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ARTICLE INFO ABSTRACT

Keywords: Inhibition of activated hepatic stellate cells (HSCs) is a promising approach for treating liver
Liver fibrosis fibrosis, and the ferroptosis has emerged as a pivotal mechanism to achieve this inhibition. The
HSCs

effects of naringenin, a flavonoid with anti-inflammatory properties, have not been thoroughly

ii':p}::m examined in liver fibrosis. Therefore, we used cholestasis model to study the effect of naringenin
Narhl:gerﬁi on liver fibrosis. Our findings demonstrated a significant exacerbation of liver tissue damage and

fibrosis in mice subjected to bile duct ligation (BDL), accompanied by a substantial upregulation
of fibrogenesis-related gene expression. Notably, naringenin administration markedly alleviated
liver injury and fibrosis in these mice. Furthermore, naringenin exhibited inhibitory effects on the
activation of HSCs, concurrently inducing ferroptosis. Importantly, naringenin significantly
increased autophagic activity in HSCs. This effect was counteracted by co-administration of the
autophagy inhibitor 3-MA, leading to a notable reduction in naringenin-induced HSC ferroptosis.
In BDL model mice, naringenin demonstrated a mitigating effect on liver fibrosis, suggesting a
potential correlation with naringenin-induced ferroptosis of HSCs. These results provide novel
insights into the molecular mechanisms of naringenin-induced ferroptosis and highlight
autophagy-dependent ferroptosis as a promising therapeutic strategy for liver fibrosis.

1. Introduction

Liver fibrosis represents a burgeoning global health challenge characterized by elevated morbidity and mortality; however,
definitive treatment remains elusive [1,2]. This is due to the development of scar tissue following sustained liver injury induced by
factors such as viral infections, cholestasis, alcoholic liver disease, and non-alcoholic fatty liver disease, culminating in progression to
cirrhosis and hepatocellular carcinoma (HCC) [3]. The development of fibrosis is the result of excessive accumulation of extracellular
matrix (ECM), resulting from the activation of hepatic stellate cells (HSCs) [4]. In response to long-term injury, quiescent HSCs un-
dergo a loss of vitamin A content and eventually differentiate into activated myofibroblasts that express alpha-smooth muscle actin
(a-SMA) [5]. HSCs in the activated stage continue to generate substantial amounts of collagen 1A1 (COL1A1) and fibronectin, fostering
an undue buildup of the ECM [6]. Therefore, targeting activated HSCs to mitigate ECM accumulation is a promising and viable
therapeutic approach for hepatic fibrosis [7].
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Ferroptosis is an innovative form of programmed cell death distinct from apoptosis, necrosis, or pyroptosis, arising from the un-
controlled accumulation of membrane lipid peroxidation (LPO) in an iron-dependent manner [8,9]. In the process of ferroptosis,
mitochondria showed obvious morphological changes, including volume reduction, membrane density compaction, mitochondrial
cristae loss and outer membrane rupture [10]. Recent studies have identified multiple triggers of ferroptosis, including disruption of
iron metabolism, accumulation of LPO, depletion of glutathione (GSH), inhibition of glutathione peroxidase 4 (GPX4), and deficiency
in solute carrier family 7 member 11 (SLC7A11) [11]. It is worth noting that ferroptosis has a complex association with the patho-
genesis and regulation of various liver diseases, such as fatty liver, fibrosis, and HCC [5,9,12]. Inducing ferroptosis in activated HSCs is
a promising strategy for preventing liver fibrosis. Consequently, the triggering of ferroptosis in activated HSCs has the potential to be a
novel treatment approach for hepatic fibrosis. Although current studies have confirmed the ability of induced ferroptosis in activated
HSCs to mitigate ECM generation, the underlying molecular mechanisms remain unclear. Furthermore, there is a notable lack of safe
and effective ferroptosis inducers for treating liver fibrosis.

Numerous studies have consistently observed an increase in autophagy flux during ferroptosis [13,14]. Therefore, autophagy is
considered to be an inducible factor regulating ferroptosis. Appropriate autophagy may be beneficial for cell survival; however,
excessive autophagy may cause iron-dependent cell death [15]. The occurrence of ferroptosis and the regulation of iron levels by
ferritin are crucial [16]. The autophagy degradation of ferritin, known as ferritinophagy and dependent on nuclear receptor coac-
tivator 4 (NCOA4), is a crucial process [17]. Ferritinophagy results in the breakdown of ferritin, releasing a significant amount of free
iron that facilitates the initiation of ferroptosis [18]. The attenuation or inhibition of NCOA4 or ATG hinders ferritinophagy, conse-
quently constraining ferroptosis [19]. Autophagy regulates LPO through various mechanisms Autophagy is involved in lipid droplet
degradation in lysosomes mediated by Rab7A, thus promoting LPO [20,21]. In contrast, chaperone-mediated autophagy triggers
ferroptosis through the degradation of GPX4 [22]. Hence, drawing from these findings, it is evident that the activation of autophagy
triggers ferroptosis.

Recently, natural product-induced ferroptosis has become a realistic choice for treating liver diseases [23]. Naringenin (4,5,
7-trihydroxyflavone), a flavonoid compound abundant in plants, exhibits a spectrum of pharmacological activities, including
anti-inflammatory, antitumor, and immunomodulatory effects [24-27]. Although naringenin has demonstrated efficacy in mitigating
liver fibrosis induced by carbon tetrachloride, a comprehensive understanding of its underlying mechanisms is lacking [28,29]. In this
study, a bile duct ligation (BDL) mouse model was used to investigate the in vivo therapeutic effects of naringenin. BDL induces bile
acid stasis and creates an inflammatory environment. Excessive bile acid exposure triggers HSC activation, which ultimately results in
liver fibrosis. Additionally, we examined the role of naringenin treatment in fostering ferroptosis in HSCs and investigated the
associated molecular mechanisms.

2. Materials and methods
2.1. Reagents and antibodies

Naringenin (99% purity, S90147) was purchased from Solarbio Science and Technology Co. Ltd (Beijing, China). Ferrostatin-1 (HY-
100579) and 3-Methyladenine (3-MA, HY-19312) were purchased from MedChem Express (Monmouth Junction, NJ, USA). Primary
antibodies targeting a-SMA (ab124964), Collagen 1A1 (ab138492), Fibronectin (ab45688), SLC7A11 (ab175186), GPX4 (ab125066),
ACSL4 (ab155282), p62 (ab109012), and LC3-I/1I (ab128025) were acquired from Abcam Technology (Cambridge, MA, USA). The
primary antibody against f-actin (AC026n) was obtained from ABclonal Biotechnology (Wuhan, China). Horseradish peroxidase (HRP)
goat anti-mouse IgG (H + L) and HRP Goat Anti-Rabbit IgG (H + L) were supplied by ABclonal. High-sensitivity ECL Western blot
substrates were procured from Tanon (Shanghai, China).

2.2. Animals

SPF male C57BL/6 J mice were supplied by Beijing Weitong Lihua Experimental Animal Co., Ltd. (SCXK2012-0001). The mice were
provided with standard mouse feed and water following a 12-h light cycle. All experimental protocols adhered to The Animal Ethics
Committee of Zhongda Hospital and the 8th edition of the NRC Guide for the Care and Use of Laboratory Animals.

2.3. Bile duct ligation

Forty mice were randomly assigned to four groups: normal, BDL, and naringenin treatment (25, 50, or 100 mg/kg). Random
allocation was conducted using http://www.randomizer.org, resulting in eight mice per group. All the mice were anesthetized with
isoflurane prior to surgery. Under sterile conditions, BDL was performed during midline laparotomy. The common bile duct was
exposed and ligated near the liver hilum using 3-0 surgical silk, following established protocols [30]. The normal group underwent
sham surgery involving exposure of the common bile duct without ligation. Following bile duct ligation, mice in the naringenin groups
received intraperitoneal injections of naringenin at doses of 25, 50, and 100 mg/kg every day for 2 weeks. The mice in the normal and
BDL groups received equivalent volumes of normal saline via intraperitoneal injection. Liver tissue was collected under general
anesthesia 2 weeks post-surgery.
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2.4. Blood biochemical indices and histological examinations

To evaluate the blood parameters, the levels of key biochemical markers, including Aspartate aminotransferase (AST), Alanine
Aminotransferase (ALT), and Alkaline Phosphatase (ALP), were measured. The analysis was performed using a TOSHIBA TBA-40FR
biochemical analyzer. For histology, the harvested liver tissues were fixed in 4% paraformaldehyde, followed by graded dehydra-
tion and embedding in paraffin. Consistent with established methodologies [31], 4 pm-thick liver sections were prepared to staining
with H&E, Masson, and Sirius Red.

2.5. Western blot

Samples were resolved on 8-12% SDS-PAGE gels, and the separated proteins were transferred onto nitrocellulose membranes.
These membranes were then blocked with 1% BSA for 1 h at 37 °C and subsequently incubated with specific antibodies overnight at
4 °C. Following primary antibody incubation, membranes were probed with HP-conjugated secondary antibodies. The protein bands
were detected using LumiGLO chemiluminescence substrates obtained from KPL (Guildford, UK). This chemiluminescent reaction
facilitates the visualization and quantification of protein bands on nitrocellulose membranes.

2.6. RNA isolation and qPCR

Total RNA was isolated utilizing Trizol Reagent, followed by reverse transcription to generate complementary DNA (cDNA).
EvaGreen qPCR MasterMix was used in a Real-Time PCR detection system (Bio-Rad Laboratories, USA). Trizol Reagent facilitated the
isolation of total RNA, and reverse transcription converted the extracted RNA into cDNA. Subsequent qPCR analysis, employing
EvaGreen qPCR MasterMix, was conducted using a Real-Time PCR detection system (BioRad Laboratories, USA). This approach en-
ables the quantification of specific nucleic acid sequences and assessment of gene expression levels. The sequences of the mouse gene
primers were as follows:

Acta2 forward: 5-GTGTTGCCCCTGAAGAGCAT-3;

Acta2 reverse: 5-GCTGGGACATTGAAAGTCTCA-3'

Collal forward: 5-GAGGGCCAAGACGAAGACATC-3

Collal reverse: 5-CAGATCACGTCATCGCACAAC-3';

Fnl forward: 5-AGGAAGCCGAGGTTTTAACTG-3;

Fnl reverse: 5-~AGGACGCTCATAAGTGTCACC-3';

The sequence of human genes primers are as follows:

Acta2 forward: 5-AAAAGACAGCTACGTGGGTGA-3';

Acta2 reverse: 5-GCCATGTTCTATCGGGTACTTC-3;

Collal forward: 5-GTGCGATGACGTGATCTGTGA-3';

Collal reverse: 5-CGGTGGTTTCTTGGTCGGT-3;

Fn1 forward: 5-~AGGAAGCCGAGGTTTTAACTG-3

Fnl reverse: 5-~AGGACGCTCATAAGTGTCACC-3';

Ptgs2 forward: 5-CTGGCGCTCAGCCATACAG-3

Ptgs2 reverse: 5-CGCACTTATACTGGTCAAATCCC-3';

Gpx4 forward: 5-GAGGCAAGACCGAAGTAAACTAC-3;

Gpx4 reverse: 5-CCGAACTGGTTACACGGGAA-3';

Acsl4 forward: 5-CATCCCTGGAGCAGATACTCT-3';

Acsl4 reverse: 5-TCACTTAGGATTTCCCTGGTCC-3'.

2.7. Cell culture

LX2 cells (sourced from the Cell Bank of the Shanghai Institute of Biochemistry and Cell Biology) were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) obtained from Gibco, USA). The cells were
maintained at 37 °C in a 5% CO5 atmosphere.
2.8. Cell viability and cytotoxicity analyses

Cell viability and cytotoxicity were evaluated using the Cell Counting Kit-8 (CCK-8, #C0042, Beyotime, China) and lactate de-
hydrogenase (LDH) Release Assay Kit (#C0017, Beyotime, China), respectively, following the manufacturer’s protocols. The CCK-8
assay provides a quantitative measurement of cell viability based on cellular metabolic activity, whereas the LDH Release Assay Kit
allows the assessment of cytotoxicity by measuring the release of LDH into the culture medium.

2.9. Iron, Malondialdehyde, glutathione, lipid peroxidation assays

Iron levels were assessed using an iron assay kit (ab83366; Abcam). Malondialdehyde (MDA) was detected using an MDA Detection
Kit (#A003-4-1, Jiancheng, China). A glutathione assay kit (BB-4711, BestBio) was used to determine the relative concentration of



T. Yuetal

Heliyon 10 (2024) €28865

A liver weight B

0.08- H&E
o *%
=
- #H
= 0.06 "
2
[ Sirius Red
2 0.04- / :
> ;
S
a
= 0.02-
.g Masson
-
0.00-
BDL -+ + + + BDL - +
Naringenin (mg/lkg) — — 25 50 100 Naringenin (100 mg/kg) - - +
400 300 120+
g - g g o
2 0] 2 =
@ Q 200 ## e 80 "
2 ", 2 o
= 200 - o o
(2] ## - - .
< < 100 < 404
€ 100 E €
= = =
S S .
[ [ [
(2] n (2]
0- 0- 0-
BDL -+ + + + BDL -+ ++ + BDL -+ + + +
Naringenin (mg/kg) — — 25 50 100 Naringenin (mg/kg) — — 25 50 100 Naringenin (mg/kg) — — 25 50 100

a-SMA
BDL - +
Naringenin (100 mg/kg) — - +
E 4 . [ c-SMA/B-actin

] Collagen 1A1/B-actin
[ Fibronectin/B-actin

oo B
Collagen 1415 4 S W By v |

Fibronectin |.-. P e o - -_.l

B-actinl- A — ~|

Relative protein expression

BOL - + + + +
Naringenin (mg/kg) — - 25 50 100
BDL -+ + + +
Naringenin (mg/kg) — - 25 50 100
F Acta2 Col1a1 Fn1
20 15
5 © ©
3 154 = 3 ¥ 8
< 3 < 104 <
=2 4 4
o o (4 ("4
© # ] ]
> 2 5 2
g 51 5 2 s
° [ 7]
o o o
0- 0-
BDL o + + + . BDL - + + + . BDL -+ 4+ 4+ +
Naringenin (mglkg) — — 25 50 100 Naringenin (mg/kg) — — 25 50 100 Naringenin (mg/kg) — — 25 50 100

(caption on next page)



T. Yu et al. Heliyon 10 (2024) e28865

Fig. 1. Naringenin alleviates liver fibrosis induced by bile duct ligation (BDL). (A) Liver-to-body weight ratio in mice from indicated group (n = 6).
(B) Representative images, H&E, Sirius Red, Masson stains of liver in mice from indicated group. (Scale bars: 50 pm). (C) Aspartate aminotransferase
(AST), Alanine Aminotransferase (ALT), Alkaline Phosphatase (ALP) levels in the serum of liver in mice (n = 3). (D) Immunohistochemistry of
a-SMA in the liver of BDL model mice. (Scale bars: 50 pm). (E) Western blot analysis and semi-quantitation of the expression of a-SMA, Collagen 1A1
(Collal), Fibronectin (Fn1). B-actin served as the loading control (n = 3). (F) The mRNA levels of Acta2, Collal, Fnl in liver tissues of the indicated
mice group (n = 3). Data are presented as the mean + SD. **P < 0.01 compared with normal mice; “P < 0.05, **P < 0.01 compared with BDL mice.
anropped gels and blots are in Supplementary Fig. 1.

GSH. LPO was evaluated using the BODIPY 581/591 C11 Lipid Peroxidation Sensor from GlpBio (Montclair, CA, USA), which enables
the measurement of lipid reactive oxygen species (ROS) levels. These assays collectively provided insights into the levels of iron, MDA,
GSH, and LPO in the experimental samples.

2.10. Statistical analysis

Data derived from a minimum of three independent experiments were analyzed using the GraphPad Prism 8 software. The results
were presented as the mean + standard deviation. Statistical evaluations were performed using one-way analysis of variance
(ANOVA). Statistical significance was set at P < 0.05, indicating significant differences among experimental groups.

3. Results
3.1. Naringenin ameliorated hepatic fibrosis in BDL mice

The persistent cholestasis associated with BDL results in hepatocyte damage and enhanced ECM [32]. The liver-to-body weight
ratio, which was markedly elevated in the BDL group, was effectively reduced by naringenin treatment (Fig. 1A). Histological ex-
amination revealed substantial inflammatory infiltration and hepatocyte necrosis in the livers of BDL mice. Sirius Red and Masson’s
trichrome staining further highlighted extensive collagen deposition. Naringenin treatment significantly attenuated these histological
changes and reduced collagen accumulation, indicating the amelioration of liver fibrosis (Fig. 1B). Serum levels of key liver injury
markers including AST, ALT, and ALP were markedly elevated in the BDL group. Naringenin treatment effectively reduced the levels of
these serum markers, indicating its role in alleviating liver injury (Fig. 1C). The expression of a-SMA in the liver tissue of mice sub-
jected to BDL showed a marked increase, which was significantly attenuated by naringenin treatment. (Fig. 1D). Western blot results
also confirmed that Naringenin dose-dependently downregulated the expression of hepatic fibrosis-related proteins a-SMA, Colla-
genlAl (Collal), and Fibronectin (Fnl) (Fig. 1E). Naringenin treatment significantly reduced the mRNA levels of these fibrogenic
genes (Fig. 1F). Collectively, these findings strongly suggested that naringenin has a therapeutic effect in relieving liver fibrosis in BDL
mouse models.

3.2. Naringenin suppressed HSCs viability and activation

Proliferation and activation of HSCs are central to ECM synthesis during liver fibrosis. Our investigations revealed that naringenin
exerted time- and concentration-dependent effects on the viability of LX2 cells (Fig. 2A). Subsequently, concentrations of 10, 20, and
40 uM were selected for further studies, where it was observed that naringenin, particularly at 20 and 40 pM, significantly inhibited the
viability of LX2 cells without affecting hepatocytes at the same concentrations (Fig. 2B and C). Further molecular analyses, including
Western blot, demonstrated that naringenin downregulated the protein levels of key HSC activation markers such as a-SMA, Collal,
and Fnl (Fig. 2D). This inhibitory effect was further supported by a decrease in the mRNA levels of Acta2, Collal, and Fnl as evi-
denced by real-time PCR (Fig. 2E). These findings collectively confirmed that naringenin robustly inhibited HSC activation.

3.3. Naringenin triggered HSCs ferroptosis

The induction of ferroptosis is a pivotal mechanism for inhibiting the activation of HSCs [33]. Ferroptosis is characterized by an
intracellular iron overload and reduced GSH levels. To elucidate the mechanistic basis of the anti-fibrotic effect of naringenin, we
examined its impact on these crucial events. As illustrated in Fig. 3A, compared to the control group, naringenin increased mito-
chondrial membrane density and decreased mitochondrial cristae. Moreover, naringenin induced iron overload in HSCs (Fig. 3B). A
notable reduction was observed in GSH levels (Fig. 3C). Ferroptosis is typically associated with LPO, leading to MDA accumulation.
Naringenin markedly increased the MDA and LPO levels (Fig. 3D and E). Western blotting showed that naringenin downregulated
SLC7A11 and GPX4 and increased ACSL4 protein levels (Fig. 3F). In addition, naringenin treatment reduced Gpx4 mRNA levels and
increased Ptgs2 and Acsl4 mRNA levels (Fig. 3G). Collectively, these findings suggested that naringenin induces ferroptosis in HSCs.

3.4. Naringenin inhibited HSCs activation via triggering ferroptosis
To determine the role of ferroptosis in the suppression of HSC activation by naringenin, we used the ferroptosis inhibitor

ferrostatin-1 (Fer-1). Critically, Fer-1 inhibited intracellular iron overload, GSH reduction, MDA accumulation, and lipid peroxidation
induced by naringenin (Fig. 4A-D). Subsequently, the activation markers of HSCs, including a-SMA, Collal, and Fnl, were assessed.
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Fig. 2. Naringenin inhibits hepatic stellate cell (HSC) viability and activation. (A) LX2 cells were treated with naringenin (50 pM) for the indicated
time or cells were treated with different concentrations of naringenin for 24 h, and cell viability was determined using CCK-8 assay. (B) LX2 cells
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*P < 0.05, **P < 0.01 compared with control group. Uncropped gels and blots are in Supplementary Fig. 2.
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Fig. 5. Autophagy is involved in naringenin-induced ferroptosis and inhibition of HSC. (A) Western blot analysis and semi-quantitation of the
expression of p62 and LC3 in LX2 cells treated with naringenin. (B-E) LX2 cells treated with naringenin or 3-MA. The levels of intracellular iron,
GSH, MDA, and LPO were detected using a commercial kit. (F) Western blot analysis and semi-quantitation of the expression of a-SMA, Collal, Fnl
in LX2 cells treated with naringenin or 3-MA. Data are presented as the mean + SD (n = 3). *P < 0.05, **P < 0.01 compared with control group;
i#P < 0.01 compared with naringenin-treated group. Uncropped gels and blots are in Supplementary Fig. 5.
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Interestingly, Fer-1 reversed the inhibitory effects of naringenin on HSC activation (Fig. 4E and F). These results confirm that nar-
ingenin inhibits HSC activation by inducing ferroptosis in HSCs, and this effect can be attenuated by Fer-1.

3.5. Naringenin induces ferroptosis by activating autophagy to alleviate the activation of HSCs

Autophagy regulates ferroptosis in several ways. To elucidate the molecular mechanisms underlying naringenin-induced ferrop-
tosis, we initially assessed autophagy following naringenin treatment. The results showed that naringenin increased the expression of
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Fig. 6. Inhibition of ferroptosis attenuates anti-hepatic fibrosis effect of naringenin. (A) Liver-to-body weight ratio in mice from the indicated group
(n = 6). (B) Representative images, H&E, Sirius Red, Masson stains of liver in mice from indicated group (Scale bars: 50 pm). (C) The mRNA levels of
Acta2, Collal, Fnl in liver tissues of indicated group mice (n = 3). (D) The mRNA levels of Ptgs2, Gpx4, Acsl4 in liver tissues of indicated group
mice (n = 3). Data are presented as the mean + SD. *P < 0.05, **P < 0.01.
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LC3-II while decreasing that of p62, suggesting increased autophagy in HSCs. (Fig. 5A). To substantiate the involvement of autophagy
in naringenin-induced ferroptosis, we used the autophagy inhibitor, 3-MA. Interestingly, naringenin-induced iron overload, GSH
decrease, MDA accumulation, and LPO were abolished by 3-MA (Fig. 5B-E). Subsequently, markers of HSC activation were examined.
The results confirmed that the inhibitory effects of naringenin on a-SMA, Collal, and Fnl were also annulled by 3-MA (Fig. 5F). These
results suggested that naringenin induces ferroptosis and inhibits HSC activation by activating autophagy.

3.6. Suppression of ferroptosis attenuated the effect of naringenin against hepatic fibrosis

To evaluate the involvement of ferroptosis in liver fibrosis and the antifibrotic mechanisms of naringenin, Fer-1 was administered
to BDL mouse model of liver fibrosis. Naringenin demonstrated a clear reduction in the liver-to-body weight ratio, indicating its
therapeutic impact on liver fibrosis. However, the effect of naringenin was significantly diminished by the addition of Fer-1 (Fig. 6A).
Moreover, naringenin significantly reduced the pathological changes in fibrotic morphology, whereas Fer-1 eliminated the antifibrotic
effect of naringenin (Fig. 6B). The inhibitory effects of Naringenin on Acta2, Collal, and Fnl mRNA levels were prevented by Fer-1
treatment (Fig. 6C). Additionally, Fer-1 reversed the naringenin-induced changes in the mRNA levels of ferroptosis-related genes
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Fig. 7. Blockade of autophagy reverses the anti-hepatic fibrosis effect of Naringenin. (A) Liver-to-body weight ratio in mice from the indicated
group (n = 6). (B) Representative images, H&E, Sirius Red, Masson stains of liver in mice from indicated group (Scale bars: 50 pm). (C) The mRNA
levels of Acta2, Collal, Fnl in the liver tissues of mice from the indicated group (n = 3). (D) The mRNA levels of Ptgs2, Gpx4, and Acsl4 in liver
tissues of indicated group mice (n = 3). Data are presented as the mean + SD. *P < 0.05, **P < 0.01.
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(Fig. 6D). Taken together, naringenin may inhibit liver fibrosis by inducing ferroptosis.

3.6.1. Blocking autophagy reversed the anti-hepatic fibrosis effect of naringenin

To elucidate the role of autophagy in the anti-fibrotic effects of naringenin, we used the autophagy inhibitor 3-MA. Naringenin
significantly reduced the liver weight-to-body weight ratio, and blocking autophagy reversed this reduction in liver weight (Fig. 7A).
More importantly, 3-MA reversed the antifibrotic effects of naringenin (Fig. 7B). The effect of naringenin on the mRNA levels of Acta2,
Collal, and Fnl was reversed by 3-MA treatment (Fig. 7C). In addition, naringenin-induced increases in the mRNA levels of genes
involved in ferroptosis were inhibited by blocking autophagy (Fig. 7D). In conclusion, blocking autophagy reversed the anti-hepatic
fibrosis effects of naringenin.

4. Discussion

The activation and proliferation of HSCs is critical for the development of liver fibrosis [34]. Continuous liver injury triggers the
differentiation of HSCs into activated myofibroblasts, fostering rapid proliferation and excessive collagen production, leading to the
accumulation of extracellular matrix and eventual liver fibrosis [35]. Given the central role of HSCs, strategies targeting effective
elimination of activated HSCs are crucial for therapeutic intervention [36]. Ferroptosis caused by abnormal iron metabolism is a novel
form of programmed cell death. Several studies have investigated the relationship between ferroptosis and liver fibrosis. In mice, early
treatment with erastin and sorafenib attenuates hepatic fibrosis through ferroptosis [37]. In other studies, natural products and their
derivatives, such as artemether and artemisinin, have been shown to attenuate liver fibrosis through the induction of ferroptosis in
HSCs [38]. Although studies have suggested that ferroptosis is a potential treatment for liver fibrosis, the exploration of safe and
effective ferroptosis inducers is underway [39,40]. This is because ferroptosis activates HSCs and induces fibrosis. Iron is abundant in
HSCs and is a prerequisite for ferroptotic cell death. Excessive hepatic iron deposition and ferroptosis potentiate
acetaminophen-induced liver fibrosis in mice, which can be regressed by Fer-1 [41]. Therefore, ferroptosis promotes liver fibrosis. In
this study, we found that naringenin mitigates BDL-induced liver fibrosis by inducing autophagy-associated ferroptosis.

Naringenin, with significant anti-inflammatory and antitumor properties [42-44], has been shown to reduce liver injury and ECM
deposition in animal models of hepatotoxicity and CCls-induced liver fibrosis [28]. Our findings revealed that naringenin reduced HSC
viability in a concentration- and time-dependent manner without affecting hepatocytes. Notably, naringenin-treated HSCs showed
redox-active iron overload, GSH reduction, MDA production, and LPO. These results were consistent with the characteristics of fer-
roptosis. In order to investigate the mechanism of action of naringenin in liver fibrosis, we studied the ferroptosis of HSCs. To
investigate the mechanism of action of naringenin in liver fibrosis, we studied HSC ferroptosis. Using the ferroptosis inhibitor Fer-1, we
successfully reversed the inhibition of HSC activation and anti-fibrotic effects of naringenin. Collectively, these results indicated that
naringenin exerts its antifibrotic effects by inducing ferroptosis in HSCs.

Previous studies have shown that autophagy is an important cellular process that regulates ferroptosis [20,45]. In particular, the
discovery of ferritinophagy directly links autophagy and ferroptosis [46-48]. In addition to ferritinophagy, numerous studies have
demonstrated that autophagy also indirectly modulates ferroptosis. For instance, Yang et al. highlighted that autophagic degradation
of ARNTL can promote ferroptosis [49]. Additionally, the activation of ferroptosis enhances chaperone-mediated autophagy, leading
to the degradation of GPX4, a key intracellular anti-lipid peroxidase [16,50,51]. Autophagy is a complex regulator with pro- and
anti-fibrogenic properties in addition to ferroptosis. Yu et al. [52]. reported that autophagy directly promotes fibrosis by inducing
miR-29a. However, the ability of autophagy to inhibit fibrosis has been suggested by other studies [53]. In the present study, we
observed that naringenin induced an increase in autophagy and that the autophagy inhibitor 3-MA significantly reversed the effects of
naringenin in inducing ferroptosis and inhibiting HSC activation. These findings strongly suggested that naringenin-induced ferrop-
tosis is intricately linked to autophagy activation.

Notably, our study adds to the existing literature by establishing the role of naringenin in the induction of ferroptosis in HSCs.
Previous studies have demonstrated that naringenin induces apoptosis. Although ferroptosis and apoptosis are distinct mechanisms,
emerging evidence suggests a potential interconnection between these two forms of cell death. Thus, it is essential to explore the
mechanistic association between ferroptosis and apoptosis in the context of naringenin-induced cell death. In conclusion, our findings
highlight that augmented autophagy induces ferroptosis following naringenin treatment, thus elucidating the interplay between
autophagy and ferroptosis in liver fibrosis. The identification of autophagy activation opens novel avenues for investigating the anti-
liver fibrosis mechanism of naringenin and highlights the scope for further research on drugs for the prevention and treatment of liver
fibrosis.

5. Study limitation

Our study substantiates the efficacy of naringenin in alleviating liver fibrosis and elucidates the mechanism through which it in-
hibits the activation of HSCs through the induction of autophagy-dependent ferroptosis. However, further investigation is crucial to
precisely understand how naringenin initiates autophagy. Additionally, it is noteworthy that our study exclusively used a BDL model to
induce liver fibrosis and the lack of alternative liver fibrosis models to evaluate naringenin represents a limitation of the scope of our
study. A more comprehensive assessment of diverse models would enhance the generalizability of our findings. Finally, before
considering naringenin as a potential treatment for liver fibrosis in clinical studies, a thorough safety evaluation is a prerequisite. This
step is crucial to establish the safety profile of a compound before it progresses to clinical trials.
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