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Abstract

Background Mallory-Denk bodies (MDBs) are characteristic proteins and inflammatory aggregates appeared

in drug-induced chronic liver injury and various chronic liver disease. MDBs formation is often accompanied

with mitochondrial damage and inflammatory environment. However, how mitochondrial damage and inflammatory
response affect the pathological process of MDBs is largely unknown. The scope of this study was to provide unprec-
edented insights into the mechanism of MDBs pathogenesis and the potential target of transforming growth factor
beta (TGF-3)/JNK axis in the treatment of MDB-related chronic liver disease.

Methods Single-nucleus RNA sequencing (snRNA-seq), typical MDB-related multiplex immunofluorescence staining
and functional in vitro and in vivo experiments were performed to investigate the potential mechanisms of TGF-3/JNK
axis in the process of MDBs formation in chronic liver injury. Furthermore, the TGF-3/JNK axis has been demonstrated
to be activated in clinical patients with metabolic dysfunction-associated steatotic liver disease (MASLD), which
implies the potential clinical implications of the TGF-3/JNK axis.

Results Our study delineates a hepatocyte-macrophage crosstalk axis wherein TGF-B/TGF-BR dysregulation drives
INK-mediated MDBs pathogenesis. Mechanistically, the activation of JNK pathway upregulates downstream c-JUN
expression (p<0.0009, n=3) and directly contributes to MDBs formation by promoting transcriptional activation

of UbD. Concurrently, JNK signaling promotes BAX/BAK oligomerization, triggering mitochondrial translocation

and subsequent generation of mitochondria-derived vesicles (MDVs), as evidenced by the significantly enhanced
colocalization between damaged mtDNA and the mitochondrial outer membrane marker TOM20 in the experi-
mental group compared to controls (p=0.0001, n=5). Then, following transport to macrophages, mtDNA escapes
from MDVs, activating the cGAS-STING signaling and subsequently mediating IL-6 pro-inflammatory cytokine release
(p=0.0006, n=3). Notably, the inhibition of JNK signaling attenuated both MDBs formation (p=0.0027, n=3) and IL-6
secretion (p=0.0658, n=3), demonstrating therapeutic potential through dual cytoprotective and immunomodula-
tory effects.
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Conclusions This study identifies the novel regulatory mechanism of the TGF-3/JNK signaling axis in MDBs forma-
tion, delivering mechanistic insights into MDB-associated chronic liver disease. Inhibition of JNK pathway suppresses
MDBs formation while alleviates the inflammatory microenvironment by attenuating mitochondrial damage. Blocking
the TGF-f3/JNK signaling axis may represent a potential therapeutic strategy for MDB-associated chronic liver disease.
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Introduction

Cancer has become a predominant threat to human
health in modern society, with environmental factors
such as chiral pesticides, pollutants, and pharmaceutical
agents emerging as potential carcinogenic contributors
[1]. Notably, hepatocellular carcinoma (HCC) maintains
persistently high global incidence and mortality rates
among malignancies [2]. This urgent scenario demands
comprehensive investigation into oncogenic mecha-
nisms, discovery of optimized anticancer therapeutics,
and development of innovative treatment paradigms.
Recent advancements highlight glutamic acid deriva-
tives as promising anticancer agents, complemented by
antifungal pyrazolyl ligand-based therapies utilizing cop-
per (II) and nickel (II) complexes [3-5]. Furthermore,
Emerging research separately validates the therapeutic
potential of phytotherapeutic approaches and polymeric
nanoformulations in oncology treatment paradigms [6,
7]. These innovations collectively present novel strategic
approaches for oncology treatment development.

Mallory-Denk bodies (MDBs) are hallmark features
of chronic liver diseases, including alcoholic hepatitis
[8, 9], metabolic dysfunction-associated steatohepati-
tis (MASH), cirrhosis, and HCC. They hold significant
diagnostic value in these contexts [10]. MDBs formation
has been linked to proteasomal misfolding and overload
[11]. However, the underlying molecular mechanisms
and inflammatory pathways driving their pathogenesis
remain poorly understood.

Transforming growth factor-beta (TGF-P) plays a piv-
otal role in liver disease progression, acting as both a
pro-inflammatory and anti-inflammatory mediator [12].
While the canonical SMAD-dependent signaling cas-
cade downstream of TGF-f has been extensively studied
[13]. However, emerging evidence suggests non-classical
apoptotic pathways may contribute to TGF-p -medi-
ated disease progression. Notably, TGF-§ activation of
JNK pathway has been implicated in fibrotic remodeling
of hepatic and renal tissues [14], though its specific role
in modulating inflammatory cascades requires further
elucidation.

Mitochondrial homeostasis serves as a critical deter-
minant of hepatic cellular integrity. Beyond their primary
role in energy metabolism, mitochondria mediate intra-
cellular signaling networks and respond to pathological

stress through the release of reactive oxygen species and
mitochondrial DNA (mtDNA) [15]. These molecules act
as danger signals, triggering pathological processes in the
surrounding environment [16]. Mitochondrial dysfunc-
tion has been implicated in the pathogenesis of alcoholic
fatty liver disease (ALFLD), metabolic dysfunction-
associated steatotic liver disease (MASLD) and related
inflammation [17, 18].

Recent studies highlight a sophisticated mitochondrial
quality control system involving mitochondria-derived
vesicles (MDVs) [19]. Under stress conditions, dam-
aged mitochondria generate MDVs through mtDNA-
membrane fusion events. These vesicles shuttle selected
mitochondrial cargo to target organelles and neighboring
cells. To maintain intracellular homeostasis, mitochon-
dria utilize a quality control system. MDVs containing
damaged mitochondrial components are transported to
lysosomes for degradation, a process reliant on the Par-
kinson’s disease-related protein, Parkin [20]. Alterna-
tively, with the assistance of the Snx9 protein, MDVs are
directed to the cell membrane, where they are secreted as
exosome vehicles (EVs) after membrane fusion, facilitat-
ing intercellular communication and potentially contrib-
uting to antigen presentation [21].

In macrophage-driven inflammatory responses, the
cyclic GMP-AMP synthase (cGAS)-stimulator of inter-
feron genes (STING) axis has emerged as a critical sensor
of hepatocyte-derived mtDNA. Upon activation, cGAS
dimerizes and synthesizes the dinucleotide second mes-
senger 2’,3"-cyclic GMP-AMP (cGAMP), which binds
with high affinity to the stimulator of interferon genes
(STING) in the endoplasmic reticulum. This interaction
drives inflammatory responses [22]. The cGAS-STING
signaling pathway has been implicated in various chronic
diseases, mediating aberrant signaling that promotes dis-
ease progression [23]. However, mechanistic insights into
how mtDNA released from stressed hepatocytes engages
macrophage cGAS-STING signaling, and its potential
regulatory effects on MDBs pathogenesis, represent sig-
nificant gaps in current understanding.

In this study, single-nucleus RNA sequencing (snRNA-
seq) analysis revealed significant activation of the TGF-f3/
TGF-BR ligand-receptor pair in our dataset. We further
investigated the role of JNK pathway activation in driv-
ing MDBs formation and inducing an inflammatory
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environment through mitochondrial damage and subse-
quent mtDNA release to macrophages. Mechanistically,
JNK pathway inhibition was found to suppress MDBs
formation by downregulating c-JUN transcription and
mitigate inflammation by reducing mitochondrial dam-
age. Analysis of clinical metabolic associated fatty liver
disease (MAFLD) datasets corroborated the activation
of the TGF-B/JNK axis in chronic liver disorders. Our
findings provide novel insights into the pathogenesis of
MDBs, highlighting the TGF-B/JNK signaling axis as a
potential therapeutic target for chronic liver diseases.

Materials and methods

Ethics statement and clinical specimen acquisition
Formalin-fixed paraffin-embedded (FFPE) liver biopsies
from patients with HCC (n =10) were obtained from
the archives of Qingyuan Affiliated Hospital of Guang-
zhou Medical University, following Institutional Review
Board approval (IRB-2022—-094). Cases with significant
MDBs (n =3) were selected and evaluated by experi-
enced pathologists (Table S1). The study adhered to the
principles of the Declaration of Helsinki, with data ana-
lyzed anonymously. All procedures involving human
sample collection were approved and registered at Medi-
calresearch.org.cn by the tissue bank of the Qingyuan
Affiliated Hospital of Guangzhou Medical University
(ChiCTR2400084248). Informed consent was obtained
from all participants.

Animal experiments

Male mice of the C3H background were purchased
from Beijing Vital River Laboratory Animal Technol-
ogy and housed in specific-pathogen-free (SPF) condi-
tions at Guangzhou Medical University. The mice were
maintained at 20-26 °C and 40-70% humidity under a
12-h light/dark cycle with free access to food and water.
Experimental protocols were approved by the Ani-
mal Care Committee of Guangzhou Medical University
(GY2022144).

Control mice (n =3) were fed a standard diet, while the
MDB-induction model was generated by feeding mice
a diet supplemented with 0.1% 3,5-diethoxycarbonyl-
1,4-dihydrocollidine (DDC, Sigma-Aldrich, 137,030-
25@) for 10 weeks (n =3). After 10 weeks, a withdrawal
period of one month was applied (n =3), during which
MBDBs largely disappeared. Mice were then re-fed DDC
for 6-10 days to reinduce MDBs formation, as described
previously [24].

Single-nucleus RNA-sequencing (snRNA-seq)

Nuclei isolation and snRNA-seq were performed
using the 10 x Genomics® protocol, with data analy-
sis conducted by Genedenovo Biotechnology Co., Ltd
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(Guangzhou, China). Quality control and clustering anal-
ysis were performed using the Seurat R package. Ligand-
receptor interactions between cell types were analyzed
using CellphoneDB. Gene Set Variation Analysis (GSVA)
was utilized for pathway enrichment analysis, comparing
active cellular pathways between DDC-treated and con-
trol groups.

Identification of differentially expressed genes (DEGs)
Differentially expressed genes (DEGs) between NAFLD
patients and healthy controls were identified using the
limma package. DEGs were selected based on a p-value
<0.05 and a fold change (FC) >1 in absolute value.

Weighted gene co-expression network analysis (WGCNA)
Microarray datasets for MASLD were obtained from the
NCBI Gene Expression Omnibus (GEO) database (http://
www.ncbi.nih.gov/geo/), with GSE260666 selected for
analysis. Using the WGCNA package, an optimal soft
threshold power () was determined, and co-expression
modules were identified via the one-step network con-
struction method. The module with the highest expres-
sion was subjected to GO enrichment analysis, and its
genes were cross-referenced with previously identified
DEGs to identify hub genes.

Generation of UbD KO mice and treatment

UbD knockout (UbD~/~) C3H mice were generated using
CRISPR/Cas9 technology as previously described [25].
UbD~~ and wild-type (WT) mice were fed a 0.1% DDC-
supplemented diet for 8 weeks. Liver tissues and blood
samples were collected from each group (n =3) for fur-
ther analysis. Animal experiments were approved by the
Institutional Animal Care and Use Committee of Guang-
zhou Medical University (GY2022-101).

Hematoxylin and Eosin (H&E) staining

Liver sections were deparaffinized using TO, rehydrated
through graded alcohols, and stained in hematoxylin
solution for 3 min. After washing with 0.1% Tween-20 in
PBS for 5 min, the sections were stained in eosin solution
for 2 min to visualize the cytoplasm. Following a 5-min
rinse in tap water, the sections were dehydrated, and
mounting medium was applied for coverslip placement.
Images were captured using the PRECICE 500 slide scan-
ner system (UNIC) and processed with iViewer software
(UNIC).

Immunohistochemical assay

Liver sections were deparaffinized using TO and rehy-
drated with graded alcohols. Antigen retrieval was per-
formed via microwave heating in citrate antigen retrieval
solution (Beyotime, P0081). Sections were fixed in 4%
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paraformaldehyde for 15 min and blocked with 5% BSA
for 1 h at room temperature (RT). Mouse anti-F4/80
antibody (Bioss, bsm-34028 M) was applied overnight
at 4 °C. After washing, sections were incubated with
HRP-conjugated secondary antibodies for 1 h at RT, and
signals were detected using a DAB kit (ZSGB-Bio, ZLI-
9018). Counterstaining with hematoxylin was performed
before image capture using the PRECICE 500 slide scan-
ner (UNIC) and analysis with iViewer software (UNIC).

Serum biochemistry assay

Serum samples from mice in each group were analyzed.
Aspartate transaminase (AST) and alanine aminotrans-
ferase (ALT) levels were measured using standard pro-
cedures at Wuhan Servicebio Biotechnology Co., Ltd
(China).

RNA extraction and quantitative PCR (qPCR)

Total RNA was extracted from tissues or cells using the
Cell/Tissue Total RNA Kit (Yeason, 19221ES50) and
reverse-transcribed into cDNA using 5% HiScript III
qRT SuperMix (Vazyme, R323-01). Quantitative PCR
was performed using TB Green® Premix Ex Taq  II
(TaKaRa, RR820 A) with primers listed in Table S2.

Immunofluorescence (IF)

Paraffin-embedded liver sections were dewaxed, sub-
jected to antigen retrieval, and blocked with 5% BSA for
1 h at RT. Autofluorescence was quenched using a tissue
autofluorescence quencher (Servicebio, G1221), followed
by washing with 0.1% Tween-20 in PBS three times (3
min each). Sections were incubated overnight at 4 °C with
primary antibodies: rabbit anti-F4/80 (Bioss, bsm-34028
M), rabbit anti-cGAS (Proteintech, 29,958—1-AP), rab-
bit anti-STING (Proteintech, 19,851-1-AP), and mouse
anti-DNA (Progen, 61,014). After washing, sections were
incubated for 1 h with Alexa Fluor-conjugated second-
ary antibodies (Invitrogen): Goat anti-Rabbit IgG Alexa
Fluor™ 488 (A11008), Goat anti-Mouse IgG Alexa Fluor™
488 (A11001), Goat anti-Rabbit IgG Alexa Fluor™ 555
(A21428), and Goat anti-Mouse IgG Alexa Fluor™ 555
(A21422). Sections were stained with DAPI (Beyotime,
C1002) for 5 min, washed with 0.1% Tween-20 in PBS,
and mounted with Antifade Mounting Medium (Beyo-
time, PO128M). Images were captured using a ZEISS
LSM880 laser confocal microscope and processed with
ZEN software (ZEISS).

Transmission electron microscopical analysis

Liver tissues from control and experimental groups were
cut into 1-3 mm sections and fixed with 2.5% glutaral-
dehyde (pH 7.4) for 2 h. After washing three times with
0.1 M phosphate buffer (pH 7.2), tissues were fixed with
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1% osmium tetroxide at 4 °C for 2 h. Sections were dehy-
drated with graded alcohols and embedded in Epon-
Araldite resin (Ted Pella Inc). Ultrathin sections were
prepared using a Leica EM UC7 Ultramicrotome and
counterstained with 3% uranyl acetate and 2.7% lead cit-
rate. Sections were examined using a JEM1400 transmis-
sion electron microscope (JEOL, JEM1400).

Induction of MDB:s in vitro

Hepal-6 cells were co-stimulated with 40 ng/ml TNF-a
(PeproTech, 315-01 A) and 400 ng/ml IFN-y (Novopro-
tein, C746) for 10 days, with medium replacement every
three days, as previously described [26]. On day 10, cells
were harvested for subsequent experiments. To simulate
in vivo TGF-p release, TGF-B (5 ng/ml, Novoprotein,
C3036) was added for 12, 24, or 48 h. For treatments
involving JNK-IN-8 (MCE, HY-13319), cells were pre-
treated with JNK-IN-8 for 90 min before co-stimulation
with TGE-f for 24 h. Control groups included a blank
group treated with DMSO and an untreated control
group. After culture, cells were quantified, and target
protein expression levels were analyzed using Western
blot or immunofluorescence (IF).

Western blot analysis

Proteins were extracted from frozen liver tissues or cell
samples using RIPA lysis buffer (Beyotime, P0013B) sup-
plemented with a protease inhibitor cocktail (Apexbio,
K1007) and a phosphatase inhibitor cocktail (Apexbio,
K1015). Lysates were mixed with 5x SDS loading buffer,
denatured at 100 °C for 10 min, separated on SDS-PAGE
(10% or 12% polyacrylamide gels), and transferred to
PVDF membranes (Millipore, ISEQ00010). Membranes
were incubated with primary antibodies against proteins,
including anti-c-JUN (Proteintech, 24,909-1-AP), anti-
JNK (CST, 9252 T), anti-Phospho-SAPK/JNK (Thr183/
Tyr185, CST, 4668 T), anti-TOM20 (Proteintech, 11,802—
1-AP), anti-BAX (Proteintech, 50,599-2-Ig), anti-BAK
(Proteintech, 29,552—1-AP), anti-cGAS (Proteintech,
29,958—-1-AP), anti-STING (Proteintech, 19,851-1-AP),
anti-K8 (Proteintech, 17,514—1-AP), anti-p62 (Pro-
teintech, 66,184—1-Ig), and anti-GAPDH mouse mAb
(Proteintech, 60,004—1-Ig). HRP-conjugated secondary
antibodies were used for detection, and signals were visu-
alized using chemiluminescence imaging systems Pxi9
(Sysgene) or Amersham Imager 680 (GE). Image analysis
was performed using Image] software.

Enzyme-linked immunosorbent assay (ELISA)

Levels of cytokines and chemokines (TGF-P and IL-6)
were measured using ELISA kits according to the
manufacturer’s protocols (Thermo Fisher Scientific).
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Data were analyzed using GraphPad Prism version 9.0
(GraphPad Software, California, USA).

Dual luciferase reporter assay

Potential c¢-JUN binding sites on the UbD promoter
were identified using the transcription factor database
Jaspar (https://jaspar.elixir.no). UbD promoter frag-
ments (Full, Mutl, Mut2, and Mut3) were cloned into
the pGL3-basic vector, and the c-JUN coding sequence
was inserted into the pcDNA3.4 vector (Igebio, China).
HEK-293 T cells were seeded in 24-well plates at a
density of 1.0 x 10° cells/well and co-transfected with
firefly luciferase plasmids (h-UbD Full, Mutl, Mut2,
Mut3, or pGL3-Basic as a negative control), the c-JUN
expression vector (h-c-JUN or pcDNA3.4), and the
PRL-TK Renilla luciferase vector (internal control).
When cells reached 60-70% confluence, luciferase
activity was measured 48 h post-transfection using the
Dual-Luciferase Reporter Assay Kit (Promega, E1910).
Luminescence signals were detected with a multifunc-
tional microplate reader (Varioskan Flash, Thermo,
USA). Experiments were repeated three times. The
sequences of the UbD and c¢-JUN plasmids are provided
in Table S3.

Flow cytometry

Livers were collected from mice post-euthanasia and
minced using surgical scissors. The tissue fragments
were incubated in 5-10 ml of DMEM containing 200 U/
ml collagenase IV (Gibco, 17,104,019) at 37 °C on a ther-
mostatic shaker (New Brunswick Scientific, EXCELLA
E24R) at 200 rpm for 1 h. The resulting cell suspension
was filtered through a 100 pum sieve, and the filtrate was
collected in a 50 ml centrifuge tube. PBS was added to
reach 50 ml, and the suspension was centrifuged at 500
xg for 3 min. The cell pellet was resuspended in red blood
cell lysis buffer (BioLegend, 420,301) and incubated for
5-10 min at room temperature. Lysis was terminated by

(See figure on next page.)
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adding three times the volume of PBS, followed by cen-
trifugation at 500 Xg for 3 min. The resulting cell pellet
was resuspended in FACS buffer (PBS with 2% FBS).

Cells were activated with 500 ng/ml LPS (Absin,
abs4701484) overnight, and brefeldin A (BD Pharmin-
gen, 555,029) was added for the final 5 h before intracel-
lular staining. Fixed cells were incubated with antibodies
against CD45 (BD Pharmingen, 561,037), CD11b (BD
Pharmingen, 570,293), F4/80 (BioLegend, 123,107), IL-6
(BioLegend, 504,503), and TGF-f (BD Pharmingen,
565,638). After staining, cells were resuspended in 200—
400 pl FACS buffer and analyzed using flow cytometry
(BD FACS Verse).

Isolation of primary KCs

The liver cell suspension was centrifuged at 500 Xg for
3 min, and the supernatant was discarded. The cell pel-
let was resuspended in 20 ml DMEM medium and cen-
trifuged at 500 Xg for 3 min, repeated twice. Next, the
pellet was resuspended in 20 ml DMEM medium and
centrifuged at 50 Xg for 3 min. The supernatant was col-
lected in a fresh 50 ml tube, and this step was repeated
three times to obtain approximately 50 ml of superna-
tant. The combined supernatant was centrifuged at 500
xg for 3 min, and the supernatant was discarded. The
cell pellet was washed with PBS, centrifuged at 500 xg
for 3 min (repeated twice), resuspended in DMEM con-
taining 10% FBS, and plated in six-well plates. After 2 h,
the medium was replaced, wells were washed with PBS,
and fresh medium was added.

Tissue mitochondrial isolation

Fresh liver tissues were homogenized and processed
using the Tissue Mitochondrial Isolation Kit (Beyotime,
C3606). The homogenate was centrifuged at 800 xg for
5 min, and the supernatant was transferred to a new 1.5
ml microcentrifuge tube. This was followed by centrifu-
gation at 8000 Xg for 10 min to isolate the mitochon-
drial pellet.

Fig. 1 MDBs formation is accompanied with TGF-(3 release during chronic liver injury. A MDBs formation mouse model was induced by 0.1%

DDC (n =3). Modeled Mice were sacrificed at 10-, 14-, and 15-week intervals for liver sampling. Then the mice livers in each treatment group

were prepared into single cell suspensions for sSnRNA sequencing analysis. B Representative morphologies of livers are shown. C Liver weights

of indicated mice were quantified and normalized to body weight. All data were representative of at least three-independent experiments.

D, E Biochemical assay of serum ALT and AST. Data are presented as mean =+ SD; Statistical significance was assessed by Student’s t test. F, G
Histopathological assessment by H&E and Oil Red O staining. MDBs was counted in multiple fields of view in HE-stained sections, as indicated

by yellow arrows. Meanwhile, 6 randomly selected visual field MDBs were counted and statistically analyzed. Bar = 100 um. H Transmission electron
microscopy of MDB ultrastructure. bar: 2 um. I Cell to cell crosstalk analysis of Control and DDC-Fed group, depicting interactions among 9 hepatic
cell subtypes. J SnRNA-seq analysis of ligand-receptor pair dynamics in control and DDC-Fed group. K The secretion of TGF-f3 of macrophages

in DDC-induced MDBs mouse livers was assayed by flow cytometry. L Serum TGF-(3 levels measured by ELISA. M The mRNAs of TGF-3, TGF-BR1

and TGF-BR2 in MDBs mouse livers were determined by gPCR analysis (n =3)
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Quantification of inflammatory responses

To evaluate the proinflammatory effects of extracellular
mitochondrial components, isolated mitochondria (120
pg) were added to 1x 10° RAW264.7 cells for 16 h, as
described by Todkar et al. [20]. After incubation, cells
were collected, and total RNA was extracted for reverse
transcription into ¢cDNA. Quantitative PCR (qPCR)
was performed to measure the mRNA levels of IL-6.

Co-culture of Hepa1-6 and RAW264.7 cells

RAW?264.7 cells were seeded at a density of 8x 10°
cells per well in 24-well plates and incubated over-
night. Hepal-6 cells pretreated under different condi-
tions were seeded into Transwell inserts (LABSELECT,
14,322) at a density of 8 x 10° cells. The inserts were
placed into wells containing RAW?264.7 cells for co-
culture for 24 h (three replicates per group). After co-
culture, RAW264.7 cells were collected from the lower
chamber for further analysis.

Statistical analysis

All data in this study are presented as mean + SEM or
SD from three independent experiments. A P-value of
<0.05 was considered statistically significant. Statistical
analyses were performed using GraphPad Prism ver-
sion 9.0 (GraphPad Software, California, USA).

Data availability

The single-nucleus RNA sequencing (snRNA-seq) data
generated in this study have been deposited in the GEO
database under accession number GSE201569. For details
on GEO data linking and citation, please refer to: https://
www.ncbi.nlm.nih.gov/geo/info/linking.html. The data
are also available from the corresponding author upon
reasonable request.

Results

MDBs formation is accompanied by the release of TGF-

As detailed in the “Materials and methods” section, we
established an animal model for stable MDBs formation
by DDC feeding, following our previous methods [24].
Using single-nucleus RNA sequencing (snRNA-seq), we

(See figure on next page.)
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performed an in-depth analysis of the complex mecha-
nisms underlying MDBs formation in normal and drug-
fed mice (Fig. 1A). DDC-fed mice exhibited weight loss,
liver enlargement, darkened liver coloration, and hard-
ened texture (Fig. 1B, C). Elevated serum levels of alanine
aminotransferase (ALT) and aspartate aminotransferase
(AST) confirmed liver injury induced by DDC (Fig. 1D,
E). Additionally, Oil Red O staining revealed increased
liver necrosis in DDC-fed mice (Fig. 1F).

Multimodal histopathological evaluation combin-
ing HE staining and electron microscopy revealed
pronounced MDBs deposition within hepatocytes of
DDC-induced murine models. (Fig. 1G, H). Strikingly,
snRNA-seq data revealed substantial variability among
hepatocyte and macrophage subpopulations after DDC
feeding, along with enhanced intercellular communica-
tion between these cells (Fig. 11, Figs. S1 and S2). Analy-
sis of ligand-receptor interactions identified the TGF-B/
TGEF-PBR axis as significantly enriched in hepatocyte-mac-
rophage communication in DDC-treated mice (Fig. 1],
Fig. S3), implicating this pathway in MDBs formation.

Flow cytometry analysis showed a twofold increase in
TGE-p release by macrophages in MDB-affected livers
compared to controls, confirming macrophages as the
primary source of TGF-B during this process (Fig. 1K).
ELISA further confirmed elevated serum TGE-f levels in
DDC-fed mice (Fig. 1L), and mRNA expression of TGF-
receptors (TGF-BR1 and TGF-BR2) was significantly
upregulated during MDBs pathogenesis (Fig. 1M). These
findings indicate that MDBs formation is accompanied
by TGE-P release, highlighting the critical role of the
TGEF-B/TGE-BR axis in chronic liver injury.

WGCNA analysis of TGF-/JNK axis activation in clinical
MASLD (NAFLD) patients
To investigate the activation of the TGF-B/JNK axis in
clinical liver disorders, we analyzed microarray data
(GSE260666) from the GEO database. Weighted Gene
Co-expression Network Analysis (WGCNA) was per-
formed on six healthy controls and ten MASLD patients
(Fig. 2A) following established methods [27].
Transcriptional profiles from MASLD patients dis-
played distinct characteristics compared to healthy

Fig. 2 WGCNA uncovers the activation of the TGF-B/JNK axis in MASLD (NAFLD) patients. A Computational workflow for WGCNA implementation
on transcriptomic data from 10 clinically confirmed MASLD patients and 6 age-matched controls. B The heatmap illustrating the genes

with the highest standard deviation changes among individuals diagnosed with MASLD and normal controls. C The soft threshold power and mean
connectivity of WGCNA network. D The cluster dendrogram of WGCNA network. E The heatmap depicting the relationship between the modules
and clinical traits. F The dot plot showing the top 20 enriched reactome pathways of the “turquoise” module. G The venn diagram of the intersection
of DEGs, “turquoise” module genes. H Percentage sharing of these 7 hub genes in each cell subpopulation after DDC feeding. | mRNAs analysis

of SOD2, YARS, MARS and FNDC4 in DDC-treated and control group
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controls, indicating unique molecular features of
MASLD (Fig. 2B). A soft threshold of 6 was selected to
ensure scale-free network topology, as confirmed by
model fit and connectivity analysis (Fig. 2C). We identi-
fied nine gene modules with distinct co-expression pat-
terns (Fig. 2D). The “turquoise” module exhibited the
highest correlation with MASLD (correlation coefficient:
0.51, p-value <0.05) (Fig. 2E).

WGCNA analysis identified significant enrichment of
neurodegenerative-associated =~ pathways—particularly
Alzheimer’s disease—in the turquoise module through
Gene Ontology (GO) profiling, revealing conserved
pathomechanistic features between MDBs pathogen-
esis and neurodegenerative proteinopathies (Fig. 2F).
Additionally, the enrichment of the ubiquitin—protea-
some pathway suggested a role for protein misfolding
in MASLD-related MDBs formation. Autophagy, oxida-
tive phosphorylation, and lysosomal pathways were also
enriched, indicating shared mechanisms between clinical
MASLD and animal models of MDBs formation (Fig. 2F,
Fig. S4).

Genes identified as differentially expressed (DEGs) and
present in the turquoise module were considered hub
candidates for MASLD (Fig. 2G). Among these, SOD2,
YARS, MARS, and FNDC4 were upregulated in both ani-
mal model and clinical datasets (Fig. 2H). Their mRNA
upregulation was further validated experimentally
(Fig. 2I). Notably, SOD2 has been shown to mediate liver
disorders via the TGF-B/JNK axis [9, 15, 28].

Through integrative analysis of clinical MASLD data,
we provide clinical validation for the pathological acti-
vation of the TGF-B/JNK signaling cascade, establishing
its mechanistic rationale as a novel therapeutic target for
mitigating MDBs formation and arresting disease pro-
gression in chronic liver disorders.

TGF-p activates the JNK signaling pathway and its cascade
response

Gene Set Variation Analysis (GSVA) enables systematic
investigation of disease progression mechanisms through
pathway-level genomic signature quantification. Analysis
of GSVA results revealed significant upregulation of the

(See figure on next page.)
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TGE-p signaling pathway in DDC-fed and refed groups
(Fig. 3A). TGF-p signal transduction stimulates diverse
cellular responses and plays a critical role in numer-
ous pathophysiological processes [29]. Mechanistically,
TGE-p signaling activates the downstream MAPK path-
way in processes such as epithelial-mesenchymal transi-
tion (EMT) and autophagy [8, 30].

Western blot analysis showed significant activation
of the JNK pathway in DDC-treated groups (Fig. 3B).
Single-cell regulatory network inference and clustering
(SCENIC) analysis further revealed high expression of
the transcription factor ¢-JUN in experimental groups
(Fig. 3C), particularly within the hepatocyte subpopula-
tion (Fig. 3D). Elevated c-JUN expression was confirmed
at both mRNA and protein levels in MDBs mouse livers
and MDB-associated HCC tissues (Fig. 3E-G).

Employing a TNF-a and IFN-y-primed Hepal-6 MDBs
formation model (Fig. S5), we observed that c-JUN and
phosphorylated JNK (p-JNK) were activated 24 h after
TGEF-B addition, indicating that TGF-B triggers JNK
pathway activation (Fig. 3H). These phosphorylation pat-
terns demonstrate TGF-P’s capacity to initiate JNK path-
way signaling preceding MDBs pathogenesis.

c-JUN promotes MDBs formation via UbD upregulation,
which was repressed in UbD~'~ mice

Ubiquitin D (UbD) is highly expressed in hepatocellular
carcinoma and has been proposed as a potential marker
for MDBs [26]. Similarly, K8 and p62 proteins are sig-
nificantly upregulated in MDB-forming livers [31]. Our
results showed simultaneous expression of UbD, K8, and
p62 in hepatocyte subpopulations of MDB-forming liv-
ers (Fig. 4A and Fig. S6, 7), with qPCR confirming signifi-
cant upregulation of UbD mRNA in DDC-treated groups
(Fig. 4B). Enhanced co-localization of K8 and p62 was
observed in DDC-fed groups (Fig. 4C).

To explore the regulation of UbD by c-JUN, promoter
analysis using JASPAR software predicted multiple
¢-JUN binding sites within the UbD promoter (Fig. 4D).
Subsequent functional validation through dual-luciferase
reporter systems validated a induction of transcriptional
activation following c-JUN overexpression compared

Fig. 3 Significant activation of the JNK pathway and transcriptional initiation of c-JUN. A GSVA analysis of upregulated pathways in DDC-treated
and Control group. B Liver lysates of DDC-treated and Control group were analyzed by Western blot. All data are representative of three
independent experiments. Bands were analyzed for grayscale values by ImageJ and quantified by using Prism software. C Heatmap visualization
of differentially expressed transcription factors in DDC-treated and Control group. D Percentage ratio changes of c-JUN in each cell subpopulation
after DDC feeding. E RT-gPCR analysis of c-JUN mRNA levels normalized to GAPDH. F, G Liver lysates of DDC-treated and Control group and clinical
MDB-formed HCC samples (n = 3) were analyzed by Western blot. H Cells was stimulated for 12, 24 and 48 h after TGF-(3 addition in vitro MDBs

cell model. Then cellular proteins were collected and cell lysates were analyzed by Western blot using the antibodies against p-JNK » total JNK
and c-JUN. a-tubulin served as a loading control. All data were representative of at least three-independent experiments. Bands were analyzed

for densitometry quantification
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to pcDNA3.4-pGL3-UbD group (Fig. 4E). Mutations
in ¢-JUN binding sites (pGL3-mutl/mut2/mut3) led to
reduced fluorescence activity, which was restored by
c-JUN overexpression (Fig. 4E).

To further validate the role of UbD, we generated UbD-
knockout (UbD-/-) mice. Knockout of UbD resulted
in significantly decreased mRNA levels of K8, p62, and
c-JUN (Fig. 4G), along with reduced co-localization of
K8 and p62, as shown by immunofluorescence (Fig. 4H).
Western blot analysis confirmed decreased c-JUN pro-
tein levels in DDC-induced UbD~/~ mice (Fig. 41).

Collectively, these findings establish a strong associa-
tion between c-JUN and UbD, demonstrating that c-JUN
promotes MDBs formation by directly regulating UbD
expression.

Chronic liver injury was associated with mitochondrial
damage and the formation of MDVs

Mitochondria are critical organelles for maintaining cel-
lular homeostasis and have garnered increasing attention
due to functional changes observed in various pathologi-
cal conditions [32]. Ultrastructural analysis by transmis-
sion electron microscopy revealed distinct mitochondrial
signatures in our MDB-forming model [33] (Fig. 5A). In
the control group, the mitochondrial bilayer membrane
remained structurally intact, and mitochondrial cristae
were organized in homogeneous rows, with an arrow
indicating a normal lysosome. In contrast, the experi-
mental group showed mitochondrial membrane rup-
ture, vacuolar degeneration, and disorganized cristae,
accompanied by the initiation of autophagic lysosomes
(Fig. 5A).

Ultrastructural profiling revealed the membranous
structures, known as MDVs, harboring selectively pack-
aged mitochondrial membrane constituents. Intriguingly,
a significant number of these MDVs evaded lysosomal
degradation. Subsequently, TEM captured their dynamic
docking at plasma membrane microdomains, primed for
extracellular release as bioactive EVs capable of execut-
ing intercellular mitochondrial signaling (Fig. 5B). Two
main processing pathways for the release of damaged
mitochondrial products during MDBs formation are
illustrated (Fig. 5C). These results suggest that systematic

(See figure on next page.)
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control of mitochondrial homeostasis is initiated during
MDBs pathogenesis, similar to other injury conditions
[34].

The TOM20 protein, a mitochondrial outer membrane
protein, was upregulated upon DDC treatment (Fig. 5D),
a finding that was also verified in the MDB-forming
Hepal-6 cell model (Fig. 5E). Furthermore, we con-
firmed that TOM20 and mtDNA breakage co-localized
in MDBs liver tissues (Fig. 5F and Fig. 5H) and MDB-
forming Hepal-6 cells (Fig. 5G, H). In the negative con-
trol group, TOM20 was tightly arranged, and mtDNA
expression was weak. In contrast, in MDBs pathogen-
esis, the TOM20-labeled outer membrane structure was
fractured, and mtDNA was released (Fig. 5F, H). Taken
together, these findings indicate that chronic liver injury
is typically accompanied by mitochondrial membrane
rupture, with mtDNA and the ruptured outer membrane
protein TOM20 secreted as mitochondrial inclusions
during MDBs formation.

MDBs pathogenesis was accompanied by MDVs release
through BAX/BAK pore formation

GSVA analysis indicated that the process of MDBs forma-
tion was associated with the activation of the apoptosis
pathway (Fig. 6A). BAX and BAK, classical pro-apoptotic
molecules in the apoptotic pathway, are frequently regu-
lated by the JNK signaling pathway [35, 36]. Mitochon-
drial outer membrane permeabilization (MOMP) has
been shown to have various pro-inflammatory functions
[37]. While MOMP is typically induced in the context of
apoptosis, we hypothesized that under stress conditions,
cytosolic BAX would migrate to the mitochondrial mem-
brane, where it would form a BAX/BAK pore with upreg-
ulated BAK to facilitate the release of MDVs carrying
mtDNA. This process would be accompanied by MOMP
in the livers of MDB-injured mice (Fig. S8).

We firstly validated that both BAX and BAK were
upregulated at the mRNA and protein levels in MDBs
livers and MDB-forming liver cells (Fig. 6B—D). Then,
we isolated mitochondrial and cytosolic proteins from
the livers of normal and DDC-fed mice. As expected,
BAX protein levels were elevated in both the cytosol and
mitochondria under DDC injury, and the amount of BAK

Fig.4 c-JUN is directly involved in regulating UbD expression while was repressed in DDC-induced UbD”" mice. A Percentage sharing of UbD_

K8 and p62 in each cell subpopulation after DDC feeding. B RT-gPCR analysis of UbD, K8, and p62 mRNA levels normalized to GAPDH. C
Immunofluorescence co-localization analysis of K8 and p62 in liver sections. Nuclei counterstained with DAPI (n = 3). Bar =100 um. D Jaspar
software predicts that UbD promoter contains multiple binding sites of c-JUN. E Dual-luciferase reporter assay demonstrating c-JUN-mediated UbD
transcriptional activation. F Schematic diagram of UbD knockout mice construction. G Validation of UbD_K8_ p62 and c-JUN in mRNA level changes
in WT/UbD™~ mice by gPCR analysis. H IF confirms the effect of K8 and p62 expression levels and degree of co-localization in WT/UbD™~ mice.
Three fields of view were randomly selected and analyzed for fluorescence intensity quantification. Bar = 100 pm. I Liver lysates of UbD™~ mice
samples (n =3) were analyzed by Western blot using antibodies against c-JUN. a-tubulin served as a loading control
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expressed in mitochondria also increased. Similarly, the
expression of BAX and BAK in withdrawn/refed groups
mirrored the trend observed in control and DDC-fed
groups (Fig. 6E).

We further performed immunofluorescence (IF) analy-
sis on mouse liver tissue, which revealed increased ori-
entation of BAK toward the mitochondrial membrane
following DDC feeding. This was accompanied by rup-
tured mtDNA structures that fused with BAK (Fig. 6F).
These results demonstrate that JNK activation during
MDBs formation induces BAX/BAK oligomerization,
generating mitochondrial pores that mediate MDVs
extrusion containing mtDNA. And this process coincides
with MOMP.

mtDNA accumulation activates cGAS-STING inflammatory
response during MDBs formation

As established, non-degraded MDVs undergo progressive
accumulation prior to EVs formation through membrane
fusion-mediated release. Concomitantly, Immunohis-
tochemistry (IHC) analysis demonstrated that MDBs
formation spatially correlated with perisinusoidal mac-
rophage infiltration, suggesting sterile inflammatory acti-
vation within this pathogenic cascade. (Fig. 7A). cGAS, a
DNA sensor, detects mtDNA and activates downstream
pathways that promote inflammatory processes. In our
MDB-forming mouse model, both mRNA and protein
levels of the cGAS-STING pathway were upregulated,
with a notable increase in mRNA levels, although the
protein level showed a weaker trend (Fig. 7B and Fig. S8).
Concurrently, the mRNA level of IL-6, a common inflam-
matory factor, was also elevated (Fig. S9).

Moreover, cGAS-STING showed a tendency to be
upregulated in isolated primary Kupffer cells (KCs)
(Fig. 7C). IF analysis demonstrated increased co-locali-
zation of cGAS with mtDNA in the experimental group
(Fig. 7D), accompanied by elevated STING expression
(Fig. 7E), suggesting that mtDNA binds to intracellu-
lar DNA sensor cGAS in macrophages and activates
STING. Flow cytometric result demonstrated enhanced
IL-6 secretion in macrophages from DDC-treated mice

(See figure on next page.)
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relative to controls (Fig. 7F), with complementary ELISA
quantification revealing marked elevation of IL-6 levels.
(Fig. 7G). The release of IL-6 was further demonstrated
by exposing immune cells, such as the RAW264.7 mac-
rophage cell line, to isolated mitochondria [20]. As
shown in Fig. 7H, mitochondria isolated from mice were
added in specific proportions to RAW?264.7 cells and cul-
tured for 16 h. After culture, significant polarization of
RAW?264.7 cells was observed in the experimental group,
and the mRNA level of IL-6 secretion was significantly
increased (Fig. 7I-J). These results comprehensively
illustrate how cGAS activates downstream pathways and
releases IL-6, exacerbating the inflammatory environ-
ment following chronic liver injury.

Inhibition of JNK signaling reduces MDBs formation

and alleviates inflammatory environment

JNK-IN-8 is a JNK pathway inhibitor that effectively sup-
presses the activation of the JNK pathway and its down-
stream effector, c-JUN [38]. To assess the impact of JNK
signaling inhibition on MDBs formation, we pretreated
MDB-forming Hepal-6 cells, which were treated with
TNF-a and IEN-y, with exogenous JNK-IN-8. After 24
h of cultivation, JNK blockade significantly attenuated
pathway activation, evidenced by reduced phospho-JNK
and c-JUN levels, along with a reduction in UbD expres-
sion following inhibitor treatment (Fig. 8A and Fig. S10),
suggesting that JNK pathway repression may inhibit
MDBs formation.

IF staining further revealed decreased co-localization
of K8 and p62 in MDB-forming Hepal-6 cells after JNK
inhibition (Fig. 8B). Additionally, JNK pathway inhibi-
tion stabilized mitochondrial membranes, effectively
preventing the TOM20/mtDNA-containing MDVs for-
mation (Fig. 8C). TEM revealed DMSO-treated cells dis-
played mitochondrial damage with autophagolysosomal
activation, contrasting with JNK-inhibited counterparts
maintaining organellar integrity (Fig. 8D), collectively
delineating a mechanistic linkage between mitochon-
drial preservation and downstream sterile inflammation
resolution.

Fig. 5 MDBs pathogenesis was associated with mitochondrial damage and MDVs formation. A, B TEM reveals mitochondrial and lysosomal
morphology changes in control and experimental group. TEM shows single mitochondrial-derived vehicle (MDV) and aggregated MDVs

at periphery of cell membrane. Bar =500 nm or 100 nm. C Two destinations of MDVs were shown. D Liver lysates from DDC-treated and control
group (n =3 per group) were analyzed by western blot using the antibodies against TOM20. GAPDH served as a loading control. Bands were
analyzed for grayscale values by ImageJ and quantified by using Prism software. E Cells was stimulated for 12, 24 and 48 h after TGF- addition

in vitro MDBs cell model. Then cellular proteins were collected and cell lysates were analyzed by Western blot using the antibodies against TOM20.
f-actin served as a loading control. F IF analysis of morphological alterations of TOM20 with mtDNA in paraffin sections of mouse liver in control
and experimental groups. Bar =10 um. G IF demonstrates morphological alterations of TOM20 with mtDNA in MDBs-like protein aggregate
formation cell model in control and experimental groups. Bar =100 um. H Five randomly selected horizons were counted separately for the TOM20

binding mtDNA situation then statistically analyzed using Prism software
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BAX

Fig. 6 TGF-B/JNK axis initiates downstream activation of apoptotic molecules. A GSVA analysis demonstrated multiple signaling pathways
activated during MDBs pathological process. B Validation of BAX and BAK activation at mRNA level in MDBs mouse by RT-gPCR analysis. C Liver
lysates of animal model 4 sets of samples (n =3 per group) were analyzed by Western blot using the antibodies against BAX, BAK. GAPDH served

as a loading control. Results shown are representative of three independent experiments. Bands were analyzed for grayscale values by Image)J

and quantified by using Prism software. D Cells was stimulated for 12, 24 and 48 h after TGF-f3 addition in vitro MDBs cell model. Then cellular
proteins were collected and cell lysates were analyzed by Western blot using the antibodies against BAX and BAK. 3-actin served as a loading
control. E Isolation of cytoplasm and mitochondria from liver tissue of animal model (n =3), then protein lysates were analyzed by Western blot
using the antibodies against BAX and BAK. GAPDH served as a cytoplasmic loading control, COXIV served as a mitochondrial loading control. F

IF demonstrates morphological alterations of BAK with mtDNA in paraffin sections of mouse liver in control and experimental groups. Bar =100 um
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Interestingly, we found that the secretion of IL-6 was
reduced in DDC-induced UbD~'~ mice (Fig. 8E). To fur-
ther validate whether JNK pathway inhibition affects
inflammatory processes during MDBs pathogenesis, we
established a transwell co-culture system with Hepal-6
cells under varying JNK activation states and RAW?264.7
macrophages. Following 24-h co-cultivation, mac-
rophages were collected and subjected to intracellular
cytokine staining for IL-6 quantification by flow cytom-
etry. The results showed that RAW264.7 cells secreted
more IL-6 when co-cultured with Hepal-6 cells inducing
MDBs formation. However, inhibition of JNK signaling
significantly reversed this inflammatory secretion process
(Fig. 8F-H). These findings suggest that inhibition of JNK
pathway activation effectively mitigates MDBs formation
and attenuates the inflammatory microenvironment.

Discussion

Extensive research has centered on delineating TGF-p-
mediated epithelial-mesenchymal transition (EMT) and
hepatic fibrosis through canonical SMAD-dependent
signaling cascades [39, 40], evidence also demonstrates
that the JNK pathway critically modulates hepatocyte
dysfunction through orchestrating apoptosis, autophagy,
and sustained inflammatory responses in diverse liver
pathologies [41, 42]. Nevertheless, the crosstalk between
TGF-p signaling and JNK-mediated regulatory networks
under varying liver injury contexts remains underex-
plored. In this study, we mechanistically delineate the
TGEF-B/INK axis as a pathogenic coordinator mediating
MDBs formation with co-activation of pro-inflammatory
signaling cascades. Our data demonstrate that TGF-[3/
JNK axis-mediated c-JUN activation mechanistically
drives UbD promoter transactivation through direct
DNA binding, as evidenced by dual-luciferase assays,
thereby transcriptionally promoting MDBs formation.
This regulatory axis was confirmed through UbD-/-
mice, where UbD deficiency abrogated MDBs injury and
induced concomitant c-JUN downregulation, validat-
ing their functional interdependence. Furthermore, we

(See figure on next page.)
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demonstrate that JNK-activated pro-apoptotic effectors
BAX/BAK mediate mitochondrial permeabilization and
leakage of fragmented mtDNA, which initiates MDVs
formation and potentiates macrophage-driven inflamma-
tory cascades.

While mitochondrial dysfunction has been epide-
miologically associated with inflammatory cascades
in chronic liver injury [43]. The precise mechanisms
through which mitochondrial damage contributes to
both MDBs formation and the establishment of inflam-
matory microenvironments remain to be elucidated.
Accumulating evidence demonstrates that mtDNA can
be released into the cytoplasm through mitochondrial
BAX/BAK pores, VDAC pores, or the mitochondrial
permeability transition pore [44—46]. Moreover, post-
stress enrichment of TOM20 in the outer membrane
confirms that mitochondrial outer membrane permea-
bilization facilitates mtDNA release into the cytoplasm
[37]. Nevertheless, the detailed mechanism of mtDNA
release during MDBs pathogenesis remains unknown.
Additionally, mitochondria have evolved several qual-
ity control mechanisms to maintain their homeostasis in
response to damage [47]. For example, the cytoplasmic
ubiquitin—proteasome system and various mitochondrial
chaperones regulate protein folding pathways, provid-
ing mitochondria with high plasticity to adapt to cellular
needs [47, 48]. Our findings delineate a mitochondrial
permeabilization cascade during chronic hepatic injury:
Cytosolic BAX translocates to depolarized mitochondrial
membranes, co-oligomerizing with resident BAK to form
macromolecular pores facilitating the release of DAMPs.
Crucially, mtDNA complexes with TOM20-positive
outer membrane fragments, packaging into MDVs that
extrude through BAX/BAK-formed macropores into the
cytosol.

EVs have been conclusively demonstrated to mediate
intercellular communication via trafficking of bioactive
macromolecular cargo, exerting pleiotropic regulatory
effects across diverse pathophysiological cascades [49—
51]. Here, we postulate that damaged mitochondria

Fig. 7 mtDNA activates macrophage cGAS-STING signaling pathway to release IL-6. A IHC presents F4/80 staining in control and experimental
groups, explaining the macrophage infiltration after DDC feeding. Meanwhile, 3 randomly selected visual field OD were counted and statistically
analyzed. Bar =100um. B Liver lysates from DDC-treated and control group (n =3) were analyzed by Western blot using the antibodies

against cGAS ~ STING ~ p-TBK1 and TBK1. GAPDH served as a loading control. C Isolation of primary KCs from MDBs livers (n =3 per group),

then protein lysates were analyzed by Western blot using the antibodies against cGAS » STING. 3-actin served as a cytoplasmic loading control.

D, E IF demonstrates mtDNA binding to DNA sensor cGAS and subsequent STING activation in primary macrophages. Bar =50 ym or 10 um. F

The secretion of IL-6 of macrophages in mice was determined by flow cytometry. G Mice serum IL-6 expression level was validated by ELISA. H
Schematic illustration of the quantification of inflammatory response experiment, isolated normal/damaged mitochondria were added to mouse
macrophage cell line RAW264.7, and cellular RNA was extracted after 16 h of incubation, and the level of inflammatory factor IL-6 mRNA expression
was detected by RT-gPCR assay. | Microscopic observation of cell morphology changes after normal/damaged mitochondria stimulation

of RAW264.7 cells for 16 h. Bar =20 um. J IL-6 activation at mRNA level in quantification of inflammatory response was determined by RT-gPCR assay
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employ MDVs as vesicular carriers to facilitate lysosomal
activation, with selective fusion generating autophago-
lysosomes that ensure mitochondrial quality control.
Under overwhelming mitochondrial stress, pathologi-
cal MDVs harboring cargo like mtDNA accumulate at
organelle-membrane interfaces. These MDVs are subse-
quently packaged into EVs for intercellular transmission
of mitochondrial danger signals. This process also allows
cells to exchange proteins, lipids, and genetic material
[52]. While understanding the heterogeneous membrane
structure of cellular origin vehicles, such as EVs, is essen-
tial for elucidating their physiological and pathological
functions, the origin, targeting, and fate of such extracel-
lular vesicles remain topics of ongoing debate.

Emerging evidence indicates a significant association
between chronic liver disease and concurrent mitochon-
drial dysfunction with macrophage infiltration. While
Single-cell transcriptomic analysis has revealed signa-
ture pathogenic mechanisms of macrophage reprogram-
ming within MDBs pathogenesis [53]. mtDNA and its
receptor, cGAS, have become a focal point of research in
recent years [54]. The cGAS-STING pathway has been
shown to play a critical role in various pathological pro-
cesses, including hepatocyte pyroptosis and autophagy
[55, 56]. This suggests that the binding of endogenous
DNA to cGAS is a key mechanism driving inflammation.
IL-6, a common pro-inflammatory molecule, is activated
in response to mtDNA stimulation through a cascade
reaction. In this study, through immunofluorescence-
based spatial colocalization analysis of primary Kupffer
cell isolations, we demonstrated that cGAS activation
is mediated by hepatocyte-derived mtDNA. We further
conducted inflammation quantification experiments to
confirm the morphological changes in the RAW?264.7 cell
line and the secretion of IL-6 following mitochondrial
injury. Similarly, lower levels of IL-6 were detected in the
serum of UbD ™/~ mice, suggesting that blocking MDBs
formation attenuates the inflammatory response in vivo.

(See figure on next page.)
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To conclude, our findings mechanistically delineate
that TGF-B/JNK axis activation mediate MDVs release
through BAX/BAK oligomerization pores during MDBs
pathogenesis. These hepatocyte-derived MDVs acti-
vate macrophage cGAS-STING signaling via cytosolic
mtDNA translocation, triggering IL-6-mediated pro-
inflammatory cytokine secretion that sustains a self-
perpetuating inflammatory cycle in vivo. Conventional
antifibrotic therapeutics remain confined to monothera-
peutic targeting of TGF-p pathways [57, 58], whereas
our findings demonstrate that JNK inhibitors concomi-
tantly attenuate pro-inflammatory microenvironment
formation and suppress MDBs pathogenesis. This dual-
pathway intervention establishes a novel therapeutic par-
adigm for the clinical management of MDB-associated
chronic liver diseases (Fig. 8I).

Analysis of 16 clinical samples revealed a disruption
in ubiquitin—proteasome function in MASLD patients,
suggesting that the degradation of aberrantly aggregated
proteins is impaired, accompanied by protein misfold-
ing. Concurrently, the enrichment of neurological dis-
ease pathways, similar to MDBs formation, indicates the
presence of MDBs in MASLD patients [59]. Moreover,
through analysis of clinical hub genes and animal model
sequencing data, we identified four key genes: SOD2,
YARS, MARS, and FNDC4. YARS and MARS, as pro-
oncogenic proteins, are implicated in the progression of
several chronic diseases [33]. FNDC4, a hepatic secretory
factor, is frequently associated with the accelerated for-
mation of the inflammatory milieu in chronic liver dis-
eases [60]. Additionally, SOD2 has been shown to play a
critical role in various liver diseases via the TGF-B/JNK
axis [15]. We further confirmed the correlation between
SOD2 and the TGF-B/JNK axis through the Gene Ontol-
ogy Database (https://geneontology.org/). Thus, iden-
tifying the TGF-B/JNK axis as a significant target in
the pathogenesis of chronic liver diseases, including

Fig. 8 Inhibition of JNK pathway suppresses MDBs formation and alleviates inflammatory response. A In Hepa1-6 cell line, JNK activation

was induced by stimulation with TGF-{3 (5 ng/ml) for 24 h on the basis of MDBs-like protein aggregate formation by TNF-a in combination

with IFN-y. The other groups were treated with JNK-IN-8 (3 um) to inhibit the activation of the JNK pathway. Western blot was then used to verify
the changes in expression of relevant proteins after JNK inhibition. 3-actin served as a cytoplasmic loading control. B IF demonstrates K8 and p62
protein changes after DMSO and JNK-IN-8 treatment based on JNK pathway activation. ImageJ software was used to calculate fluorescence
intensity of K8 and p62 in each group, and the co-localization of K8 and p62 was expressed as the ratio of the fluorescence intensity of K8 to that of
p62. Then 3 randomly selected horizons were analyzed for fluorescence intensity and statistics. Bar = 100 um. C IF demonstrates TOM20 binding
mtDNA levels after DMSO and JNK-IN-8 treatment based on JNK pathway activation. TOM20-bingding mtDNA in each group was also counted
and statistically analyzed in 5 randomly selected horizons. Bar =100 um. D The damage of cells, lysosomes and mitochondria in the control group,
the TNF-a combined with IFN-y and TGF-B stimulation group (treated with DMSO), and the TNF-a combined with IFN-y and TGF-$ stimulation
group (treated with JNK-IN-8) was observed by TEM. Bar =2 um/500 pm. EWT/UbD™~ Mice serum IL-6 expression level was validated by ELISA.
F-H Three groups of Hepa1-6 treated with different conditions were co-cultured with RAW264.7 for 24 h. RAW264.7 was collected and analyzed
for secretion levels by flow cytometric counting after labeling with IL-6 (n =3) and statistically analyzed. H Schematic illustration of proposed

working model during liver MDBs formation in the present study
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Conclusions:

This study identifies the TGF-B/JNK axis as a crucial
mechanism driving MDBs pathogenesis. We establish
that MDVs mediate intercellular mtDNA transfer from
injured hepatocytes to macrophages, triggering cGAS-
STING-dependent IL-6 secretion and perpetuating
inflammatory cascades. Moreover, WGCNA analysis of
TGEF-B/INK axis activation in clinical MASLD patients,
identifying the TGF-B/JNK axis as a significant target in
the pathogenesis of MDB- related chronic liver diseases.
Inhibiting this axis presents a therapeutic strategy to
simultaneously suppress MDBs pathogenesis and sterile
inflammation in chronic liver disorders.
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