Cre; RBP-J"¥/°* (RBP]J-KO)
and Lyz2-Cre; RBPf™®/- (CT) mice, and obtain liver tissue for RNA-
sequencing (RNA-seq). Bioinformatics analyses, including Gene
Ontology (GO) enrichment analysis and Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment analysis, were performed
using OmicShare Tools (https://www.omicshare.com/tools). Gene set
enrichment analysis (GSEA) was conducted using gene sets from
the Molecular Signature Database (MSigDB) 4.0.

Statistical analysis

The morphological results were quantitatively analyzed by
Image Pro Plus 6.0 software, the gray values of WB luminescent
bands were analyzed by Image ] software, and the statistical data
were analyzed and mapped by Graph Pad Prism 8 software.
Unpaired T-test was used to compare the differences between
the two groups of continuous variables, differences among multi-
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ple groups were compared using one-way ANOVA, and the data
were expressed as means + SD, and the difference of P < 0.05

was statistically significant.

Results
NETs accumulate both in NASH patients and mice

To ascertain the clinical relevance, we initially collected blood
and liver tissue samples from both patients with NASH and healthy
subjects to measure the serum levels of NETs-related free dsDNA.
We detected elevated levels of NETs in the peripheral blood of
NASH patients (Fig. 1A). Subsequently, we confirmed this observa-
tion in a diet-induced NASH mouse model; serum tests indicated a
marked increase in NETs-related free dsDNA levels in NASH mice
(Fig. 1B). To further investigate molecules associated with NETs,
we analyzed the protein expression of MPO and CitH3 in liver tis-
sues from NASH and control mice (Fig. 1C, D), and observed that
these proteins were similarly elevated in the liver tissues of NASH
mice. Additionally, we conducted MPO IHC staining (Fig. 1E) and
CitH3 IF staining (Fig. 1G) on liver tissue sections of NASH patients,
and the positive area measurements (Fig. 1F, H) indicated an
increase in NETs formation in the liver tissues of NASH patients.
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These findings demonstrate that NETs are accumulated in both
NASH patients and mice.

NETs induce senescence and lipotoxicity in hepatocytes

To investigate the specific association between NETs and hepa-
tocyte senescence as well as lipid deposition, we collected periph-
eral blood from healthy subjects, from which we isolated
neutrophils. We stimulated the neutrophils with PMA to generate
NETs in vitro, which we then quantified and introduced into the
culture medium of the AML-12 hepatocyte line at concentration
gradients of 100 ng/mL, 200 ng/mL, and 500 ng/mL. Following a
48-72 h treatment period, the mRNA expression levels of
senescent-related molecules P16, P21, P53, and GATA4 were mea-
sured using qPCR (Fig. 2A). We observed an increased expression of
these senescent-related molecules in AML-12 cells post NETSs treat-
ment. Meanwhile, given that SA-B-gal is currently recognized as a
marker of cellular senescence, we detected its expression in AML-
12 and primary hepatocytes via staining (Fig. S1, Fig. 2B). Subse-
quent statistical analysis revealed a higher proportion of SA-B-
gal” cells in the NETs treatment group compared to the control
group (Fig. S1, Fig. 2C), suggesting that NETs can stimulate hepato-
cyte senescence. Additionally, we observed lipid deposition in
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AML-12 cells following NETs treatment. Oil Red O staining indi-
cated a significant accumulation of lipid droplets in hepatocytes
of the NETs treatment group (Fig. 2D). Statistical analysis sug-
gested that NETs exacerbate lipid deposition in hepatocytes
(Fig. 2E). Further, we measured the TC and TG content in AML-12
cells post NETs treatment (Fig. 2F) and noted a significant elevation
in hepatocyte TC and TG content in the NETs treatment group. Col-
lectively, these results suggest that NETs promote hepatocyte
steatosis in vitro, concurrent with hepatocyte senescence.

Abrogating NETSs alleviates cellular senescence and hepatic steatosis in
NASH mice

To further elucidate the impact of NETs on liver function and
lipid metabolism during NASH progression, we performed an
in vivo intervention experiment employing a diet-induced NASH
mouse model. DNasel was intraperitoneally administered to the
mice from the fourth week of the MCD modeling period and con-
tinued until the sixth week to eliminate NETs. Serum analysis,
IHC staining and Western blot of MPO revealed a significant
increase in MPO content of NASH mice, which was reduced after
NETs clearance, IF staining of CitH3 also demonstrated similar
changes, all of which indicate successful modeling (Fig. S2A-E).
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Additionally, liver tissue AST and ALT results further emphasized
significant hepatic dysfunction in NASH mice, which was partially
ameliorated following NETs clearance (Fig. S2F). This infers that
NETs accumulation exacerbates hepatic injury in NASH, and NETs
clearance partially mitigates such injury. Moreover, we examined
the effect of NETs clearance on liver senescence in NASH mice.
Staining of murine hepatic tissue sections revealed a significant
elevation in SA-B-gal content in the NASH group, which was sup-
pressed following DNasel treatment (Fig. 3A, B). To bolster the reli-
ability of our conclusion, we also examined the expression of
representative molecules in the senescence-associated secretory
phenotype (SASP). IHC staining for P21 showed increased expres-
sion in the liver tissue of NASH mice compared to control mice,
which was downregulated after DNasel treatment (Fig. 3C, D). In
addition, Western blot analysis of hepatic tissue from mice sub-
jected to different interventions unveiled increased protein expres-
sion levels of P21 and P53 in the NASH group, which were
suppressed following DNasel treatment (Fig. 3E, F). Similarly, we
used qPCR to detect changes in the expression of some representa-
tive molecules in the SASP. We found that DNasel injection had no
significant effect on the expression of SASP-related molecules in
control mice, but inhibited their expression in the NASH mice trea-
ted with DNasel compared to those treated with PBS (Fig. 3G).
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Therefore, we believe that NETs clearance alleviate liver cell senes-
cence in NASH mice.

Conversely, to observe the impact of NETs clearance on hepatic
steatosis in NASH mice, we conducted Oil Red O and H&E staining.
Oil Red O staining (Fig. 3H) showed a significant increase in liver
lipid droplets in NASH mice compared to control mice, but after
DNasel treatment, we found a significant decrease in both the
number and size of liver lipid droplets in NASH mice. Statistical
analysis revealed a significant decrease in the positive area of Oil
Red O staining (Fig. 3I). H&E staining (Fig. 3]) showed that the
number and diameter of liver fat vacuoles were also reduced after
DNasel treatment in NASH mice. Statistical analysis revealed a sig-
nificant reduction in the fat vacuole area after treatment (Fig. 3K),
indicating that NETSs clearance partially alleviate lipid deposition in
NASH. Furthermore, we performed Sirius Red staining (Fig. 3L, M),
o-SMA staining (Fig. 3N, O) to evaluate the degree of hepatic fibro-
sis. The results suggested that hepatic fibrotic scars in NASH mice
increased post DNasel treatment, followed by a subsequent
decrease upon continued treatment. Taken together, these results
suggest that NETs clearance ameliorates hepatic injury, hepatocyte
senescence, liver fibrosis, and steatosis in NASH mice. In addition,
we also observed the number and activation status of neutrophils,
macrophages and T lymphocytes, and the results showed that the
number of neutrophils and macrophages were significantly
reduced after DNasel treatment, but the number of T cells did
not change significantly, and no significant changes were observed
in the activation status of macrophages and T cells (Fig. S4).

Elimination of senescent cells decelerates senescence-induced hepatic
steatosis

To clarify the relationship between cellular senescence and hep-
atic steatosis, we initially employed an in vitro model of primary
hepatocyte senescence induced by H,0,. We harvested primary
hepatocytes from wild-type mice livers, facilitated their adherence
overnight, and subsequently cultured them in serum-free DMEM
containing 300 uM H,0, for 24 h. We performed qPCR to ascertain
the mRNA expression levels of key SASP molecules P16, P21, and
P53. The results demonstrated enhanced expression of
senescence-related molecules in the H,0,-induced group
(Fig. 4A). Concurrently, SA-B-gal staining uncovered a significant
increase in B-galactosidase activity in hepatocytes of the H,0,-
induced group (Fig. 4B), suggesting the effective establishment of
an in vitro model of primary hepatocyte senescence induced by
H,0,. To ascertain whether cellular senescence affects lipid meta-
bolism in hepatocytes, we conducted Oil Red O staining on H,0,-
induced senescent hepatocytes. The results indicated augmented
lipid deposition in hepatocytes of the H,O,-treated group
(Fig. 4C), and elevated expressions of TC and TG in primary hepa-
tocytes (Fig. 4D). Thus, we initially inferred concluded that cellular
senescence exacerbate lipid deposition in hepatocytes.

<
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Subsequently, we developed an MCD diet-induced mouse
model of NASH for in vivo verification. Specifically, mice were
administrated DQ via oral gavage from the fourth week of model-
ing, thrice weekly, until their sacrifice at the sixth week. The objec-
tive of the DQ treatment was to eradicate senescent cells during
NASH progression, with the control group receiving an equivalent
volume of drug solvent. Following DQ treatment, we initially eval-
uated the expression of SA-B-gal and SASP-related molecules in
mouse liver tissue to confirm successful modeling. SA-B-gal stain-
ing results demonstrated a significant decrease in p-galactosidase-
positive cells in the liver tissue of DQ-treated mice (Fig. 4E, F).
Western blot analysis disclosed downregulated expressions of
P16 and P21 in the liver tissue of DQ-treated mice (Fig. 4G), sug-
gesting the successful formulation of a model for eliminating
senescent cells in NASH mouse livers.

To examine the impact of eliminating senescent cells on liver
lipid deposition, we conducted H&E staining on mouse liver tissue
sections. The results indicated a reduction in both size and number
of lipid vacuoles in the livers of NASH mice treated with DQ
(Fig. 4H). Statistical analysis of the lipid vacuole area disclosed a
significant decrease in the DQ-treated group. To validate these
findings, we implemented Oil Red O staining and discovered a
reduction in liver lipid droplets in the DQ-treated group (Fig. 4I).
Additionally, we noted a decrease in the liver to body weight ratio
in the DQ-treated group (Fig. 4]) and a reduction in serum TG levels
(Fig. 4K), suggesting that DQ treatment partially restored lipid
metabolism in NASH mice. The assessment of liver ALT and AST
levels indicated a significant improvement in liver injury in the
DQ-treated group (Fig. 4L). Concurrently, we employed o-SMA
staining (Fig. 4M) and Sirius Red staining (Fig. 4N) to examine liver
tissue, respectively. We discerned that NASH mice treated with DQ
exhibited a reduction in fibrous scars and a decline in the degree of
liver fibrosis. Collectively, these results propose that senescent
cells contribute to liver lipid deposition and worsen liver lipotoxi-
city during NASH progression. The elimination of senescent cells
results in improved lipid metabolism and lessened liver injury. In
this model, we also observed the number and activation status of
neutrophils, macrophages and T lymphocytes. The results showed
that the number of neutrophils and macrophages significantly
decreased after DQ treatment, and the activation of M1 type
macrophages also decreased, but the number and activation status
of T cells did not change significantly (Fig. S5).

Blocking Notch signaling effectively reduces the formation of NASH-
associated NETs

Preliminary studies, inclusive of our initial work, have demon-
strated the pivotal role of the Notch signaling pathway in NASH.
To scrutinize the alterations in neutrophil-derived Notch signaling
during this pathological process, we employed IHC staining of
HES1 and LY6G on liver tissue sections from diet-induced NASH

Fig. 3. Abrogating NETs alleviated cellular senescence and hepatic steatosis in NASH mice. (A) SA-B-gal staining of in liver tissue, and (B) positive cells were quantitatively
compared. Scale bar: 100 pum. (C) IHC staining of P21 in liver tissue, and (D) positive cells were quantitatively compared. Scale bar: 50 pm. (E) Western blot analysis of P21 and
P53 protein expression in liver tissue of NASH and control mice intraperitoneally administered PBS or DNase I, and (F) the gray ratio of P21, P53 and GAPDH was
quantitatively compared (n = 3). (G) Relative mRNA expression levels of P16, P21, P53, H2AX, GATA4 and CCL2 in liver tissue of NASH and control mice intraperitoneally
administered PBS or DNase | were determined using qPCR; B-actin served as an internal control (n = 5 to 7). (H) Oil Red O staining of liver tissue of NASH and control mice
intraperitoneally administered PBS or DNase I, and (I) positive area were quantitatively compared (n = 5 to 7). Scale bar: 100 pm. (J) H&E staining of liver tissue of NASH and
control mice intraperitoneally administered PBS or DNase I, and (K) steatosis area were quantitatively compared (n =5 to 7). Scale bar: 100 pm. (L) Sirius Red staining of liver
tissue of NASH and control mice intraperitoneally administered PBS or DNase I, and (M) positive area were quantitatively compared (n = 5 to 8). Scale bar: 100 pm. (N) a-SMA
staining of liver tissue of NASH and control mice intraperitoneally administered PBS or DNase I, and (O) positive area were quantitatively compared (n = 5 to 8). Scale bar:
100 pm. Bars represent means + SD; *P < 0.05, **P < 0.01, ***P < 0.001, ns, not significant.
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mice. The findings revealed that, in comparison to the control
group, NASH mice displayed heightened HES1 expression and sig-
nificant co-localization with LY6G* neutrophils (Fig. 5A, B). To cor-
roborate this observation, we harvested neutrophils from the bone
marrow of NASH mice and analyzed the expression of Notch mark-
ers HES1 and HEY1. We ascertained that their expression was ele-
vated in neutrophils from NASH mice (Fig. 5C), signifying that
Notch signaling in neutrophils is amplified during NASH. Further-
more, we examined the impact of inhibiting Notch signaling in
neutrophils on the formation of NETs both in vivo and in vitro.
First, we isolated neutrophils from peripheral blood of healthy sub-
jects and treated them with DAPT for 24 h in vitro to inhibit Notch.
The efficiency of inhibition was confirmed by assessing HES1 and
HEY1 expression levels, demonstrating that both 5 puM and
15 uM of DAPT decreased the expression of the Notch signaling
pathway (Fig. 5D). Consequently, we selected 5 uM for further
experiments. Then, neutrophils were stimulated with PMA for
2 h after Notch knockdown (Fig. 5E) to observe the effect of Notch
knockdown on NETs formation. Through the measurement of
NETs-dsDNA concentration in the culture medium, we determined
that the inhibition of Notch signaling suppressed the formation of
NETs (Fig. 5F). Lyz2-Cre; RBP-J"¥fox (RBPJ-KO) mice effectively
eliminate Notch expression in neutrophils in vivo, thus we
employed this genotype for our in vivo studies. Post isolation of
bone marrow neutrophils and stimulation with PMA for 2 h or
overnight culture without stimulation, we measured the concen-
tration of NETs-dsDNA in the culture medium, obtaining results
congruent with the in vitro experiment (Fig. 5G). PAD4 has been
demonstrated to catalyse the citrullination of histones, thereby
facilitating the formation of NETSs, and it is considered to be a piv-
otal protein in this process. We hypothesised that Notch may mod-
ulate the formation of NETs by regulating PAD4 expression. To
investigate this, we assessed the RNA and protein levels of PAD4
in bone marrow neutrophils from RBPJ-KO mice, revealing a signif-
icant reduction in PAD4 expression compared to wild-type mice
(Fig. 5H-]). Consequently, our findings indicate that Notch signal-
ing inhibits NET formation through the regulation of PAD4. Based
on this, we established a NASH model using RBPJ-KO mice and
detected the expression levels of NETs markers MPO and Cith3 in
liver tissue by Western blot (Fig. 5K, L). We found that their expres-
sion in the livers of RBPJ-KO mice was inhibited. Simultaneously,
we conducted transcriptome sequencing on the liver samples of
RBPJ-KO mice. Both KEGG enrichment analysis and GSEA showed
that NETs formation-related pathways were inhibited (Fig. 5M,
N), while GSEA suggested that pathways related to leukocyte acti-
vation, proliferation, differentiation, and intercellular adhesion
were activated (Fig. 50). These findings suggest that inhibiting
Notch signaling diminishes NETs generation associated with NASH.
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Disruption of Notch signaling reduces cellular senescence

Based on the aforementioned findings, we determined that
NETs influence liver senescence and steatosis in NASH, with a
noticeable reduction in NETs formation in RBPJ-KO NASH mice.
Therefore, we delved deeper into the alterations in liver senes-
cence and steatosis in this model. First, by analyzing the tran-
scriptome sequencing results of liver tissue, upon analyzing
liver tissue transcriptome sequencing results, we identified that
SASP-related pathways, DNA damage-induced senescence, oxida-
tive stress-induced senescence, and cell senescence-related path-
ways were suppressed in the RBPJ-KO group (Fig. 6A).
Subsequently, we assessed the expression levels of representative
SASP molecules at both protein and mRNA levels utilizing Wes-
tern blot (Fig. 6B, C) and qPCR (Fig. 6D), respectively, and discov-
ered that liver senescence was mitigated in RBPJ-KO NASH mice.
In addition, we executed SA-B-gal staining on liver tissue sections,
revealing that liver senescence in RBPJ-KO NASH mice was dimin-
ished in comparison to control NASH mice (Fig. 6E). These find-
ings imply that the activation of Notch signaling during NASH
may foster the formation of NETs, consequently inducing liver
senescence.

Notch blocking alleviates liver inflammation and lipid deposition

The accumulation of liver lipids and inflammatory infiltration
constitute key pathological features of NASH. Thus, our research
primarily focuses on whether blocking neutrophil-derived Notch
could mitigate the progression of liver Steatosis in NASH mice.
The Nile red staining of liver sections indicated a reduction in lipid
deposition in the RBPJ-KO group compared to the control group
(Fig. 7A, B). Correspondingly, the SAF score implied a decreased
severity of inflammation and fibrosis in RBPJ-KO mice (Fig. 7C).
Transcriptome sequencing analysis of livers from RBPJ-KO and
wild-type NASH mice revealed that the top 20 significant signaling
pathways enriched by GO predominantly pertained to lipid meta-
bolism (Fig. 7D). It also suggested that blocking neutrophil-derived
Notch signaling could augment the oxidation, decomposition,
metabolism, and beta-oxidation of liver fatty acids (Fig. 7E), thus
reducing liver lipid deposition. At the same time, inflammatory
type I interferon receptor binding related pathways were inhibited
in the liver tissues of the RBPJ-KO group, and nuclear receptor sig-
naling was down-regulated in the same group (Fig. 7F).
Immunofluorescence staining showed that the number of infil-
trated neutrophils in the liver was significantly reduced (Fig. 7G,
H). These suggest that RBPJ-KO NASH mice have reduced hepatic
inflammatory infiltration and lipid deposition.

<

Fig. 4. Clearance of senescent cells decelerated senescence-induced hepatic steatosis. (A) Relative mRNA expression levels of P16, P21 and P53 (P = 0.0583) in primary
hepatocytes after solvent control and H,0, treatment were determined using qPCR; B-actin served as an internal control (n = 3). (B) SA-p-gal staining of primary hepatocytes
after solvent control and H,0, treatment and positive cells were quantitatively compared (n = 4). Scale bar: 100 pm. (C) Oil Red O staining of in primary hepatocytes after
solvent control and H,0, treatment and positive area were quantitatively compared (n = 4). Scale bar: 100 pm. (D) Hepatic TC and TG levels of primary hepatocytes after
solvent control and H,0, treatment (n = 3). (E) SA-B-gal staining of NASH mice liver tissue after treated with solvent control and DQ gastric irrigation, and (F) positive cells
were quantitatively compared (n = 4). Scale bar: 100 pm. (G) Western blot analysis of P21 (P = 0.0604) and P16 protein expression in liver tissue of NASH mice with solvent
control or DQ gastric irrigation, and (I) the gray ratio of P21, P16 and GAPDH was quantitatively compared (n = 6). (H) H&E staining of liver tissue of NASH mice with solvent
control or DQ gastric irrigation, and steatosis area were quantitatively compared (n = 7 to 8). Scale bar: 100 pm. (I) Oil Red O staining of liver tissue of NASH mice with solvent
control or DQ gastric irrigation, and positive area were quantitatively compared (n = 7 to 8). Scale bar: 100 um. (J) Liver to body weight ratio of NASH mice with solvent
control or DQ gastric irrigation (n = 6). (K) Serum AST and ALT levels of NASH mice with solvent control or DQ gastric irrigation (n = 6 to 8). (L) Serum TG level of NASH mice
with solvent control or DQ gastric irrigation (n = 5 to 8). (M) o-SMA staining of liver tissue of NASH mice with solvent control or DQ gastric irrigation, and positive area were
quantitatively compared (n = 6 to 8). Scale bar: 100 um. (N) Sirius Red staining of liver tissue of NASH mice with solvent control or DQ gastric irrigation, and positive area
were quantitatively compared (P = 0.0792, n = 6 to 8). Scale bar: 100 um. Bars represent means + SD; *P < 0.05, **P < 0.01, ***P < 0.001, ns, not significant.
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Discussion

Given the surging systemic metabolic risk factors and continu-
ous rise in prevalence rates, NAFLD poses a significant public
health burden globally. NASH, a severe form of NAFLD, is distin-
guished by pronounced steatosis, inflammation, and fibrosis.
Regrettably, once patients progress to the NASH stage, their condi-
tion is often irreversible and may even advance to cirrhosis or liver
cancer. However, current clinical interventions primarily target
symptomatic relief, such as mitigating liver damage and managing
metabolic disorders, strategies that seldom result in comprehen-
sive improvement. Owing to the multifaceted etiology of NASH,
disease progression may be influenced by numerous factors and
targets, rendering single-drug therapies inadequate for most
patients. Consequently, a holistic comprehension of the cellular
underpinnings and molecular contrivances of NASH onset is para-
mount in offering robust scientific proof for comprehensive and
effective treatments.

Inflammatory hepatic steatosis alongside progressive liver
fibrosis are the most prominent pathological features of NASH.
The activation of various inflammatory cells, including neutrophils,
drives the release of pro-inflammatory cytokines and oxidative
stress, which leads to hepatic inflammation and dysregulation of
lipid metabolism [31]. The creation of NETs by neutrophils is a cru-
cial pathway for preserving an inflammatory state, exerting its
effects post-damage [32-34]. Excessive NETs constitute harmful
factors, intensifying liver damage and promoting cancer progres-
sion [35-38]. Initial investigations into NETs’ role in fatty liver dis-
ease were conducted by Allan Tsung and his colleagues [11]. Their
research indicated a significant neutrophil influx into the liver dur-
ing the early stages of NAFLD, with NETs produced by inflamma-
tory stimuli accelerating progression to NASH-associated liver
cancer. Further studies demonstrated that NETs contribute to this
process, promoting the differentiation of immature CD4" T cells
into regulatory T cells. Furthermore, research conducted by Liying
Li and colleagues using a Methionine Choline Deficiency High-Fat
diet (MCDHF) mouse model illustrated that inhibiting NET forma-
tion effectively mitigates liver inflammation and fibrosis [39]. In
agreement with these findings, we confirmed a significant increase
in NET-associated molecules such as free dsDNA, CitH3, and MPO
in both NASH patients and mouse models.

Owing to the widespread prevalence and global impact of
NAFLD, alongside population aging, the exploration of the connec-
tion between NASH and aging has garnered considerable interest.
The aging process results in systemic metabolic disorders, includ-
ing lipid metabolism imbalance and insulin resistance, which per-
petually induce liver steatosis. In our prior research, we observed a
significant exacerbation of lipid deposition in senescent livers [40].
Despite the rising number of studies investigating the correlation
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between NETs and NASH in recent years, none have concentrated
on the association between NETs and senescent cells during NASH
progression. In this study, we addressed this issue and discovered,
for the first time, that NETs can expedite liver cell senescence.
Utilizing drugs to eradicate senescent cells, we observed significant
improvements in lipid metabolism and liver injury in diet-induced
NASH livers in mice. Importantly, we were also able to elucidate,
for the first time, the relationship between NETs-mediated hepato-
cyte senescence and lipotoxicity. We induced isolated cellular
senescence in primary hepatocytes in vitro using H,0,, thereby
excluding the influence of other factors from the liver microenvi-
ronment, and observed alterations in hepatocyte lipid metabolism.
This may be related to H,0,-induced mitochondrial dysfunction,
which impairs the activity of antioxidant enzymes, leading to lipid
peroxidation and lipid accumulation in hepatocytes [41,42]. We
observed an increase in the positive area of Oil Red O staining in
senescent hepatocytes, accompanied by a rise in the intracellular
levels of TC and TG, suggesting a significant escalation in lipid
deposition within these cells. Additionally, we employed a wild-
type mouse model of NASH, administering DQ via oral gavage to
eliminate senescent cells, and observed a significant reduction in
liver lipid deposition and fibrosis, with partial restoration of liver
function. Based on these results, we deduced that senescent cells,
induced by NETs during NASH progression, enhance liver lipotoxi-
city and intensify the advancement of NASH.

The Notch signaling pathway is a classical signaling cascade
essential in maintaining liver homeostasis and modulating liver
disease progression. Pajvani and colleagues demonstrated signifi-
cant activation of hepatocyte Notch signaling in both patients with
NASH and in a diet-induced NASH mouse model [43,44]. Our prior
research has identified that Notch signaling, derived from non-
parenchymal cells, notably LSECs, is substantially activated in
NASH, and blocking Notch signaling in various cellular types can
significantly curtail NASH progression [45-47]. Nonetheless, it
remains to be clarified whether immune cells, such as neutrophils,
also fall under the regulation of the Notch pathway. Interestingly,
in this study, we discovered significant activation of neutrophil-
derived Notch signaling in mice with NASH. Based on these obser-
vations, we employed a bone marrow-specific RBP-] knockout
mouse model (Lyz2-Cre; RBP-J"¥°%) for our NASH investigations.
We observed significant reductions in liver inflammation, cellular
senescence, and steatosis in these mice. Transcriptome sequencing
of liver tissue indicated suppression of both NETs and cell
senescence-related pathways in RBP-] KO mice, alongside activa-
tion of fatty acid oxidation, catabolism, metabolism, and B-
oxidation pathways. Currently, there is no neutrophil-specific
CRE mouse, we utilized Lyz2-Cre mice, which serve as myeloid cell
marker mice similar to Ela2-cre, Mrp8-Cre, and CD11c-Cre used in
previous studies, which introduces notable limitations to our

<

Fig. 5. Blocking Notch signaling diminished NASH-associated NETs. IF staining of HES1 (red), LY6G (green) and 4,6-diamidino-2-phenylindole (DAPI) (blue) in liver tissue of
control and NASH mice, and (B) the positive fluorescent staining ratio of HES1*LY6G" cells was quantified (n = 5). (C) Relative mRNA expression levels of HES1 and HEY1 in
bone marrow neutrophils of control and NASH mice were determined using qPCR; B-actin served as an internal control (n = 5). (D) Relative mRNA expression levels of HES1
and HEY1 in neutrophils isolation from healthy subjects were determined using qPCR, which treated with solvent control or different concentration of DAPT (5 pM or15 uM)
for 24 h in vitro; B-actin served as an internal control (n = 3). (E) Schematic diagram of in vitro experimental steps examining the effect of blocking Notch signaling in
neutrophils on NETs formation. (F) Concentration of NETs-dsDNA in the medium of neutrophils treated with solvent control(DMSO) and DAPT, which after 2 h stimulation of
DMSO or PMA (n = 4). (G) Concentration of NETs-dsDNA in the medium of neutrophils from control and RBPJ-KO mice stimulated with PMA for 2 h (up) and overnight without
stimulation (down) (n = 3). (H) Relative mRNA expression levels of PAD4 in BMN of control and NASH mice were determined using qPCR; B-actin served as an internal control
(n =3).(I) Western blot analysis of PAD4 in BMN of control and RBPJ-KO mice, and (]) the gray ratio of PAD4 and GAPDH was quantitatively compared (n = 4). (K) Western blot
analysis of MPO and CitH3 in liver tissue of control and RBPJ-KO mice, and (L) the gray ratio of MPO, CitH3 and GAPDH was quantitatively compared (n = 4). (M) Top 20 of
KEGG enrichment analysis of transcriptome sequencing in liver tissue of control and RBPJ-KO mice with NASH model. (N) GSEA of neutrophil extracellular trap formation-
related pathways in control and RBPJ-KO mice with NASH model. (O) GSEA of leukocyte activation, proliferation, differentiation, and cell-cell adhesion-related pathways in
control and RBPJ-KO mice with NASH model. Bars represent means + SD; *P < 0.05, **P < 0.01, ***P < 0.001, ns, not significant.
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Fig. 6. Disruption of Notch signaling reduced cellular senescence. (A) GSEA of hepatocyte senescence, SASP, DNA damage-induced senescence, and oxidative stress-induced
senescence in the liver of control and RBPJ-KO mice models of NASH. (B) Western blot analysis of P16 and P21 in liver tissue of control and RBPJ-KO mice, and (C) the gray
ratio of P16, P21 and GAPDH was quantitatively compared (n = 4). (D) Relative mRNA expression levels of P16, P21, P53, CCL2, GPNMB, H2AX (P = 0.0576), GLB1 and TGF-B in
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mice models of NASH, and positive cells were quantitatively compared (n = 6 to 7). Scale bar: 100 um. Bars represent means + SD; *P < 0.05, **P < 0.01, ***P < 0.001.

research. Ou and his colleagues depleted neutrophils using a
mouse model with anti-Ly-6G antibodies, finding that neutrophil
depletion significantly reduced liver lipid accumulation and
inflammation in diet-induced NASH [48]. Though we did not use
the same animal model, our results showing NETs-induced lipid
deposition are consistent with their conclusion. Recent study
shows that macrophages in Lyz2-Cre; RBP-F"¥°% mice contribute
to the progression of NAFLD [47]. Therefore, our study cannot
exclude the potential impact Notch signaling alterations in other
myeloid cells and can only concentrate on the changes occurring
within neutrophils. Nevertheless, our study targeting notch signal-
ing in neutrophils is still very meaningful.

Conclusion

We discovered that neutrophil-derived Notch signaling can fos-
ter NETs formation, thus exacerbating cellular senescence and lipo-
toxicity during NASH. As the deployment of Notch inhibitors is
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gradually being incorporated into clinical practice, our research
outcomes will furnish novel strategies and targets for the interven-
tion of NAFLD/NASH.
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