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Abstract

Background: MASH is a common clinical disease that can lead to
advanced liver conditions, but no approved pharmacotherapies are
available due to an incomplete understanding of its pathogenesis.
Damaged DNA binding protein 1 (DDB1) participates in lipid metabolism.
Nevertheless, the function of DDB1 in MASH is unclear.

Methods: Clinical liver samples were obtained from patients with MASH
and control individuals by liver biopsy. Hepatocyte-specific Ddb7-knockout
mice and liver Hmgb1 knockdown mice were fed with a methionine-and
choline-deficient diet to induce MASH.

Results: We found that the expression of DDB1 in the liver was
significantly decreased in MASH models. Hepatocyte-specific ablation
of DDB1 markedly alleviated methionine-and choline-deficient diet-
induced liver steatosis but unexpectedly exacerbated inflammation
Mechanistically, DDB1 deficiency attenuated hepatic
steatosis by downregulating the expression of lipid synthesis and
uptake genes. We identified high-mobility group box 1 as a key
candidate target for DDB1-mediated liver injury. DDB1 deficiency upre-
gulated the expression and extracellular release of high-mobility
group box 1, which further increased macrophage infiltration and activated
HSCs, ultimately leading to the exacerbation of liver inflammation
and fibrosis.

and fibrosis.

Abbreviations: AAV8, adeno-associated virus 8; ALT, alanine aminotransferase; AST, aspartate aminotransferase; DDB1, damaged DNA binding protein 1; GSEA,
gene set enrichment analysis; HMGB1, high-mobility group box 1; LKO, hepatocyte-specific knockout; MCD, methionine/choline-deficient diet; OA, oleic acid; OE,
overexpression; PA, palmitic acid; PPARg, peroxisome proliferator-activated receptor gamma; SCD, standard control diet; TG, triglyceride; WT, wild type.
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Conclusions: These data demonstrate the independent regulation of hepatic
steatosis and injury in MASH. These findings have considerable clinical
implications for the development of therapeutic strategies for MASH.

INTRODUCTION

MASLD is rapidly becoming the most prevalent chronic
liver disease, affecting up to 25% of the population in the
world.["3 MASLD includes a range of liver abnormalities,
from simple hepatic steatosis to MASH characterized by
hepatocellular damage, lobular inflammation, and even
liver fibrosis.! MASH can ultimately lead to liver cirrhosis
and HCC.F¥! Given its complexity and heterogeneity, no
approved pharmacotherapies are available for clinical
use.l%! Therefore, it is critical to clarify the pathophysio-
logy of MASH and pinpoint effective therapeutic targets
or approaches to treatment.

Damaged DNA binding protein 1 (DDB1) was initially
identified as a component of the heterodimeric complex
(DDB1/DDB2), which binds to UV-damaged DNA.) This
protein is now identified as a scaffolding protein in the
Cullin4-RING E3 ubiquitin ligase, which regulates the
ubiquitination and degradation of several proteins.® In
addition, DDB1 is a molecular partner of transcription
factors that regulates the transcription of multiple genes.®17
In summary, DDB1 regulates various biological processes,
such as DNA repair, gene transcription, and cell cycling.l"!
Intriguingly, it has been revealed that DDB1 is essential for
glucose metabolism in the mammalian liver.'? Moreover, 2
recent researches have shown that DDB1 is critically
involved in lipid metabolism, including adipogenesis and the
onset of obesity.['3'% However, the function of DDB1 in the
pathogenesis of MASH remains unclear.

In this study, we identified that DDB1 was significantly
decreased during MASH progression. Hepatic steatosis
was alleviated by hepatocyte-specific DDB1 knockout,
which was associated with the downregulation of lipogenic
gene expression. Unexpectedly, DDB1 ablation signifi-
cantly exacerbated liver injury and fibrosis. Mechanistically,
DDB1 deficiency upregulated the expression and extrac-
ellular release of high-mobility group box 1 (HMGB1).
HMGB1 acts as a prototypical damage-associated molec-
ular pattern, further increases macrophage infiltration, and
activates HSCs, ultimately exacerbating liver inflammation
and fibrosis. Our findings uncover a previously unknown
role of DDB1 in liver steatosis, inflammation, and fibrosis.

METHODS
Human liver samples

Clinical liver samples were obtained from patients by
liver biopsy at Sir Run Run Shaw Hospital, Zhejiang

University. Each patient provided informed consent for
tissue analysis. Pathologists evaluated and scored the
histological slides as MASLD, MASH, or normal liver
(the presence of steatosis <5%) based on the steatosis/
activity/fibrosis score.['S! Snap-frozen fresh liver tissues
were then used for western blot analysis. All procedures
involving human samples conformed to the principles of
the Declaration of Helsinki and were approved by the
Institutional Review Board of the Sir Run Run Shaw
Hospital, Zhejiang University.

Animal models and treatments

Ddb 17o¥flox mice were obtained from Prof Yong Cang of
Shanghai Tech University and were hybridized with
Albumin-Cre*~ mice to generate hepatocyte-specific
Ddb1-knockout (Ddb7-LKO) mice. The liver Hmgb1
knockdown mouse model and the control were gener-
ated by i.v. injection of adeno-associated virus 8
expressing shRNA against Hmgb1 (AAV8-shHmgb1;
HANBIO) and AAV8-shNC (negative control), respec-
tively. Liver samples from leptin receptor deletion mice
(db/db) and control group (db/m) were gifted by Prof
Zheng Fenping of Zhejiang University. The mice were
kept in a controlled environment (23°C + 2°C, 12 h of
light/dark cycle). Six-week-old male mice were fed a
methionine/choline-deficient diet (MCD; TP3005G;
Trophic Diet) for 4 weeks to induce MASH. Mice fed a
standard control diet (SCD; D12450B; Research Diets)
served as controls. All animal procedures were
approved by the Animal Ethics Committee of Zhejiang
University and conformed to the National Institutes of
Health (NIH) guidelines.

Histological analysis and
immunohistochemistry

The livers of mice were harvested and weighed for
further analysis. Mouse livers were fixed in 4%
formaldehyde or Tissue-Tek OCT compound for the
preparation of paraffin sections and frozen sections,
respectively. Paraffin sections were stained with hem-
atoxylin and eosin, Sirius Red, and immuno-
histochemical. Oil red O (G1263; Solarbio) staining
was performed on frozen sections to identify lipid
droplets. The primary antibodies used are listed in
Supplemental Table S1, http://links.lww.com/HC9/
A940. According to the MASLD Activity Score, the
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steatosis, lobular inflammation, and ballooning change
of the mouse liver were evaluated. MASH is defined as
the presence of steatosis in > 5% of hepatocytes, along
with any degree of hepatocyte ballooning and any
amount of lobular inflammation.["5!

Primary hepatocyte isolation

Mouse hepatocytes were isolated as reported.l'®! In
brief, anesthetized mice were perfused with buffer
solution through the IVC. After being digested, the
livers were suspended in sterilized PBS and filtered.
Hepatocytes were then isolated by centrifugation and
cultured in dishes covered with 50 pg/mL collagen

type .

Plasmids, lentivirus production, and stable
cell lines

The full-length CDS of the human DDB1 gene was
amplified and recombined with the PCDH vector for
overexpression of DDB1 (DDB1-OE) according to the
protocol. ShRNA targeting the human DDB1 gene
(shDDB1) was designed and constructed into the Phy-
304 vector. The sequence used to build plasmids is
listed in Supplemental Table S1, http://links.lww.com/
HCO9/A940. Lentiviruses were packaged in 293T cells
using a dual-packaging plasmid system (pMD2.G,
psPAX2). After lentivirus infection of the HepG2 cells,
stably transformed cell lines were selected with
puromycin.

Cell culture and treatments

The human HepG2 cell line was acquired from the
Chinese Academy of Sciences. HepG2 cells and
primary murine hepatocytes were incubated in DMEM
Gibco) supplemented with 10% fetal bovine serum
(Gibco) in a 37°C incubator containing 5% carbon
dioxide. To induce the lipid accumulation model in vitro,
the cells were starved with serum-free DMEM contain-
ing 1% bovine serum albumin (Fdbio Science) for
16 hours and treated with 0.5 mM oleic acid (OA;
01383; Sigma-Aldrich) for another 24 hours.

Hepatic triglycerides and serum
biochemistry

Hepatic triglycerides (TGs) were extracted and ana-
lyzed with a Triglyceride Content Assay Kit (E1013;
Applygen). Serum alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) levels were meas-
ured using the ALT assay kit and AST assay Kkit

(Nanjing Jiancheng). Serum and supernatant HMGB1
concentrations were measured using an ELISA kit
(44107M1; Meimian).

CCKS8 assay

Cell viability was evaluated using a Cell Counting Kit
(CCKS8; Yeasen). Approximately 5 x 108/L cells were
seeded in 96-well plates in 100 pL per well. After cell
starvation, different concentrations of OA were added
and incubated for 24 hours. The cells were treated with
10 pL of CCKS8 solution, and after 45 minutes, the OD
values were measured by the microplate reader
(Thermo Scientific) at 450 nm.

Western blotting

The nuclear and cytoplasmic proteins were isolated
using the PARIS Kit (Thermo Scientific). Total proteins
from tissues or cells were extracted by radioimmuno-
precipitation assay lysis buffer supplemented with
proteinase inhibitors and quantified with the bicincho-
ninic acid protein assay kit (Thermo Scientific). Proteins
were separated on 10%—12% sodium dodecyl sulfate-
polyacrylamide gels and transferred to polyvinylidene
fluoride membranes. After 1 hour of blocking, the
membranes were incubated overnight with the primary
antibody and an additional hour with the corresponding
secondary antibody. The blots were visualized using an
enhanced chemiluminescence system (Bio-Rad). The
antibodies are listed in Supplemental Table S1, http:/
links.lww.com/HC9/A940.

Quantitative real-time PCR

Total RNA was isolated from liver tissues or cultured
cells using TRIzol reagent (Invitrogen). Two micrograms
of RNA were reverse-transcribed into cDNA with the
cDNA synthesis kit (11123ES60; Yeasen). Quantitative
real-time PCR was performed using the SYBR Green
Master Mix kit (11198ES08; Yeasen). The levels of
target mMRNA expression were normalized to the
expression of f-actin. The primers are listed in
Supplemental Table S1, http://links.lww.com/HC9/
A940.

RNA sequencing and data analysis

Total RNA was extracted from mouse liver tissues using
TRIzol reagent (Invitrogen), and RNA quality was
evaluated. The RNA libraries were sequenced on the
lllumina NovaseqTM 6000 platform by OE Biotech, Inc.
Gene set enrichment analysis (GSEA) was conducted
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utilizing the Java GSEA platform. A predefined gene set
was employed for the analysis, and the genes were
ranked based on the degree of differential expression
between the 2 sample types.

Statistical analysis

Statistical analyses were performed using GraphPad
Prism 9.0 software. Student t test was used to detect
differences between the 2 groups, while ANOVA was
applied for comparisons among the various treatments.
All values are shown as the mean + SD. Differences
with a p value of <0.05 were deemed statistically
significant. *p < 0.05, **p < 0.01, and ***p < 0.001.

RESULTS

DDB1 is downregulated in patients with
MASH and murine models

To explore the mechanism of MASH progression, we
initially performed RNA sequencing on the livers of mice
with  MCD-induced MASH (Supplemental Figures
S1A-F, http://links.lww.com/HC9/A940). The volcano
plot demonstrated that, in mice fed MCD as opposed to
SCD, Ddb1 was a significantly downregulated gene
(Figures 1A, B). The mRNA and protein levels of DDB1
in MCD-fed mice were also decreased compared with
those in SCD-fed mice (Figure 1C, Supplemental Figure
S1G, http://links.lww.com/HC9/A940). We further meas-
ured the expression of DDB1 in db/db and db/m mice,
which are common monogenic obesity animals with
fatty livers and their corresponding controls.!'”] Distinct
downregulation of DDB1 expression (Figure 1D,
Supplemental Figure S1H, http://links.lww.com/HC9/
A940) was consistently detected in db/db mouse livers.
In addition, we examined the expression of DDB1 in
normal and MASH human livers. Compared with those
in normal livers, the mRNA and protein levels of DDB1
were markedly reduced in the livers of individuals
with MASH (Figure 1E, Supplemental Figure S1l, http:/
links.lww.com/HC9/A940). Correspondingly, immuno-
histochemical staining showed that hepatocyte DDB1
protein levels were reduced in both patients with MASH
and murine MASH models (Figure 1F). Taken together,
these results suggest that DDB1 is involved in the
pathogenesis of MASH.

DDB1 aggravates lipid accumulation but
suppresses damage to hepatocytes

We further investigated the functional roles of DDB1 in
MASH by challenging hepatocytes with OA in vitro
(Supplemental Figures S2A-E, http://links.lww.com/

HC9/A940). We constructed DDB1 knockdown and
overexpressing HepG2 cell lines (Figure 2A,
Supplemental Figures S2F, G, http:/links.lww.com/
HC9/A940). Compared with those in the control group,
silencing DDB1 prominently inhibited OA-induced lipid
accumulation and significantly reduced cellular TG levels
(Figures 2B-D). In addition, we supplemented the cells
with a combination of OA and palmitic acid at a ratio of
1:1 and a concentration of 0.5 mM for 24 hours. The
results showed that there was no significant difference in
lipid deposition and cell viability compared with the OA
treatment group (Supplemental Figures S2H, |, http://
links.lww.com/HC9/A940). Furthermore, DDB1 silencing
inhibited the expression of genes related to lipogenesis
(FASN [fatty acid synthase], SCD1 [stearoylCoA desa-
turase 1], and PPARg) and lipid uptake (CD36 [cluster of
differentiation 36]) (Supplemental Figure S2J, http://links.
Iww.com/HC9/A940). In contrast, DDB1-OE markedly
promoted OA-induced lipid deposition and upregulated
the expression of genes associated with lipid metabolism
(Figures 2B, F, G, Supplemental Figure S2K, http://links.
lww.com/HC9/A940). However, we found that
the viability of shDDB1 HepG2 cells significantly declined
in response to different concentrations of OA, while
the viability of DDB1-OE cells was increased (Figures
2E, H). We further obtained Ddb1-LKO mice and isolated
primary hepatocytes from LKO and littermate wild-type
(WT) mice. Western blotting and gPCR were performed
to ensure tissue-specific knockout of Ddb1
(Supplemental Figures S3A-C, http://links.lww.com/
HC9/A940). After OA stimulation, the lipid droplets and
cellular TG content of DDB1-deficient primary hepato-
cytes were much higher than those of the control, but
cell viability was also significantly reduced (Figures 11-L).
Collectively, these data show that DDB1 can aggravate
lipid accumulation but suppresses damage in
hepatocytes.

Hepatocyte-specific DDB1 deficiency
attenuates MCD-induced hepatic steatosis
but exacerbates liver injury

Next, we attempted to explore the role of DDB1 in
MASH in vivo. LKO and WT mice were fed an SCD or
MCD for 4 continuous weeks. MCD-fed mice exhibited
vigorous body weight loss compared with SCD-fed
mice, but there was no comparable difference between
LKO and WT mice after MCD feeding (Supplemental
Figure S3D, http://links.lww.com/HC9/A940). However,
the liver weight and liver-weight-to-body-weight ratio
were markedly lower in LKO mice than in WT mice after
MCD consumption (Supplemental Figures S3E, F,
http://links.lww.com/HC9/A940). Similarly, liver TG lev-
els were notably reduced in MCD-fed LKO mice
(Figure 3A). Hematoxylin and eosin and Oil red O
staining indicated that liver lipid accumulation and
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FIGURE 1 DDB1 is downregulated in MASH patients and murine models. (A, B) The volcano plot of RNA sequencing on the livers of mice fed

with SCD or MCD for 4 weeks (n = 5 mice per group). (C) DDB1 protein levels in C57BL/6 mice fed the SCD or MCD (n = 5 per group). (D) DDB1
protein levels in genetically obese (db/db) mice and control (db/m) mice (n = 3 in db/m and n = 5 in db/db group). (E) Hepatic DDB1 western blot

of DDB1 protein levels in liver tissues from normal donors (no steatosis) and patients with MASH (n

= 5 individuals in each group). (F)

Representative IHC staining was applied to detect the DDB1 expression in the livers of patients with MASH, db/db mice, or MCD-induced mice
and their corresponding controls (n = 4 per group). All data are presented as the mean + SD, *p < 0.05, **p < 0.01, ***p < 0.001. Abbreviations:
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steatosis were attenuated in LKO mice after MCD
feeding (Figure 3D, E). Unexpectedly, the serum
concentrations of ALT and AST were significantly
increased in MCD-fed LKO mice (Figures 3B, C).
Elevated liver enzymes in the presence of improved

steatosis suggested a possible dissociation between
the reduction in steatosis and the worsening of liver
injury. We further analyzed the role of DDB1 on liver
inflammation and fibrosis. After 4 weeks of MCD
feeding, LKO mice showed worsened Ilobular
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inflammation and hepatocyte ballooning according to
MASLD Activity Scores (Figures 3D, E). Liver F4/80
staining showed increased macrophage infiltration in
MCD-fed LKO mice. Moreover, alpha smooth muscle

actin staining demonstrated that DDB1 deficiency
activated HSCs and aggravated MCD-induced fibrosis,
which was consistent with Sirius Red staining
(Figure 3E).
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To systematically assess the involvement of DDB1 in
the development of MASH from a transcriptome perspec-
tive, we performed RNA sequencing analysis of liver
tissues from LKO and WT mice fed with SCD or MCD.
GSEA revealed that the occurrence of MASLD was
markedly suppressed in the LKO group that was fed the
SCD. GSEA-enriched pathways further revealed exten-
sive downregulation of lipid metabolism pathways such as
fatty acid elongation, fatty acid degradation, and fatty acid
B-oxidation in MCD-fed LKO mice (Supplemental Figure

S4A, http://links.lww.com/HC9/A940). However, path-
ways related to the inflammatory response, extracellular
matrix structural constituents, and collagen binding were
markedly activated in the MCD-fed LKO group (Supple-
mental Figure S4B, http://links.lww.com/HC9/A940). Con-
sistently, LKO mice showed significantly downregulated
expression of lipid synthesis (Fasn and Scd?) and uptake
(Cd36) genes (Supplemental Figure S4C, http:/links.lww.
com/HC9/A940). Ddb1-LKO increased the expression of
proinflammatory (Tnfa, 116, Ccl2, and Hmgb1) and fibrotic
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knockout; MCD, methionine-and choline-deficient diet; OA, oleic acid; SCD,

(Col1a1, Col3a1, and a-sma) genes (Supplemental
Figures S4D, E, http://links.lww.com/HC9/A940). In gen-
eral, these results suggest that liver-specific deficiency of
DDB1 can alleviate MCD-induced hepatic steatosis but
exacerbate MCD-induced liver injury by aggravating
hepatocyte damage, facilitating inflammatory responses,
and liver fibrosis compared with WT mice.

standard control diet; WT, wild type.

HMGB1 is downregulated by DDB1 during
MASH

Next, we proceeded to reveal the underlying mechanisms
involved in the regulatory role of DDB1 in MASH. GSEA-
enriched pathways showed that DDB1 deficiency mark-
edly activated cytokine activity pathway-related genes,
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including HMGB1 (Figure 4A). HMGB1 is upregulated in
MASH and has been shown to mediate the regulation of
liver inflammation and fibrosis pathogenesis in mouse
models.l'820 We demonstrated that DDB1 deficiency
upregulated Hmgb1 mRNA expression (Supplemental
Figure S4D, http://links.lww.com/HC9/A940). Therefore,
we speculated that HMGB1 was a potential target of
DDB1 during MASH progression.

We first measured the protein expression of HMGB1
in HepG2 cell models. HMIGB1 protein expression was
upregulated in shDDB1 cells but was decreased in
DDB1-OE cells (Figures 4B, C). Consistently, western
blotting confirmed that DDB1 deficiency significantly
upregulated the protein levels of HMGB1 in mouse liver
tissues (Figure 4D). In addition, the role of DDB1 in
regulating HMGB1 expression was validated in an
immunohistochemical assay (Figure 4E). Meanwhile,
serum HMGB1 concentrations, as well as the
concentration of HMGB1 in the supernatants of
primary hepatocytes and HepG2 cells, showed that
DDB1 deficiency markedly increased the extracellular
release of HMGB1 (Figures 4F-I). These findings
demonstrate that DDB1 negatively regulates HMGB1
expression and extracellular release.

The function of DDB1 in liver injury
depends on HMGB1

Since the final cellular release is correlated with nuclear
HMGB1 translocation, western blot analysis was per-
formed using nuclear and cytoplasmic protein lysates to
determine whether DDB1 deficiency induces the trans-
location of HMGB1 from the nucleus to the cytoplasm in
hepatocytes (Figures 5A, B). Western blotting
demonstrated that when DDB1 was deficient, HMGB1
expression was increased in both the nucleus and the
cytoplasm, with the cytoplasmic increase being more
pronounced. This indicated that DDB1 deletion promoted
the nuclear translocation of HMGB1 to some extent. In
addition, HMGB1 can be passively released from
necrotic cells. The declined viability of DDB1-deficient
hepatocytes also facilitated the extracellular release of
HMGB1 (Figures 2E, L). These results motivated us to
investigate whether DDB1 functioned through HMGB1 to
regulate liver injury. In OA-treated HepG2 cells, HMGB1
silencing successfully reversed the suppressive effects
of DDB1 silencing on cell viability but had few effects on
lipid deposition (Figures 5C—E). Moreover, in OA-treated
primary hepatocytes, we confirmed that HMGB1
depletion abolished the cell damage induced by DDB1
deficiency under OA stress (Figures 5F—H).

To further demonstrate the contribution of HMGB1 to
the effect of DDB1 on MASH in vivo, we induced
Hmgb1 knockdown (KD) in livers of WT and LKO mice
with AAV8-shHmgb1. EGFP labeling and western
blotting verified that the expression of HMGB1 was

abolished in the liver tissues of WT-KD and LKO-KD
mice (Supplemental Figures S5A-D, Supplemental
Digital Content 1, http://links.lww.com/HC9/A940). Con-
sistent with the findings in vitro, hepatic steatosis was
slightly altered, but the increased levels of serum ALT
and AST in LKO mice were abolished in LKO-KD mice
(Figures 6A—E). Hematoxylin and eosin and Sirius Red
staining showed that Hmgb1 KD successfully reversed
DDB1 deficiency-induced liver inflammation and
fibrosis. Moreover, histological staining showed that
HMGB1 depletion abrogated the activation of
macrophages and HSCs (Figures 6F, G). Collectively,
these findings suggest that HMGB1 is crucial to the
regulatory effects of DDB1 deficiency on liver injury and
fibrosis.

DDB1 and HMGB1 expression in human
MASH cohort

Considering that MCD-induced liver injury is not entirely
identical to clinical MASH, we selected 39 control,
MASLD, and MASH human samples for RNA sequenc-
ing to further verify the role of the DDB1-HMGB1 axis in
patients with MASH. We divided patients into 2 groups
based on inflammation scores and 3 groups based on
fibrosis scores. The results showed that with the
increase of inflammation and fibrosis, DDB1 expression
was significantly reduced, while HMGB1 expression
was significantly increased (Figures 7A—F). In addition,
the expression pattern further confirmed that DDB1
negatively regulates HMGB1 more significantly
(Figure 7G). In summary, DDB1 plays a dual role in
the development of hepatic steatosis and injury. DDB1
deficiency  attenuates  hepatic  steatosis by
downregulating the expression of lipid metabolism
genes. However, DDB1 deficiency upregulates the
expression and extracellular release of HMGB1, which
further exacerbates hepatocyte damage, increases KC
infiltration, and activates HSCs, ultimately leading to
aggravated liver inflammation and fibrosis (Figure 7H).

DISCUSSION

The present study uncovered a previously unknown role
of DDB1 in MASH pathogenesis. We observed that
DDB1 expression was significantly decreased in the
livers of humans and mice with MASH. To investigate
the biological effects of DDB1 downregulation, we
obtained Ddb71-LKO mice. Unexpectedly, MCD-fed
LKO mice developed severe cell damage, inflammation,
and fibrosis despite a reduction in hepatic steatosis. We
further identified HMGB1 as a candidate target by which
DDB1 regulates inflammation and fibrosis.

The clinical outcomes of MASLD and MASH are
markedly heterogeneous, so the 2 subgroups correspond
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to separate entities.[?'l MASH is a proven risk factor for considered to be key processes that promote MASH to
advanced liver outcomes, including cirrhosis, HCC, and cirrhosis and hepatocarcinogenesis.2324 Many factors
liver transplantation.?? Inflammation and fibrosis are are involved in the development of MASH, and genetic
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polymorphisms have been shown to influence its
progression.25-28] |t has been reported that DDB1 is
involved in the regulation of multiple genes as a

transcription factor partner, such as E2F1-activated
genes,®! UV-induced fibromodulin,?¥ and genes with
HomolD-containing promoters.% A recent report
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revealed a critical role of DDB1 and BRWD3 as a
transcriptional complex in adipogenesis and the onset of
obesity.['3 Particularly, the function of DDB1 in HCC has
received extensive attention.?'-33 Therefore, investigat-
ing the unknown role of DDB1 in the pathophysiology of
MASH is of both clinical and scientific interest.

Here, we found that DDB1 levels were significantly
reduced during the progression of MASH in humans
and mice. To examine the function of DDB1 in the
development of MASH, we challenged WT and LKO
mice with MCD, which is the favored approach to
research MASH pathogenesis. Although the MCD diet
has some drawbacks, such as causing weight loss and
lack of systemic insulin resistance,®*! it is more effective
and repeatable in inducing severe liver injury and
progressive fibrosis and is suitable for researching the
mechanisms underlying MASH-related inflammation
and fibrosis as well as strategies for preventing these
conditions, compared to the HFD diet.[35:3¢]

Notably, we provide direct evidence that DDB1 plays
dual roles in the progression of hepatic steatosis and
injury. Itis generally believed that during nonalcoholic liver
injury, the accumulation of TG in hepatocytes is the first
step that leads to inflammation and lipotoxicity.*”! In our
study, however, MCD-fed LKO mice had less steatosis
than WT mice but had increased liver injury, suggesting
independence between hepatic steatosis and injury. This
notion has also been supported by an increasing number
of studies.*41 For example, Kawamura et all®! reported
that inhibiting SREBP-mediated lipogenesis unexpectedly
exacerbated liver damage and carcinogenesis in a mouse
MASH model. In addition, Yamaguchi et al*Z reported that
blocking TG synthesis attenuated steatosis but aggra-
vated liver injury and fibrosis. The researchers demon-
strated that TG was not hepatotoxic in MCD-induced
MASH mice and protected hepatocytes from lipotoxicity
by reducing free fatty acid accumulation. These findings
are consistent with our results. Considering the
suppressive effects of DDB1 on hepatic inflammation
and fibrosis, it is reasonable to expect that DDB1 may be a
promising therapeutic target to prevent the progression
of MASH.

In the current study, we identified HMGB1 as a
downstream target of DDB1, which critically mediated
the regulatory roles of DDB1 in hepatic inflammation and
fibrosis. HMGB1, which is a prototypical damage-
associated molecular pattern, has attracted much atten-
tion for promoting the inflammatory response and fibrosis
in MASH.29 HMGB1 is ubiquitously expressed in
parenchymal and nonparenchymal hepatic cells, and
hepatocytes were proven to be the main hepatic cellular
source of HMGB1 in MASH.l'843] |t s well known that
HMGB1 can promote the conversion of liver macro-
phages into the proinflammatory M1 phenotype, thus
causing an inflammatory response.*4 Moreover, HMGB 1
activates HSCs to stimulate liver fibrosis.*® Gel'8
reported that increases in HMGB1 expression and

secretion aggravated the degree of liver fibrosis in mice.
In this study, we demonstrated that DDB1 negatively
regulated HMGB1 expression and extracellular release to
a large extent. HMGB1 depletion indeed reduced
macrophage infiltration and suppressed stellate cell
activation. We confirmed that suppressing HMGB1 could
not reverse the effects of DDB1 deficiency on regulating
lipid deposition but that HMGB1 was crucial for the
regulation of DDB1 deficiency-induced inflammatory
response and fibrosis induced in vivo and in vitro. The
regulation of DDB1 on lipid deposition is mainly achieved
by changing enzymes related to lipid metabolism, which
also explains, to some extent, the nonparallel relationship
between hepatic steatosis and liver injury. Thus, we
identified HMGB1 as a downstream target of DDB1
regulating liver injury in MASH, which critically mediates
the regulatory role of DDB1 in liver inflammation and
fibrosis. However, the underlying mechanism by which
DDB1 regulates HMGB1 needs to be further clarified and
confirmed by follow-up studies.

In summary, the present data provide evidence of a
dissociation between the attenuation of steatosis and
exacerbation of liver injury. DDB1 deletion inhibited
lipogenesis but unexpectedly aggravated liver inflam-
mation and fibrosis by increasing HMGB1 expression
and extracellular release. These findings have signifi-
cant ramifications for the development of therapeutic
strategies for MASH.
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