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� This work examined the role for
FUNDC1, a mitophagy receptor, in
carbon tetrachloride (CCl4)-induced
liver injury. CCl4 treatment induced
excess production of mitochondrial
ROS and overactivated mitophagy.
We found that FUNDC1 is a culprit in
eliciting ferroptosis but not in
mitophagy activation, offering new
insights for FUNDC1 function beyond
mitophagy.

� FUNDC1 interacted directly with
glutathione peroxidase (GPx4), a
selenoenzyme to neutralize lipid
hydroperoxides and ferroptosis, via
its 96-133 amino acid domain to
facilitate GPx4 recruitment into
mitochondria from cytoplasm.

� GPx4 entered mitochondria through
mitochondrial protein import system
– the translocase of outer
membrane/translocase of inner
g r a p h i c a l a b s t r a c t

FUNDC1 promotes liver fibrosis and hepatic injury through direct binding to GPx4 to facilitate its mito-
chondrial translocation through TOM/TIM complex, where it is degraded along with the ROS-induced
damaged mitochondria by mitophagy, resulting in hepatic ferroptosis.
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membrane (TOM/TIM) complex, prior
to degradation of GPx4 mainly
through mitophagy along with ROS-
induced damaged mitochondria,
resulting in hepatocyte ferroptosis.
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Introduction: Liver fibrosis is a life-threatening pathological anomaly which usually evolves into
advanced liver cirrhosis and hepatocellular carcinoma although limited therapeutic option is readily
available. FUN14 domain containing 1 (FUNDC1) is a mitophagy receptor with little information in liver
fibrosis.
Objective: This study was designed to examine the role for FUNDC1 in carbon tetrachloride (CCl4)-
induced liver injury.
Methods: GEO database analysis and subsequent validation of biological processes including western
blot, immunofluorescence, and co-immunoprecipitation were applied to clarify the regulatory role of
FUNDC1 on mitophagy and ferroptosis.
Results: Our data revealed elevated FUNDC1 levels in liver tissues of patients with liver fibrotic injury and
CCl4-challenged mice. FUNDC1 deletion protected against CCl4-induced hepatic anomalies in mice.
Moreover, FUNDC1 deletion ameliorated CCl4-induced ferroptosis in vivo and in vitro. Mechanically,
FUNDC1 interacted with glutathione peroxidase (GPx4), a selenoenzyme to neutralize lipid hydroperox-
ides and ferroptosis, via its 96–133 amino acid domain to facilitate GPx4 recruitment into mitochondria
from cytoplasm. GPx4 entered mitochondria through mitochondrial protein import system-the translo-
case of outer membrane/translocase of inner membrane (TOM/TIM) complex, prior to degradation of
GPx4 mainly through mitophagy along with ROS-induced damaged mitochondria, resulting in hepatocyte
ferroptosis.
Conclusion: Taken together, our data favored that FUNDC1 promoted hepatocyte injury through GPx4
binding to facilitate its mitochondrial translocation through TOM/TIM complex, where GPx4 was
degraded by mitophagy to trigger ferroptosis. Targeting FUNDC1 may be a promising therapeutic
approach for liver fibrosis.
� 2023 The Authors. 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

Liver fibrosis refers to a devastating pathological process char-
acterized by buildup of excess extracellular matrix proteins in a
cadre of chronic liver diseases [1]. It is mainly provoked by hepatic
stresses including viral hepatitis, nonalcoholic steatohepatitis
(NASH), alcoholic liver disease (ALD), iron overload syndrome,
hereditary haemochromatosis, and diabetes mellitus [2,3]. With
persistent deterioration of liver fibrosis, chronic liver failure, cir-
rhosis, and hepatocellular carcinoma ensue, imposing a major
threat for human health although little effective treatment remedy
is readily available for patients with advanced liver fibrosis beyond
liver transplantation due to its poorly defined underlying mecha-
nism(s) [4,5]. In this context, it is imperative to seek novel antifi-
brotic therapeutic options to retard and prevent the onset and
progression of liver fibrosis.

Mitophagy, a selective form of autophagy, governs mitochon-
drial turnover and recycling to maintain hepatic homeostasis
through removal of long-lived/damaged mitochondria [6]. Dysreg-
ulation of mitophagy is implicated in the onset and development of
liver diseases including chronic hepatic fibrosis. Mitophagy was
reported to promote tissue damage in the face of carbon tetrachlo-
ride (CCl4) insult [7–9]. Among which, PTEN-induced kinase 1
(Pink1)/E3 ubiquitin ligase Parkin is the most well examined com-
ponent to regulate mitophagy in stress conditions including liver
fibrosis [7,9]. BCL2 interacting protein 3 like (BNIP3) is a mito-
phagy receptor highly expressed in the liver and directly interacts
with microtubule-associated light chain 3 (LC3) to initiate mito-
phagy [10,11]. FUN14 domain-containing protein 1 (FUNDC1) is a
new mitophagy receptor through direct interaction with LC3 motif
in a fashion reminiscent of BNIP3 [12,13]. Data from our group and
others have noted a pivotal role for FUNDC1 in the maintenance of
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hepatic homeostasis [14,15]. FUNDC1-dependent mitophagy sup-
pressed hepatocarcinogenesis through amelioration of inflamma-
some activation [15]. In addition, downregulation of FUNDC1
suppressed mitophagy in alcoholic liver diseases, which activated
the DNA-dependent protein kinase catalytic subunit (DNA-PKcs)-
p53-dynamin-related protein 1 (Drp1) signaling cascade, leading
to unchecked mitochondrial fission and liver injury [14]. These
findings depict a crucial role for FUNDC1 and mitophagy in liver
diseases. Moreover, FUNDC1 offers a much broader biological
action beyond control of mitophagy [16,17]. For example, FUNDC1
participates in mitochondrial reprogramming and cellular plastic-
ity through interacting with Lon protease 1 (LonP1), a member of
protein folding quality control system on the mitochondrial inner
membrane to manage proteolytic disposal of misfolded and aggre-
gated proteins [17]. Our study reported an essential role for
FUNDC1 in preserving mitochondrial Ca2+ homeostasis and cardiac
function in obese hearts through its interaction with the ubiquitin
E3 ligase FBXL2 [18]. Nevertheless, a role for FUNDC1 in liver fibro-
sis remains elusive.

Ferroptosis is a new form of iron-dependent regulated cell
death, resulting from accumulation of reactive oxygen species
(ROS) and lipid peroxidation [19,20]. It is unique in morphology,
biochemistry, and genetics in comparison with other forms of reg-
ulated cell death (RCD) [21]. Previous findings have indicated
involvement of ferroptosis in a wide variety of pathological pro-
cesses including cancers, liver and cardiovascular diseases [22–
25]. Recent data have indicated a close link between mitochondria
and ferroptosis, both of which heavily impacting oxidative meta-
bolism [26]. Morphological alterations including mitochondrial
fragmentation and cristae enlargement were noted in mitochon-
dria under ferroptosis [26]. Furthermore, ferroptosis inhibitors
were reported to exquisitely target mitochondria, consistent with
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the potential involvement of mitochondria in ferroptosis process
[27,28]. Nonetheless, whether FUNDC1, a vital component of mito-
phagy, elicits any impact on the occurrence of ferroptosis remains
elusive. Glutathione peroxidase 4 (GPx4) is a glutathione peroxi-
dase that utilizes glutathione (GSH) as a cofactor to convert
lipid hydroperoxides into non-toxic lipid alcohols to mitigate fer-
roptosis [29]. Downregulation or depletion of GPx4 evokes accu-
mulation of lipid peroxides and other reactive oxygen species,
resulting in cell ferroptosis [23,30]. Excessive hepatic iron deposi-
tion and ferroptosis is speculated to potentiate liver fibrosis in
mice, the process of which can be reversed by ferrostatin-1 [31].
Hence, ferroptosis likely promotes the pathogenesis of liver fibro-
sis. Besides, GPx4 activation was shown to protect against
ferroptosis-induced liver injury in mice [32]. GPx4 is widely dis-
tributed in cytoplasm, mitochondria, and nuclei, while transporta-
tion of GPx4 from cytosol to mitochondria occurs under
pathological conditions [33]. Elevated GPx4 levels in mitochondria
play an essential regulatory role in mitochondrial apoptosis and
mitochondrial ATP production under stress [33–35]. To-date, pos-
sible mechanism(s) governing GPx4 translocation from cytoplasm
to mitochondria is largely unknown.

Hence, ouraim in this studywas toexamine the roleof FUNDC1 in
carbon tetrachloride (CCl4)-induced liver fibrosis and liver injury.
Ourdata revealedupregulatedFUNDC1 in livers frommicewithhep-
atic fibrosis and serum and liver tissues from patients afflicted with
hepatic fibrosis. FUNDC1 knockout (KO) effectively ameliorated
hepatic inflammation, fibrosis and ferroptosis. Mechanistically,
FUNDC1 bound and recruited GPx4 to mitochondria, to facilitate
its entrance into the mitochondria through mitochondrial protein
import system TOM/TIM complex, where GPx4 was degraded by
mitophagy (primarilymediatedbyPink1/Parkin), leading tohepato-
cyte ferroptosis. Ourdata further depicted that FUNDC1predisposed
CCl4-induced hepatic injury throughmitophagy-dependent ferrop-
tosis in hepatocytes, denoting promises of targeting FUNDC1 or
mitophagy in the therapeutics of liver fibrosis.
Materials and methods

Animal models of hepatic fibrosis and liver function

Global FUNDC1 knockout (FUNDC1-/-) mice were generated as
described in our earlier report [18]. Adult (8–10-week-old) male
wild-type (WT) and FUNDC1-/- mice were maintained at
24 ± 2 �C and 50 ± 5% humidity. Mice were offered sterile standard
normal diet and water ad libitum. Liver fibrosis was established
using an intraperitoneal injection of CCl4 (Sigma-Aldrich, St. Louis,
MO, USA; 1:4 v/v in corn oil) at a dosage of 5 mL/kg of body weight
(BW) twice per week for 4 weeks, a widely perceived model of liver
fibrosis in rodents [36]. An equal amount of vehicle (corn oil) was
delivered to non-fibrotic group. A cohort of mice received GPx4
inhibitor RSL3 (Selleck Chemicals, Houston, TX, USA, 2.5 mg/kg.,
i.p.) once a day for 10 days. Standard necropsy techniques were
used and liver injury was evaluated by serum alanine transaminase
(ALT) and aspartate transaminase (AST) determined using the
VetAce Analyser (Alfa Wassermann, Inc., West Caldwell, NJ, USA).

Human samples

Human liver samples were obtained from healthy adults (n = 7)
and patients with liver fibrosis (n = 7) (Table S1).

Ethics statement

The animal experimental procedures were approved by the
Institutional Animal Use and Care Committee at the Zhongshan
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Hospital Fudan University (Shanghai, China), and were in compli-
ance with the NIH Guide for the Care and Use of Laboratory Ani-
mals. The experimental protocol involving human subjects
received approval from the Institutional IRB committee of Xijing
Hospital Air Force Military Medical University (Xi’an, China), the
approval number is KY202113504-1.
Gene ontology (GO) and pathway enrichment analysis

mRNA profiles of mouse fibrotic liver tissues and gene annota-
tion platforms of GPL6885 were downloaded from Gene Expression
Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/;
GSE55747). The Linear Models for Microarray Data (LIMMA) algo-
rithm was applied to detect the differential expressed genes
(DEGs) based on the fragments per kilobase of exon model per mil-
lion mapped fragments (FPKM) data. Genes with Benjamini-
Hochberg method adjusted p-value<0.05 and |log2 fold-change
(FC)| greater than 1.0 in CCl4-treated mice compared with corn
oil-treated mice were selected as bicalutamide response-related
genes.

For pathway enrichment analysis, the ‘‘clusterProfiler” and
‘‘AnnotationHub” packages in R were performed to identify hub
maps. Gene ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) terms with the Benjamini-Hochberg method
adjusted p-value<0.05 and gene counts of set arranged from 10
to 500 were selected. Furthermore, the Gene Set Variation Analysis
(GSVA) algorithm also applied to evaluate involvement of ferropto-
sis, mitochondrial assembly and function based on the gene
expression profiles. In addition, the interaction network was con-
structed via partial correlation analysis based on normalized GSVA
pathway score.
Measurements of cytochrome P450 reductase activity, serum iron,
non-heme iron and lipid peroxidation

Cytochrome P450 reductase activity was measured using a
cytochrome P450 reductase activity kit (Biovision, San Francisco,
CA, USA, #K700-100). Levels of plasmic iron and hepatic non-
heme iron were measured using an iron assay kit (Abcam,
#ab83366) in accordance with the manufacturer’s instruction.
Levels of carbonyls were quantified using a protein carbonyl con-
tent assay kit (Abcam, #ab126287). Levels of GSH, GSSG and
MDA were quantified using glutathione and MDA assay kits from
Beyotime (Nanjing, China).
Histological examination

Following anesthesia, livers were exercised and placed in 10%
neutral-buffered formalin for 24 hrs at room temperature. Speci-
mens were embedded in paraffin, cut into 5-lm sections and sub-
jected to Masson trichrome or Sirius red staining. Percentage of
fibrosis was calculated using a digital microscope (�400) and
Image J (version1.34S) software.
Immunohistochemical staining of neutrophils

Deparaffinized liver sections (5-lm thick) were immunohisto-
chemically stained for myeloperoxidase (MPO, primary antibody
from Biocare Medical, Concord, CA), a hallmark of neutrophils,
using the DAB kit (Gene Tech, Shanghai, China) per the manufac-
turer’s instruction. The MPO-positive cells were randomly quanti-
fied from 5 fields per mouse (at 100 � magnification) using the
Image J software.

https://www.ncbi.nlm.nih.gov/geo/
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Realtime quantitative PCR

Total RNA was extracted using a Trizol Reagent (Invitrogen, NY,
Empire State, USA). The purity and concentration of RNA were
determined using a NanoDrop 2000 spectrophotometer (Thermo
Fisher Scientific, Waltham, ME, USA). Reverse-transcription was
conducted using PrimeScript TM RT Master Mix (Takara, Shiga,
Japan) for synthesis of cDNA. Realtime quantitative PCR was per-
formed using FastStart Essential DNA Green Master (Roche, Shang-
hai, China). b-actin was employed as the reference gene. Relative
gene expression was calculated using 2-ddCt method. Sequences
of PCR primers were listed in Table S3 (Dongxuan Gene, Kunshan,
China).

Transmission electron microscopy (TEM)

Cubic liver pieces were dissected and fixed with 2.5% glu-
taraldehyde in 0.1 M sodium phosphate (pH 7.4) for 24 hrs at
4 �C. Samples were dehydrated through graded alcohols and were
embedded in Epon Araldite following fixation in 1% OsO4 for 1 hr.
Ultrathin sections (50-nm) were produced using an ultramicro-
tome (Leica, Wetzlar, Germany), and were stained with uranyl
acetate and lead citrate. Specimens were visualized under an Elec-
tron Microscope. Images were captured using the Ditital Micro-
graph software.

Cell culture and treatment

Human hepatoma HepG2 cell line was obtained from Genscript
(Nanjing, China). HepG2 cells were transfected with CYP2E1 plas-
mid construct a CYP2E1 stable overexpressed cell line (also named
E47 cell line) [37]. Given that CCl4-induced hepatotoxicity is pre-
dominantly mediated through Cyp2E1 metabolism to yield CCl3
radical, HepG2 cell lines overexpressing CYP2E1 (E47 line) are
deemed a useful model to discern the biochemical properties of
CYP2E1 [37]. Cells were cultured in a Dulbecco’s Modified Eagle
Medium (DMEM, Gibco), containing 10% fetal bovine serum albu-
min (FBS, Gibco) at 37 �C, 5% CO2. CCl4 was dissolved in dimethyl
sulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO, USA) in serum-free
DMEM. To determine involvement of ferroptosis, mitophagy and
lysosomal involvement, Erastin (Selleck Chemicals, Houston, TX,
USA, 10 lM for 24 hrs), oroxylin A (OA, Med Chem Express, NJ,
USA, 150 lM for 48 hrs), RSL3 (Selleck Chemicals, Houston, TX,
USA, 1 lM for 24 hrs), MG132 (Med Chem Express, NJ, USA,
10 lM for 6 hrs) or Chloroquine (Sigma-Aldrich, MO, USA, 20 lM
for 24 hrs) was added to E47 cells when cells grow to a proper den-
sity for further experimentation.

Plasmid constructs

Full-length, domain truncated (FUNDC1-Delta-2-47aa,
FUNDC1-Delta-69-74aa, and FUNDC1-Delta-96–133) FUNDC1
plasmid tagged with Flag were cloned in pcDNA3.1+ (Dongxuan
Genes, Kunshan, China). CYP2E1 and GPx4 tagged with His were
cloned in pcDNA3.1+ (Dongxuan Genes).

Cell viability assay

Cell viability was evaluated using a MTT kit (Beyotime, Nanjing,
China) per the manufacturer’s protocol. Briefly, E47 cells were
seeded in 96-well plates at 5000 cells per well. Cells were incu-
bated with fresh media containing MTT solution for 4 hrs prior
to addition of dimethyl sulfoxide (DMSO) to dissolve formazan.
Samples were assessed using a microplate reader (Thermo Fisher,
Waltham, ME, USA), and absorbance was read at 490 nm.
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Measurement of mitochondrial ROS (mtROS)

E47 cells were incubated with the MitoSox Red fluorescent dye
(5 lM, Thermo Fisher) at 37 �C for 30 min. Cells were rinsed with a
warm phosphate buffered saline (PBS) buffer prior to observation
under a Leica confocal microscopy (Wetzlar, Germany).

Measurement of mitochondrial morphology and mitochondrial
membrane potential (MMP)

Mitochondrial morphology and mitochondrial membrane
potential (MMP) were assessed using MitoTracker and tetram-
ethylrhodamine methyl Ester (TMRM) staining, respectively. Cells
were stained with MitoTracker Green or Red solution (20 nM,
Molecular Probes, Invitrogen, Carlsbad, CA, USA) or TMRM
(20 nM, Molecular Probes) at 37 �C for 30 min, and were imaged
through a fluorescence microscope. The Image J software was used
to evaluate red fluorescence intensity.

Lipid ROS assay

Lipid ROS was measured using the fluorescent Probes BODIPY
581/591 C11 (D3861, Invitrogen, Carlsbad, CA, USA). E47 cells were
seeded in 3.5 cm plates and pretreated with inhibitors and CCl4,
and incubated with the kit reagent following the instruction at a
concentration of 5 lM for 30 min in the dark. Cells were rinsed
three times with PBS prior to image acquisition using a fluores-
cence microscope (Leica, Wetzlar, Germany).

Immunofluorescence analysis

Cell samples were fixed by 4% paraformaldehyde for 15 min.
E47 cells were permeabilized and blocked for 1 hr then incubated
with specified antibodies (GPx4, Abcam, #ab125066, Tom20,
Abcam, #ab283317, and HSP60, Abcam, #ab46798) overnight at
4 �C, and followed by the incubation of the corresponding Alexa
Fluor conjugated secondary antibodies (Cell Signaling Technology,
Boston, MA, USA) for 1 hr in the dark. After staining, the
immunofluorescence was examined using a laser confocal micro-
scope with a 630 � oil immersion objective with 488 and
561 nm laser excitation (Leica, Wetzlar, Germany). Results were
analyzed by a coloc2 plug-in (Fiji, version 2.0, Rawak Software
Inc., Stuttgart, Germany) of the Image J software.

Structure-based protein interaction interface analysis between
FUNDC1 and GPx4

Protein structure of FUNDC1 was predicted by a template-based
homology structure modeling tool SWISS-MODEL (https://www.
swissmodel.expasy.org), using PDB structure 2IP6, chain A (cover-
ing residues 82–131, sequence identity = 10.00%) and 3BK6, chain
A (covering residues 74–256, sequence identity = 21.64%) as the
template, respectively. Structure of GPx4 was downloaded from
the PDB database (PDB ID:5L71). Prediction of potential interaction
interface between GPx4 and FUNDC1 was obtained from PRISM
tool (https://cosbi.ku.edu.tr/prism). Prediction results were visual-
ized using the PyMol tool (https://pymol.org).

Isolation of mitochondria and nuclei

Preparation of mitochondria and nuclei was conducted using
the Mitochondria/Cytosol Fractionation Kit (Abcam, #ab65320)
and Nuclear Extraction Kit (Abcam, #ab219177). Isolation of mito-
chondria and nuclei was performed on ice to prepare mitochon-
drial, cytosolic and nuclear fractions for Western blot analysis.
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Co-Immunoprecipitation (Co-IP)

Co-immunoprecipitation (Co-IP) assay was conducted using a
Pierce� Co-IP kit (Pierce, IL) following the manufacturer’s manual.
One hundred lg purified anti-flag antibodies were first coupled
with resin. Protein samples (1000 lg) were exposed to the
antibody-coupled resin for 2 hrs. Following mixing and washing,
50 lL elution buffer was added into the protein-antibody com-
plexes. Protein samples were subjected to immunoblotting using
anti-GPx4, anti-FUNDC1 and anti-LC3B antibodies (1:1000, Cell
Signaling Technology) [33].

Immunoprecipitation assay and mass spectrometry

E47 cells were transfected with FUNDC1-Flag plasmid. Forty-
eight hrs later, cell lysates were immunoprecipitated with the
anti-Flag magnetic beads (Cell Signaling Technology). Precipitates
were separated using SDS-PAGE and were then stained with coo-
massie blue. Protein bands were cut into small pieces and sub-
jected in-gel digestion. The extracted peptides from the gel
pieces were prepared for proteomic data analysis by liquid chro-
matography tandem mass spectrometry (LC-MS/MS).

Western blot analysis

Liver tissues and cells were homogenized and sonicated in a
lysis buffer containing 20 mM Tris (pH 7.4), 150 mM NaCl, 1% Tri-
ton, 1 mM EGTA, 1 mM EDTA, 0.1% sodium dodecyl sulfate, and a
protease inhibitor cocktail. Protein samples were incubated with
anti-tumor necrosis factor-a (TNF-a), anti-interleukin-6 (IL-6),
anti-CYP2E1, anti-HSP60, anti-Histone H3, anti-FUNDC1, anti-
BCL2/adenovirus E1B 19 kDa protein-interacting protein 3 (BNIP3),
anti-Parkin, anti-translocase of outer and inner membrane/translo-
case (TIM23), anti-microtubule-associated protein light chain 3
(LC3B), anti-p62, anti-solute carrier family 7 member 11
(SLC7A11), anti-glutathione peroxidase (GPx4), anti-Vinculin, and
anti-b-actin antibodies. All antibodies were obtained from Cell Sig-
naling Technology (Danvers, MA, USA), Abcam (Cambs, UK), Santa
Cruz Biotech (Santa Cruz, CA, USA) or Proteintech (Wuhan, China).
Membranes were incubated with secondary antibodies (Protein-
tech, Wuhan, China) following primary antibodies incubation.
Films were scanned and detected with a Bio-Rad calibrated densit-
ometer [38].

Statistical analysis

Data were presented as mean ± standard error of mean (SEM).
Results were analyzed using a Prism 8.0 software (GraphPad, San
Diego, CA). Comparation between two groups were conducted
using the non-parametric t-test (two-tailed). Comparation among
multiple groups were conducted using one-way ANOVA followed
Tukey’s test for post hoc analysis. Statistical significance was set
at p < 0.05.
Results

Elevated serum and tissue levels of FUNDC1 in patients and mouse
models of liver fibrosis

To discern possible biological processes and cell signaling path-
ways involved in liver fibrotic injury, data from GEO database
(GSE55747) were analyzed. The volcano plot displayed upregu-
lated FUNDC1 and Pink1, as well as downregulated GPx4 in CCl4-
induced liver fibrosis in mice (Fig. 1a). A hierarchical clustering
of the most highly regulated genes revealed ‘‘autophagy”, ‘‘ferrop-
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tosis”, ‘‘mitophagy”, and ‘‘oxidative phosphorylation” with distinct
patterns of presentation between liver fibrotic and control groups
(Fig. 1b). GSEA results showed that multi-biological processes,
involving mitochondrial function, oxidative phosphorylation and
metal ion homeostasis, may play an important regulatory role in
CCl4-induced liver fibrosis (Fig. 1c). Similarly, these terms involv-
ing ferroptosis, mitochondrial assembly and function also showed
significant differences after quantifying molecular pathways
(Fig. 1d). Moreover, results from GSVA score partial correlation
denoted that ferroptosis was closely associated with mitochondria,
mitochondrial complex, as well as mitophagy (Fig. 1e). These anal-
yses strongly promoted ferroptosis and mitochondria or mito-
phagy may be involved in the progression of liver fibrosis.

To examine the possible role of FUNDC1 in liver fibrosis, levels
of FUNDC1 were determined in human liver tissues and serum. Our
results noted overtly elevated FUNDC1 levels in liver tissues from
patients with liver fibrosis (Fig. 2a), in line with the volcano plot
analysis (Fig. 1a). Next, intraperitoneal injection of CCl4 was used
to establish a murine model of liver fibrosis. Our results suggested
elevated FUNDC1 levels in liver tissues from CCl4-challenged mice
(Fig. 2b). These findings favored a role for FUNDC1 in liver tissues
and serum from both human and rodent models of liver fibrosis.

FUNDC1 ablation protects against CCl4-induced hepatic injury and
liver fibrosis

To discern a possible role of FUNDC1 in liver fibrosis, FUNDC1-/-

and WT mice were challenged with CCl4 or an equal volume of
corn oil. Levels of FUNDC1 were significantly upregulated by
CCl4 challenge, which was vanished in liver tissues from FUNDC1-/-

mice (Fig. 2c). Survival rate was diminished in response to CCl4
challenge in WT mice, the effect of which was overtly attenuated
by FUNDC1 ablation with little effect by FUNDC1 knockout itself
(Fig. 2d). Meanwhile, CCl4 challenge overtly increased liver-to-
body weight ratio in WT mice, the effect of which was negated
by FUNDC1 ablation with little effect from FUNDC1 deficiency
itself (Fig. 2e). In addition, CCl4 challenge overtly upregulated
levels of proinflammatory markers including tumor necrosis
factor-a (TNF-a), interleukin-6 (IL-6), which were alleviated by
FUNDC1 deletion, with little discernible effect from FUNDC1
knockout itself (Fig. 2f, 2 g). Analysis of serum samples revealed
significantly elevated levels of hepatocellular injury markers ALT
and AST in CCl4-challenged mice, the effect of which was obliter-
ated by FUNDC1 knockout with little effect from FUNDC1 ablation
itself (Fig. 2h). To evaluate the effect of FUNDC1 knockout on CCl4-
induced liver fibrosis, mRNA levels of fibrotic markers including
alpha-smooth muscle actin (a-SMA), Collagen 1, and matrix metal-
loproteinase 2 (MMP2) were examined in liver tissues. Our data
revealed that CCl4 challenge upregulated fibrotic markers, the
effects of which were negated by FUNDC1 ablation with little effect
from FUNDC1 ablation itself (Fig. 2i). In addition, CCl4-challenged
mouse livers were much darker in color with poorer contour and
more grainy texture compared with corn oil-treated mice, the
effects were less pronounced in FUNDC1-/- mice challenged with
CCl4 (Fig. 2j, Table. S2). Histological staining using Sirius red and
Masson Trichrome staining revealed extensive destructions in
structure, along with abnormal collagen deposition in CCl4-
challenged mice. FUNDC1 ablation itself had little effects in hepatic
morphology although it ameliorated CCl4-induced unfavorable
morphological changes (Fig. 2j-l). These results suggested that
CCl4 evoked liver injury, the effect of which was rescued by
FUNDC1 deletion. These results favored an important role of
FUNDC1 in the onset and development of liver fibrosis and liver
injury. Given the perceived prerequisite role for reductive metabo-
lism of CCl4 to reactive intermediates using cytochrome P450
enzymes for CCl4 toxicity [39], cytochrome P450 enzymatic activ-



Fig. 1. Bioinformatics analysis of hepatic pathways and genes in liver fibrosis. (a) Volcano plot of microarray data, generated by clustering based on probes enriched or
depleted (fold change greater than 2; adjusted-P < 0.05) in CCl4-treated mice compared to vehicle mice; (b) Heatmap displaying relative expression of genes related to
autophagy, ferroptosis, mitophagy and oxidative phosphorylation in the liver (n = 4–6); (c, d) GSEA analysis and GSVA score of distinct biological processes in healthy and
disease groups. (n = 5); and (e) GSVA score partial correlation.
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Fig. 2. Levels of FUNDC1 in fibrotic livers and impact of FUNDC1 ablation on CCl4 (4 weeks)-induced hepatic injury and liver fibrosis. (a) Representative immunoblots and
quantitative histogram of FUNDC1 in liver tissues from normal individuals or patients with liver fibrosis (GAPDH as the loading control) (n = 7/group); (b) Representative
immunoblots and quantitative histogram of FUNDC1 in mice with or without CCl4 treatment (n = 5–6/group); (c) Representative immunoblots and quantitative histogram of
FUNDC1 in mice (n = 5–6/group); (d) Survival rate (n = 13/group); (e) Ratio of liver-to-body weight (n = 8/group); (f-g) Representative immunoblots and quantitative
histogram of TNF-a and IL-6 (GAPDH as the loading control) (n = 5–6/group); (h) Level of plasmic ALS and AST (n = 7–8/group). (i) Quantitative mRNA expression of a-SMA,
Collagen 1 and MMP2 in liver tissues (n = 5–6/group). (j) Representative images of gross liver morphology (upper panel), Sirius Red staining (middle panel) and Masson
staining (bottom panel). (k) Quantified Fibrotic area of Sirius Red staining (black) and (l) Masson staining (blue) (n = 6–9 mice per group). Mean ± SEM (detailed statistical
results shown in Table S4); Statistical significance was set at p < 0.05. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 3. Effect of FUNDC1 deficiency on CCl4 (4 weeks)-induced changes in hepatocyte ferroptosis in vivo. (a-d) Representative immunoblots and quantitative histogram of
GPx4 and SLC7A11 in liver tissues of normal individuals or patients with liver fibrosis (GAPDH as the loading control) (n = 7/group); (e) Level of MDA (n = 7–8/group); (f) Ratio
of GSH to GSSG (n = 8/group); (g-h) Level of liver non-heme iron and serum Fe2+ tested using an iron assay kit (n = 7–8/group); (i) Representative images of Oil Red O staining;
(j) Quantified Lipid droplet area (n = 8 mice per group); (k-l) Representative immunoblots and quantitative histogram of GPx4, SCL7A11 (GAPDH as the loading control),
(n = 6–8/group); and (s) Representative TEM images. White arrowheads denote damaged mitochondria (shrunk or inflated mitochondria, reduced number of mitochondrial
cristae and destroyed mitochondrial membrane). Mean ± SEM (detailed statistical results shown in Table S4); Statistical significance was set at p < 0.05. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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ity was determined. Our data revealed overtly decreased cyto-
chrome P450 activity upon CCl4 challenge, the effect of which
was spared by FUNDC1 knockout with little influence from
FUNDC1 ablation itself (Fig. S1a).
Effect of FUNDC1 deletion and overexpression on CCl4-induced
changes in hepatocyte ferroptosis in vivo and in vitro

Ferroptosis was believed to participate in liver fibrosis and hep-
atocyte injury. We analyzed levels of GPx4 and solute carrier fam-
ily 7 member 11 (SLC7A11) in human liver tissues and noted
downregulation of GPx4 and SLC7A11 in patients with liver fibrosis
(Fig. 3a-d). To examine possible involvement of ferroptosis in
FUNDC1 ablation-offered protection against CCl4-induced hepato-
cyte injury, liver glutathione (GSH) and glutathione disulfide
(GSSG), malondialdehyde (MDA), oil Red O staining, iron in serum
and liver tissues, and ferroptosis protein markers GPx4 and
SLC7A11 were examined in liver tissues. Our results indicated that
CCl4 challenge evoked overt lipid peroxidation and lipid deposition
as evidenced by GSH/GSSG ratio, MDA and oil Red O staining, all
characteristic of ferroptosis (Fig. 3e-f, 3i-j). FUNDC1 deletion allevi-
ated CCl4-evoked lipid peroxidation and lipid deposition without
any effect itself (Fig. 3e-f, 3i-j). Next, levels of hepatic non-heme
iron were elevated while serum Fe2+ levels were decreased in face
of CCl4 treatment, indicating overload of free iron in the liver, a
vital instigator for ferroptosis (Fig. 3g-h). FUNDC1 deletion miti-
gated CCl4-induced iron overload, although FUNDC1-/- and WT
mice displayed little difference in iron content in the absence of
CCl4 challenge (Fig. 3g-h). Levels of GPx4 and SLC7A11, two impor-
tant ferroptosis biomarkers resilient to lipid peroxidation, were
downregulated by CCl4, suggesting a role for ferroptosis in CCl4-
induce hepatic damage (Fig. 3k-l). Ablation of FUNDC1 upregulated
levels of GPx4 and SLC7A11with little effect itself (Fig. 3k-l). Trans-
mission electron microscopy (TEM) examination noted that CCl4-
treated liver tissues exhibited pronounced mitochondrial damage
including overt shrinkage or inflation of mitochondria, loss of mito-
chondrial cristae and mitochondrial membrane integrity (hall-
marks of ferroptosis), the effect of which was attenuated by
FUNDC1 deletion (Fig. 3m). To discern the effect of CCl4 challenge
on mitochondria, mitochondrial morphology and mitochondrial
membrane potential (MMP) were examined using the fluorescent
dyes MitoTracker and TMRM, respectively, following CCl4 chal-
lenge in vitro (0.1% v/v for 12 hrs) in E47 cells (a CYP2E1 stable
overexpressed HepG2 cell line, a valuable model for biochemical
and toxicological assessment of the P450 enzyme CYP2E1 – which
participates in CCl4 toxicity) [40–42]. Transfection efficiency of
CYP2E1 was shown in Fig. S1b. CCl4 treatment evoked elevated
ROS in mouse livers as evidenced by upregulated levels of protein
carbonyl, the effect of which was alleviated by FUNDC1 deletion
(Fig. 1c). MitoTracker and TMRM staining revealed that CCl4
evoked fractionated mitochondria and collapsed MMP, the effect
of which was reversed by FUNDC1 knockdown (FUNDC1 KD) using
FUNDC1 siRNA (siFUNDC1), without any effect from siFUNDC1
itself (Fig. S2a-c). Evaluation of mtROS using MitoSOX in E47 cells
revealed that CCl4 promoted mtROS production, the effect of
which was resisted by FUNDC1 deletion (Fig. S2d, S2e). Moreover,
examination of C11-BODIPY staining, a fluorophore sensitive to
lipid peroxidation, suggested that CCl4 challenge evoked lipid per-
oxidation in E47 cells, the effect of which was nullified by FUNDC1
ablation (Fig. S2f, S2g). Not surprisingly, FUNDC1 overexpression
aggravated hepatocyte damage with severe ferroptosis (downregu-
lated GPx4 and SLC7A11) (Fig. S3a-d), lipid peroxidation (GSH/
GSSG ratio, MDA production and C11-BODIPY staining) (Fig. S3e-
f, S3h-i), and MTT cell survival (Fig. S3g), and mitochondrial injury
(MitoTracker and TMRM staining) (Fig. S3j-l).
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To further decipher if the beneficial action of FUNDC1 defi-
ciency against CCl4-induced liver injury involved ferroptosis, the
ferroptosis inducer erastin was employed (10 lM for 24 hrs)
[43,44] in E47 cells. As shown in Fig. S4a-d, erastin turned on fer-
roptosis as manifested by downregulation of SLC7A11 and GPx4.
Lipid peroxidation was assessed using MDA, GSH/GSSG and C11-
BODIPY staining. Our data revealed that erastin cancelled off
FUNDC1 knockdown-offered protection against CCl4-induced
changes in MDA production, C11-BODIPY fluorescence and GSH/
GSSG ratio in E47 cells (Fig. S4e-f, S4h-i). Besides, MTT cell survival
results revealed that erastin abolished FUNDC1 knockdown-
induced protection against CCl4, with little effect by erastin itself
(Fig. S4g). In addition, MitoTracker and TMRM staining noted that
erastin reversed FUNDC1 knockdown-evoked protection against
CCl4-induced mitochondrial dysmorphology and dysfunction
(Fig. S4j-l). Taken together, these results supported a protective
role for FUNDC deficiency against CCl4-induced hepatocyte
ferroptosis.

Activation of mitophagy evokes ferroptosis and reverses the protective
effect of FUNDC1 deficiency.

Selective autophagy including mitophagy was recently sug-
gested to interplay with ferroptosis in a ROS-dependent way
[45]. Given the nature of FUNDC1 as a mitophagy receptor, mito-
phagy was monitored in CCl4-treated mice and E47 cells. Western
blot analysis revealed upregulated mitophagy/autophagy markers
including FUNDC1, BNIP3, and Parkin along with downregulated
TIM23 (Fig. 2c, S5a-c), and more mitophagosomes were observed
using TEM following CCl4 challenge in liver tissues (Fig. S5d-e),
denoting hyperactivated mitophagy. Not surprisingly, FUNDC1
deletion partially dampened CCl4-induced rises in mitophagy with
little discernible effect itself (Fig. S5a-e). To evaluate the main
mitophagy components involved in response to CCl4 exposure,
FUNDC1, Parkin and BNIP3 were individually knocked down, using
siRNA transfection in vitro. Results from Western blot and Mito-
Keima fluorescence showed that knockdown of Parkin mitigated
CCl4-induced downregulation of TIM23 and upregulation of
mito-LC3II, mito-p62 as well as Mito-Keima index (ratio of
561 nm to 457 nm fluorescence intensity of Mito-Keima) to a much
greater extent compared with FUNDC1 or BNIP3 knockdown
(Fig. S5f-m), denoting a rather prominent role for Pink1/Parkin as
opposed to FUNDC1 or BNIP3 in mediating mitophagy in liver
fibrosis. To explore possible contributing factors for downregulated
GPx4, GPx4 levels were re-examined in the face of CCl4 challenge
and/or FUNDC1 overexpression, in the presence or absence of the
lysosomal inhibitor chloroquine (20 lM for 24 hrs) or the protea-
somal inhibitor MG132 (10 lM for 6 hrs). Our result showed that
FUNDC1 overexpression accentuated CCl4-induced GPx4 degrada-
tion, the effect of which was mitigated (restored to near control
level) by inhibition of lysosomes but not proteasomes (Fig. S6a-
b). To further examine the role of mitophagy in ferroptosis, orox-
ylin A (OA, 150 lM for 48 hrs), a mitophagy inhibitor targeting
Pink1/Parkin- and BNIP3- mediated mitophagy [10], was added
prior to CCl4 challenge in E47 cells. Our data revealed that oroxylin
A inhibited mitophagy in CCl4-treated E47 cells with FUNDC1-OE
as evidenced by downregulation of Parkin and BNIP3 as well as
upregulation of TIM23, with subtle change in FUNDC1 (Fig. S7a-
e). Interestingly, oroxylin A reversed FUNDC1 OE-induced deterio-
ration in CCl4-evoked loss of GPx4 (compared with partial attenu-
ation in SLC7A11) in E47 cells (Fig. S7f-g). The effects of Parkin
knockdown on mitophagy- and ferroptosis-related proteins includ-
ing TIM23, SLC7A11 and GPx4 were consistent with finding from
oroxylin A treatment (Fig. S8a-g), although BNIP3 knockdown dis-
played minimal effect on levels of TIM23 and GPx4 (Fig. S8h-n).
Oroxylin A also nullified FUNDC1 OE-induced exacerbation in



Fig. 4. Effect of the GPx4 inhibitor RSL3 in CCl4-treated mice or E47 cells with FUNDC1 deficiency. WT or FUNDC1-/- mice were intraperitoneally injected with RSL3 (2.5 mg/
kg) once a day for 10 days. E47 cells were transfected with scrambled or FUNDC1 siRNA for 48 hrs and were then treated DMSO or RSL3 (1 lM for 24 hrs) prior to exposure to
CCl4 for 12 hrs. (a) Representative immunoblots of FUNDC1, SLC7A11 and GPx4 in E47 cells (Vinculin as the loading control); (b) Quantitated FUNDC1 level; (c) Quantitated
SLC7A11 level; (d) Quantitated GPx4 level (n = 5–6/group); (e) Level of MDA (n = 5–6/group); (f) Ratio of GSH to GSSG (n = 6/group); (g) MTT assay of cell survival
(n = 6/group); (h) Representative images of C11-BODIPY staining; (i) Quantified mean fluorescence intensity of C11-BODIPY images (n = 20/group); (j) Ratio of liver-to-body
weight (n = 5–6/group); (k) Representative images of Sirius Red staining; (l) Quantified Fibrotic area of Sirus Red staining (n = 5–6 mice per group); (m) Level of plasma ALS
and AST (n = 5–6/group); and (n) Quantified neutrophil number. Mean ± SEM (detailed statistical results shown in Table S4); Statistical significance was set at p < 0.05. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. FUNDC1 directly interacts with GPx4 through its 96–133 amino acid domain and recruits GPx4 to mitochondria. (a) Co-IP mass spectrometry noted GPx4 as a potential
interacting protein of FUNDC1; (b) Structure-based protein interaction interface analysis between FUNDC1 and GPx4. Cartoon represents the predicted FUNDC1-GPx4
complex structure, where the interaction hotspot residues are labeled; (c) Schematic diagram of domain deletion of FUNDC1 for Co-IP experiments, and predicted interaction
sites on FUNDC1 with GPx4; (d) Co-IP analysis of GPx4 and FUNDC1 with or without different amino acid fragment deletion (FUNDC1 WT, FUNDC1 Delta-2–47 aa, FUNDC1
Delta-69–74 aa or FUNDC1 Delta-96–133 aa) in E47 cells; (e) Representative fluorescent images of co-localization of GPx4 (red) with TOM20 (green) in E47 cells transfected
with scrambled or FUNDC1 siRNA for 48 hrs prior to exposure to DMSO or CCl4 for 12 hrs; and (f-i) Fluorescence intensity curve of GPx4 and TOM20 in co-localization images
of Scramble-DMSO, Scramble-CCl4, siFUNDC1-DMSO and siFUNDC1-CCl4 groups. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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CCl4-evoked MDA production and C11-BODIPY fluorescence and
drop in GSH-GSSG in E47 cells (Fig. S7h-I, S7k-l). This is further
supported by MTT cell survival assay (Fig. S7j), favoring a detri-
mental role for mitophagy in CCl4-evoked cell damage. Mito-
Tracker and TMRM staining revealed that oroxylin A cancelled off
the beneficial effect of FUNDC1 knockdown against CCl4-induced
mitochondrial dysmorphology and MMP collapse (Fig. S7m-n,
Fig. S6c). Together, these findings suggested that oroxylin A can-
celled off FUNDC1 overexpression-elicited aggravating effect on
CCl4-induced ferroptosis, indicating an obligatory regulatory role
of mitophagy in ferroptosis.
FUNDC1 deficiency inhibits ferroptosis through a GPx4-dependent
mechanism

Given that our aforementioned results noted a predominant
response in GPx4 over SLC7A11 in oroxylin A-evoked action in
E47 cells with FUNDC1 OE (Fig. S4a), we speculated that FUNDC1
may impact GPx4. A GPx4 inhibitor Ras-selective lethal small
molecule 3 (RSL3, 1 uM for 24 hrs) was thus added to CCl4
treated- E47 cells with FUNDC1 knockdown [46]. Western blot
data confirmed inhibition of RSL3 on GPx4 (Fig. 4a-d). Then, lipid
content examination showed that RSL3 abrogated FUNDC1
knockdown-induced suppression of MDA production and C11-
BODIPY fluorescence, and GSH depletion (Fig. 4e-f, h-i). RSL3 did
not affect lipid deposition and peroxidation by itself (Fig. 4e-f, h-
i). MTT assay indicated that RSL3 ablated FUNDC1 deficiency-
evoked cell survival response in the face of CCl4 challenge
(Fig. 4g). MitoTracker and TMRM fluorescence results showed that
RSL3 pretreatment nullified FUNDC1 deficiency-offered beneficial
effect against CCl4-induced mitochondrial damage (e.g., fraction-
ated mitochondria and MMP collapse) (Fig. S9a-c). In addition,
FUNDC1-/- mice were intraperitoneally injected with RSL3
(2.5 mg/kg, once a day for 10 days) [47]. RSL3 downregulated
expression of GPx4 and SLC7A11 (with a more pronounced effect
on GPx4 expression) (Fig. S9d, S9e). RSL3 negated the protective
effect of FUNDC1 ablation on liver fibrosis as revealed by liver-
to-body weight ratio as well as Sirius red staining (Fig. 4j-l), liver
injury shown by levels of ALT and AST in serum (Fig. 4m), and liver
inflammation evidenced by neutrophil infiltration staining
(Fig. 4n). These results revealed that inhibition of GPx4 abolished
the beneficial response offered by FUNDC1 deficiency in CCl4-
induced cell damage.
FUNDC1 interacts with GPx4 and recruits GPx4 to mitochondria.

To discern how FUNDC1 interfered ferroptosis, possible inter-
acting partners of FUNDC1 were examined using Mass spectrome-
try following immunoprecipitation (IP). FUNDC1 with Flag tag
(FUNDC1-Flag) was expressed prior to immunoprecipitation with
an anti-flag antibody in E47 cells. LC-MS analysis recovered GPx4
and several ferroptosis proteins using specific Co-IP with
FUNDC1-Flag (Fig. 5a). In conjunction with changes of GPx4
response to the mitophagy inhibitor oroxylin A (Fig. S7a, S7g), it
3

Fig. 6. GPx4 enters the mitochondria through TOM/TIM complex. E47 cells were transfe
hrs. (a) Representative fluorescent images of co-localization of GPx4 (red) with HSP60 (
surrounded by green); (b-f) Fluorescence intensity curve of GPx4 and HSP60 in co-localiz
siTOM70-CCl4 groups; (g) Representative immunoblots of GPx4 level in total (Vinculin as
(Vinculin as the loading control) compartments; (h) Quantitated GPx4 level in total, m
proposed mechanism where FUNDC1 promoted hepatocyte injury in liver fibrosis via di
complex, where GPx4 was degraded by mitophagy, leading to hepatic ferroptosis. Mean ±
at p < 0.05. (For interpretation of the references to color in this figure legend, the reade
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is possible that FUNDC1 plays a regulatory role in ferroptosis
through interacting with GPx4. PRISM tool analysis revealed that
FUNDC1 and GPx4 shared structural motif for direct binding. Pre-
diction results from PRISM revealed that FUNDC1 and GPx4 may
form a protein interaction interface (Fig. 5b). To confirm and fur-
ther explore specific interaction between FUNDC1 and GPx4, trun-
cated mutants of FUNDC1 were constructed with deletion of 2–47
amino acid fragment (Delta-2–47 aa), 69–74 amino acid fragment
(Delta-69–74 aa) or 96–133 amino acid fragment (Delta-96–133
aa) (Fig. 5c). WT and truncated variants of flag-tagged FUNDC1
plasmids were transfected with His-tagged GPx4 plasmid in E47
cells. Co-IP assays showed that WT and truncated variants of
FUNDC1 interacted with GPx4 with the exception of mutation of
Delta-96–133 aa, suggesting an obligatory role for the 96–133 aa
domain of FUNDC1 in the direct interaction with GPx4 (Fig. 5d).
To explore if CCl4 challenge affected mitochondrial localization
of GPx4 under intact or deficient FUNDC1, co-localization of
GPx4 with mitochondria was determined using immunofluores-
cence staining. Figures manifested that CCl4 facilitated co-
localization of GPx4 with mitochondria outer membrane protein
TOM20, which was annulled by FUNDC1 deficiency (Fig. 5e, 5i),
indicating a facilitating effect of CCl4 on mitochondrial localization
of GPx4, possibly with the assistance of mitochondrial membrane
protein FUNDC1. To discern the roles of FUNDC1 in mitophagy
and GPx4 recruitment, we detected the influence of GPx4 on the
binding affinity of FUNDC1 with LC3B motif (FUNDC1 regulates
mitophagy through interacting with LC3B). As shown in Fig. S10,
upregulation of GPx4 weakened the binding affinity of FUNDC1
for LC3B (Fig. S10a). This finding denotes that recruitment of
GPx4 by FUNDC1 may possibly lessen FUNDC1-mediated
mitophagy.
GPx4 enters the mitochondria through TOM/TIM complex.

What happened for GPx4 following its recruitment to mito-
chondria by FUNDC1? FUNDC1 was reported to interact with cer-
tain cytoplastic proteins, to foster their mitochondrial
translocation through the TOM/TIM complex for further degrada-
tion using the degradation system within mitochondrial matrix,
uncovering a new functional category for FUNDC1 [16]. Given that
GPx4 was downregulated in response to CCl4 challenge, whether
FUNDC1 contributed to GPx4 mitochondrial translocation through
TOM/TIM complex for degradation was explored. The main mem-
bers of TOM/TIM complex TOM20, TOM22, and TOM70 were
knocked down using siRNA in E47 cells (Fig. S10b-d, Table. S3).
Effect of knockdown of TOM20-, TOM22-, or TOM70 on GPx4 co-
localization with mitochondrial matrix protein heat shock protein
60 (HSP60) was also examined using immunofluorescence. Our
data suggested that knockdown of TOM20-, TOM22-, or TOM70
independently impeded GPx4-HSP60 co-localization (Fig. 6a-f).
Western blot analysis of mitochondria from E47 cells with or with-
out TOM20-, TOM22-, or TOM70-knockdown revealed that defi-
ciency in any of the three proteins resulted in loss of GPx4
content in mitochondria under CCl4 insult (Fig. 6g, h) but not
rred with TOM20, TOM22 or TOM70 siRNA for 48 hrs prior to CCl4 exposure for 12
green). White arrowheads point to the co-localization of GPx4 with HSP60 (yellow
ation images of Scramble-DMSO, Scramble-CCl4, siTOM20-CCl4, siTOM22-CCl4 and
the loading control), mitochondrial (HSP60 as the loading control) and cytoplasmic
itochondria and cytoplasm. (n = 5–6/group); and (i) Schematic diagram depicting
rect binding of GPx4 to facilitate its mitochondrial translocation through TOM/TIM
SEM (detailed statistical results shown in Table S4); Statistical significance was set

r is referred to the web version of this article.)
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DMSO treatment (Fig. S10e, S10f). Also, GPx4 content in nuclei was
not affected (Fig. S10g, S10h). These findings indicate that GPx4
may enter mitochondria through the TOM/TIM complex following
its recruitment to mitochondrial surface by FUNDC1 upon CCl4
challenge, where unchecked mitophagy (mainly Pink1/Parkin-
mediated) may contribute to GPx4 degradation in the face of
CCl4 insult (Fig. 6i).
Discussion

Major findings from this study revealed elevated levels of mito-
phagy receptor FUNDC1 in liver tissues from liver fibrotic rodents
and patients. In line with the GEO database analysis and subse-
quent validation of biological processes and cell signaling path-
ways involved in liver fibrosis, removal of FUNDC1 using an
engineered model protected against CCl4-induced liver damage
and ferroptosis, without obvious effect on cytochrome P450
enzyme activities – which mediates CCl4 metabolism and partici-
pates in CCl4 toxicity [40–42]. This is in line with the notion that
induction of ferroptosis using erastin ablated FUNDC1 deficiency-
induced hepatic protection. Elevated mitophagy was also noted
in response to CCl4 challenge in vivo and in vitro. Interestingly,
Pink1/Parkin but not FUNDC1 or BNIP3 was likely the primary
mitophagic degradation machinery in our current experimental
setting. Along the same line, inhibition of Pink1/Parkin-mediated
mitophagy using oroxylin A or siRNA abolished the aggravating
effect of FUNDC1 OE in CCl4 insult. These findings suggested an
essential role for FUNDC1 in the manipulation of ferroptosis in
CCl4-evoked cell damage, expanding its biological action beyond
mitophagy (although such action is also mitophagy-depended).
Furthermore, GPx4 inhibition using RSL3 revealed that inhibition
of GPx4 countered FUNDC1 deficiency-offered benefit, demon-
strating a seemingly obligatory role for GPx4 in FUNDC1-
regulated ferroptosis. FUNDC1 overexpression accentuated CCl4-
induced GPx4 degradation, the effect of which was mitigated by
inhibition of lysosomes but not proteasomes, further consolidating
mitophagy regulated ferroptosis in this circumstance. Results from
Mass spectrometry and PRISM analysis tool verified a direct inter-
action between FUNDC1 and GPx4. Co-IP results further revealed
an interaction between these two proteins, and noted a role for
96–133 amino acid domain of FUNDC1 for interaction with GPx4.
Outcomes of immunofluorescence, and subcellular distribution
detection using Western blot noted that GPx4 enters mitochondria
through TOM/TIM complex. Downregulation of GPx4 and subse-
quently ferroptosis induction are believed to be evoked by a
sequential event initiated from GPx4 recruitment to mitochondria
by FUNDC1, entrance of GPx4 into mitochondria through the TOM/
TIM complex, CCl4-induced unchecked mitophagy and Parkin
mitophagy-induced GPx4 degradation. FUNDC1 appears to be the
primary culprit for this cascade of pathological processes, favoring
its unique role as a therapeutic target in ferroptosis and liver
fibrosis.

FUNDC1 is a ubiquitin-independent mitophagy receptor regu-
lating multiple chronic pathological processes including liver dis-
eases [14,18,48,49]. Here we reported that FUNDC1 deficiency
protected hepatocytes against CCl4 toxicity in vivo and in vitro,
as evidenced by mortality of mice, severity of liver fibrosis, and cell
inflammation. Our study also found that CCl4 challenge led to hep-
atocyte ferroptosis, in line with an earlier report [24]. Besides,
changes in FUNDC1 levels had a vital influence on hepatocyte fer-
roptosis in CCl4-evoked liver damage. We went on to reveal that
FUNDC1 directly interacted with GPx4, the important negative reg-
ulatory molecule for ferroptosis, via 96–133 aa domain on
FUNDC1, leading to downregulation of GPx4. The interaction of
FUNDC1 with GPx4 suppressed the binding affinity of FUNDC1
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with LC3B, revealing a complex interplay between FUNDC1-
mediated recruitment of GPx4 and FUNDC1-mediated mitophagy.
These results not only unveiled a likely role for FUNDC1 in CCl4-
induced liver toxicity, but also identified a role for ferroptosis in
FUNDC1-mediated hepatic regulation, thus offering new insights
for FUNDC1 function beyond mitophagy.

Although it is beyond the scope of the current study, possible
contribution from disturbed redox balance may contrite to CCl4
challenge-evoked ferroptosis. It was reported that CCl4 insult pro-
voked overwhelmed product of polyunsaturated fatty acid peroxi-
dation hydroxynonenals (HNE), cholesterol oxidation and
decomposition, en route to disrupted redox homeostasis to prompt
ferroptosis (50). Several essential cellular defense pathways
including sirtuin, nuclear factor erythroid-derived 2 (Nrf2) and
related cell signaling pathways appear to integrate adaptive stress
responses in the combat against proinflammatory response to off-
set ferroptosis [51,52]. GPx4 is an essential antioxidant enzyme to
resist ferroptosis through reduction of hydroperoxide-associated
membranes [33,53]. GPx4 is found in cytosol, mitochondria, and
nuclei of all tissues. Data from our work revealed that CCl4 chal-
lenge fostered mitochondrial recruitment of mito-GPx4 evidenced
by elevated co-localization of GPx4 with the mitochondrial matrix
protein HSP60, and up-regulated mito-GPx4 content. Other than
retardation against lipid peroxidation, GPx4 exerts a mitochondrial
protective role by regulating mitochondrial apoptosis and mito-
chondrial energy metabolism [33,54]. Therefore, in pathological
conditions with evident mitochondrial damage including mtROS
production and increased mitochondrial permeability, GPx4 is
prone to recruitment and translocation into mitochondria though
the subsequent fate remains uncertain [33,35]. We uncovered for
the first time that GPx4 mitochondrial recruitment could be under-
taken by mitochondrial membrane protein FUNDC1. More intrigu-
ingly, our work exhibited that disruption of the TOM/TIM complex
by TOM20-, TOM22- or TOM70-knowdown [16] nullified co-
localization of GPx4 with HSP60. Thus, GPx4 enters mitochondria
through TOM/TIM complex, a common protein-translocating
machinery in mitochondrial outer membranes (MOM) and mito-
chondrial inner membranes (MIM). Last but not least, GPx4 is
believed to be degraded by unchecked mitophagy in liver fibrosis,
resulting in ferroptosis. Our data revealed that knockdown of Par-
kin exerted a much greater effect against CCl4-evoked mitophagy
compared with FUNDC1 or BNIP3. This is further supported by
the mitophagy inhibitor oroxylin A (mainly targeting Parkin and
BNIP3)-induced rescue of unchecked mitophagy, GPx4 degradation
and ferroptosis. These findings revealed that FUNDC1-mediated
translocation of GPx4 into mitochondria followed by mitophagic
degradation may determine the ferroptotic fate in the face of liver
fibrosis, suggesting a role for GPx4 as a unique target in CCl4-
induced liver injury. However, GEO analysis revealed a decrease
in mRNA level of GPx4, indicating contribution from transcrip-
tional factors beyond GPx4 degradation in GPx4 transcription dur-
ing liver fibrosis. Further study is warranted to elucidate
transcriptional regulation of GPx4.

Ferroptosis interplays with autophagy, with crosstalk between
mitophagy and ferroptosis drawing much recent attention 50(55).
Although mitophagy promotes cell survival in general through
removing damaged or long-lived mitochondria and proteins, it
leads to cell death under certain circumstances. Our study indi-
cated that unchecked mitophagy (detected by mitophagy related
proteins in vivo and in vitro, number of mitophagsome observed
using TEM in vivo, and MitoKeima in vitro) may contribute to hep-
atocyte ferroptosis in the face of CCl4 challenge, consistent with
earlier findings that mitophagy promotes lipid peroxidation-
induced ferroptosis through degradation of cargo contents within
the cell [50,51,55,56]. In our hands, it may be speculated that
mitophagy-mediated degradation of GPx4 (as evidenced by our
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in vitro data of chloroquine) may be one possible underlying rea-
son for mitophagy-driven regulation of ferroptosis. Hence, we sus-
pect that clinical benefits brought by inhibition of mitophagy
might involve, at least in part, mitophagy-mediated regulation in
ferroptosis.
Conclusions

In conclusion, findings from our current study have provided
new insights that FUNDC1 exerts a deleterious effect towards liver
fibrosis evoked by CCl4. Mechanically, FUNDC1 directly binds with
and recruits GPx4 to mitochondria to foster the GPx4 mitochon-
drial entrance through the TOM/TIM complex for degradation by
unchecked mitophagy (Fig. 6i). To this end, specific targeting of
FUNDC1, the FUNDC1-GPx4 axis, or mitophagy should be consid-
ered as a promising strategy in the therapeutics of hepatic ferrop-
tosis and liver fibrosis.
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