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The lack of an appropriate preclinical model of metabolic dysfunction-
associated steatotic liver disease (MASLD) that recapitulates the whole disease
spectrum impedes exploration of disease pathophysiology and the develop-
ment of effective treatment strategies. Here, we develop a mouse model
(Streptozotocin with high-fat diet, STZ + HFD) that gradually develops fatty
liver, metabolic dysfunction-associated steatohepatitis (MASH), hepatic
fibrosis, and hepatocellular carcinoma (HCC) in the context of metabolic
dysfunction. The hepatic transcriptomic features of STZ + HFD mice closely
reflect those of patients with obesity accompanying type 2 diabetes mellitus,
MASH, and MASLD-related HCC. Dietary changes and tirzepatide administra-
tion alleviate MASH, hepatic fibrosis, and hepatic tumorigenesis in STZ + HFD
mice. In conclusion, a murine model recapitulating the main histopathologic,

transcriptomic, and metabolic alterations observed in MASLD patients is
successfully established.

Metabolic dysfunction-associated steatotic liver disease (MASLD)
encompasses a range of disorders characterized by excessive accu-
mulation of triglyceride (TG) in hepatocytes, replacing the previous
term non-alcoholic fatty liver disease (NAFLD), which relies on exclu-
sionary confounder terms'. MASLD progresses from TG accumulation
(metabolic dysfunction-associated steatotic liver, MASL) to inflam-
mation and hepatocellular injury (metabolic dysfunction-associated
steatohepatitis, MASH), hepatic fibrosis, and, ultimately, cirrhosis and/
or hepatocellular carcinoma (HCC)’. MASLD is a rapidly growing health
concern® that has made an increasing contribution to end-stage liver
disease in recent years, thus imposing a substantial socioeconomic
burden*®. Owing to the lack of suitable MASLD animal models, limited

studies have focused on the exploration of the underlying mechanisms
and treatment strategies’. Therefore, establishment of an animal
model that adequately reflects the entire spectrum of MASLD remains
a crucial unmet need.

Patients with metabolic disorders, such as type 2 diabetes mellitus
(T2DM) and obesity, have a higher prevalence of MASLD and exacer-
bated risk of developing MASH, advanced fibrosis (defined as fibrosis
stage >3), and HCC® . In a recent study on T2DM patients who had
undergone liver biopsies, MASH and advanced fibrosis were detected
in 58% and 38% cases, respectively". Another study reported a higher
incidence of MASLD and advanced fibrosis in T2DM patients with
obesity compared to those without>. However, the mechanism
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underlying the rapid progression of MASLD in individuals with T2DM
and obesity is not well understood.

From the therapeutic aspect, pharmacological interventions
based on lifestyle may be effective in blocking pathological progres-
sion in T2DM patients with obesity, since MASLD develops rapidly in
this population®. Tirzepatide, a dual glucose-dependent insulinotropic
polypeptide/glucagon-like peptide-1 receptor agonist (GIP/GLP-1 RA),
is a commonly used therapeutic agent for both T2DM and obesity**™,
with clinically proven efficacy against MASL"”. However, the issue of
whether continuous use of tirzepatide can prevent the development of
advanced fibrosis or HCC remains to be resolved. Furthermore, there is
a paucity of evidence regarding the optimal time to administer tirze-
patide across the broad spectrum of MASLD.

In this study, we developed a mouse model of MASLD encom-
passing the whole spectrum of the disease, including MASL, MASH,
advanced fibrosis, and HCC. The model was generated by treatment
with low-dose streptozotocin (STZ) in conjunction with a high-fat diet
(HFD) and utilized to demonstrate the therapeutic efficacy of tirze-
patide against MASH, fibrosis, and HCC.

Results

HFD exposure after low-dose STZ administration induces the
whole spectrum of MASLD in mice

To generate an animal model of MASLD that mimics the pathophy-
siological alterations in human patients, we administered low-dose
STZ to 7-week-old C57BL/6) male mice, followed by either standard
chow diet (SCD) (STZ + SCD) or HFD (STZ + HFD) for 6-60 weeks from
8 weeks of age (Supplementary Fig. 1a). The hepatic phenotype of
STZ + HFD mice was initially examined. Notably, these mice developed
hepatomegaly and a creamy color change attributable to TG accu-
mulation after 14 weeks of age, followed by grossly visible hepatic
tumors after 38 weeks (Fig. 1a-c). Moreover, STZ + HFD mice exhibited
sequential histological changes of MASLD from MASL to MASH,
hepatic fibrosis, and HCC (Fig. 1d, e). The NAFLD activity score (NAS)
had increased sufficiently by 20 weeks of age to diagnose MASH.
Perivenular/pericellular hepatic fibrosis developed starting from
20 weeks and progressed to significant fibrosis (defined as fibrosis
stage >2) by 32 weeks of age. By 44 weeks, the majority of mice had
progressed to advanced fibrosis, with one exhibiting cirrhosis (Fig. 1f, g
and Supplementary Fig. 1b-d). Plasma aspartate aminotransferase
(AST) and alanine aminotransferase (ALT) levels were elevated
(Fig. 1h, i). Consistently, intravital liver imaging quantification of
hepatic lipid droplets and collagen fibers revealed progressive devel-
opment of hepatic steatosis and fibrosis in STZ + HFD mice (Fig. 1j-I).
From 20 weeks of age, STZ + HFD mice showed an increase in the
apoptotic cell content in the liver, which was significantly elevated at
32 weeks of age (Supplementary Fig. 1e). In addition, STZ + HFD mice
developed grossly evident hepatic tumors as early as 38 weeks of age,
with a gradual increase in the incidence and number of tumors by
68 weeks (Fig. Im, n).

Next, we compared the metabolic phenotypes of mice in the
STZ+HFD and STZ +SCD treatment groups to determine whether
MASLD progression occurred in the context of metabolic dysfunction,
similar to that observed in humans'®. Compared to STZ + SCD mice, the
STZ + HFD group showed increased body weight gain, fat mass, fasting
glucose and insulin levels, homeostatic model assessment for insulin
resistance (HOMA-IR), visceral adipocyte hypertrophy and inflamma-
tion, and plasma lipid levels (Supplementary Fig. 1f-p).

Mice without STZ treatment were also fed SCD (SCD-only) or HFD
(HFD-only) from 8 weeks of age and compared with STZ + HFD mice.
Hepatic inflammation and hepatocyte ballooning were less increased
in HFD-only mice compared to STZ + HFD mice at 20 and 32 weeks of
age (Supplementary Fig. 2a-f). STZ+HFD mice also showed more
fibrosis compared to HFD-only mice at 32 weeks of age (Supplemen-
tary Fig. 2g, h). No advanced stage fibrosis or hepatic tumor were

observed in HFD-only mice until 50 weeks of age (Supplementary
Fig. 3a-k). Regarding the metabolic phenotypes, STZ+HFD mice
demonstrated a lesser increase in fat mass and body weight compared
to HFD-only mice but manifested a rapid increase in fasting blood
glucose levels and glucose intolerance at 20 weeks of age (Supple-
mentary Fig. 4a-e). Overall, the STZ+HFD mouse model clearly
exhibited the whole disease spectrum of MASLD (Fig. 10).

Molecular characteristics of MASH progression in

STZ + HFD mice

To identify molecular changes occurring during MASH progression,
we performed RNA-seq with liver samples from STZ +HFD mice at
various stages. The hepatic transcriptome changed gradually until
32 weeks of age and became more heterogeneous after tumorigenesis
(Fig. 2a). Based on transcriptomic changes, 4 groups of genes were
clustered (Fig. 2b). During MASH progression, groups of genes related
to fatty acid metabolism and cell cycle transition (C1) were gradually
upregulated, while those related to cholesterol synthesis and liver
function (C2) were gradually downregulated (Fig. 2b-d). In mice at
32 weeks of age, genes involved in fibrosis and PI3K-Akt signaling
pathways (C4) showed abrupt upregulation, while those involved in
amino acid catabolism (C3) showed abrupt downregulation
(Fig. 2b-d). Differentially expressed genes (DEGs) between mice aged
32 weeks and those aged 14 to 20 weeks were similar to genes
belonging to the groups that underwent abrupt changes in expression
at 32 weeks (C3, C4) (Fig. 2e). The hepatic transcriptomic alterations
occurring throughout MASH progression in STZ + HFD mice are sum-
marized in Fig. 2f.

MASH developed rapidly and extensively in 20- and 32-week-old
STZ +HFD mice (Supplementary Fig. 2b-h). Accordingly, we further
examined the hepatic transcriptomic and epigenetic phenotypes of
mice in SCD-only, STZ +SCD, HFD-only, and STZ+HFD treatment
groups at 20 weeks of age to gain insights into the mechanisms
underlying the rapid progression of MASH. In hepatic transcriptome
analysis, three distinct gene clusters were identified among the four
groups (Supplementary Fig. 5a, b). Cluster A genes were involved in
tissue repair processes (such as cell cycle proliferation, inflammatory
response, and fibrosis) and downregulated in STZ + HFD mice com-
pared to HFD-only mice (Supplementary Fig. 5c-f). Assay for trans-
posase accessible chromatin sequencing (ATAC-seq) analysis revealed
significant alterations in the chromatin landscape of STZ + HFD mice
relative to other mouse groups (Supplementary Fig. 5g, h). STZ + HFD
mice exhibited widespread epigenetic repression, which was mainly
associated with responses to DNA damage and misfolded protein
(Supplementary Fig. 5i, j). In line with epigenetic changes, mRNA
expression of genes related to homologous DNA repair was down-
regulated in STZ+HFD mice compared to HFD-only mice (Supple-
mentary Fig. 5k). Next, we examined the hepatic transcriptomic
phenotypes of mice in SCD-only, STZ + SCD, HFD-only, and STZ + HFD
treatment groups at 32 weeks of age. Cluster E genes, related to Wnt
and Notch signaling, and the cell cycle pathway were upregulated in
STZ+HFD mice compared to HFD-only mice (Supplementary
Fig. 6a-f). These findings suggest that loss of compensatory responses
against metabolic dysfunction is the main driver of rapid MASH pro-
gression in STZ + HFD mice. Additionally, signaling pathways related to
hepatic carcinogenesis are upregulated before hepatic tumor devel-
opment in these mice.

To ascertain whether the molecular characteristics of MASH
progression in STZ + HFD mice reflect the etiology of MASH in humans,
RNA-seq was performed on liver tissues from 28 MASLD patients and 4
healthy liver transplantation donors (Supplementary Table 1) and
compared to the hepatic transcriptome of STZ +HFD mice. A sig-
nificant correlation was observed between patients with NAS 2-6 and
fibrosis stage 0-1 and STZ + HFD mice at 14 to 20 weeks of age and
between patients with NAS 4-7 and fibrosis stage 4 and STZ + HFD mice
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Fig. 1| HFD feeding after STZ administration induces the whole spectrum

of MASLD. a-n Seven-week-old B6) mice were treated with STZ and fed SCD
(STZ +SCD) or HFD (STZ + HFD) for 6-60 weeks. a Representative liver gross image
of STZ-treated mice. Scale bar, 1cm. b Liver weight; Before STZ treatment, n=10;
STZ+SCD,n=5,6,6,5,10, and 6, from 14 to 68-week-old, respectively; STZ + HFD,
n=7,9,9,6,9,and 5, from 14 to 68-week-old, respectively. ¢ Hepatic triglyceride
levels; Before STZ treatment, n=4;STZ+SCD,n=4, 6, 6,5, 5, and 4, from 14 to 68-
week-old, respectively; STZ+HFD, n=6,5, 4, 5, 6, and 4, from 14 to 68-week-old,
respectively. Representative liver histology evaluated via (d) H&E staining and (e)
Masson’s trichrome staining for hepatic fibrosis in STZ-treated mice. Blue arrows
indicate ballooning degeneration of hepatocytes. Red circles signify perisinusoidal
fibrosis. The data are representative results of the biological replicates shown in
fand g. Scale bar, 100 pm. f, g Nonalcoholic fatty liver disease score (NAS) and
fibrosis stage graded using the NASH CRN scoring system in STZ-treated mice;
Before STZ treatment, n=10;STZ +SCD, n=10, 6, 6, 5, 3, and 3, from 14 to 68-week-

HFD

old, respectively; STZ+HFD, n=7, 10, 10, 6, 9, and 6, from 14 to 68-week-old,
respectively. Plasma (h) AST and (i) ALT levels; Before STZ treatment, n=10;
STZ+SCD,n=10,6,6,5,5,and 6, from 14 to 68-week-old, respectively; STZ + HFD,
n=7,10,10, 6,9, and 6, from 14 to 68-week-old, respectively. Scale bar, 100 pm.
j-1 Hepatic lipid droplets (red, k) and collagen fibrils (green, I) of STZ + HFD mice
assessed via in vivo liver imaging; n=5,4, 5,5, 5, 4, and 4, from 7 to 68-week-old,
respectively. Hepatic tumor (m) incidence and (n) number in STZ + HFD mice;
n=10,7,10,8,10, 8, 6, 6, 9, and 6, from 7 to 68-week-old, respectively.

o Comprehensive MASLD progression overview. Data are expressed as

means + SEM. 'P<0.05, "P< 0.01, "P<0.001, ""P < 0.0001, compared with the age-
matched group, Student’s t-test or Welch'’s t-test (b, ¢, and f-i). P < 0.05, P < 0.01,
###p < 0.001, “#*#P < 0.000, compared with the 7-week-old control group, two-sided
Student’s t-test or Welch'’s t-test (b, c, f-1, k, I, n). Source data are provided as a
Source Data file.
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Fig. 2 | Molecular characteristics of MASH progression in STZ + HFD mice.

a-f Liver RNA-seq profiling of 7- to 56-week-old STZ + HFD mice. a Principal com-
ponent analysis of RNA-seq data showing transcriptomic changes over time (red
arrow). b K-means clustering of differentially expressed genes from 7- to 32-week-
old STZ + HFD mice. Functional enrichment analyses using EnrichR with ¢ KEGG
and d GO biological process pathways for each gene cluster. Benjamini-Hochberg
method and Fisher’s exact test were used. e Volcano plot comparing 32-week-old
STZ + HFD mouse liver samples with 14 to 20-week-old mouse liver samples using
DESeq2. Benjamini-Hochberg method and Fisher’s exact test were used. f Heatmap
displaying significant molecular events during MASLD progression in STZ + HFD
mice. g Submap clustering analyses with Fisher’s exact test comparing liver RNA-

nominal P-value

seq data from STZ + HFD mice and human MASLD patients at different NAS/fibrosis
stages. Hierarchical clustering with a STRING-based protein interaction network of
mutually dysregulated genes in human patients and STZ + HFD mouse liver samples
during (h) early (human: NAS 5-6, fibrosis stage 1 versus healthy donors; mouse: 14
to 20-weeks-old STZ + HFD mice versus 7-weeks-old control mice) and (i) late
(human: NAS 4-7, fibrosis stage 3-4 versus NAS 5-6, fibrosis stage 1-2; mouse: 32-
weeks-old versus 14 to 20-weeks-old STZ + HFD mice) MASLD progression.

Jj Submap clustering analyses with Fisher’s exact test comparing liver RNA-seq data
from STZ + HFD mice and human MASH patients with or without coexisting type 2
diabetes.

at 32 weeks of age (Fig. 2g). MASLD patients and STZ + HFD mice
shared several important molecular characteristics of disease pro-
gression, such as proliferation, translation, fibrosis, and amino acid
catabolism (Fig. 2h, i). In addition, a comparison of public tran-
scriptome data derived from the livers of MASH patients with obesity

(GSE163211) revealed a stronger correlation between STZ + HFD mice
and MASH patients with both obesity and diabetes relative to those
with obesity but without diabetes (Fig. 2j)°. These results suggest that
the STZ+HFD mouse model accurately reflects the transcriptomic
changes in the livers of MASLD patients.
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Histopathological and molecular characteristics of hepatic
tumors in STZ + HFD mice

We further assessed the histopathological features of hepatic tumors
that developed in STZ+HFD mice. The majority of hepatic tumors
developing from STZ + HFD mice occurred in non-cirrhotic liver with
steatohepatitic background, with an average NAS of 5.7 and an average
fibrosis stage of 2.5 (Supplementary Table 2). Two major types of
hepatic tumors were identified. One type showed a brightly colored,
well-demarcated gross appearance with ballooning tumor cells,
inflammatory cell infiltration, and mild nuclear atypia, comparable to
steatohepatitic HCC (Fig. 3a—c)*>"*%. The other type was dark brownish
in color, necrotic, and had a trabecular growth pattern with nuclear
pleomorphisms, similar to conventional HCC (Fig. 3d-f)*. To further
confirm the malignant properties of tumors developing in STZ + HFD
mice, immunohistochemical (IHC) staining was conducted*. Among
steatohepatitic tumors, some showed reticulin loss in intra-tumoral
sinusoid cells similar to HCC, while the others retained reticulin net-
works similar to hepatocellular adenoma (HCA) (Fig. 3g, k). Regardless
of reticulin loss, all steatohepatitic tumors were focally positive for
glutamine synthase (GS) and glypican-3 (GPC-3) and displayed intra-
tumor pericellular fibrosis (Fig. 3h—j, I-n). On the other hand, all con-
ventional type tumors showed reticulin loss in intra-tumoral sinusoid
cells, and their tumor cells were diffusely positive for GS and focally
positive for GPC-3 (Fig. 30-r). Taken together, the data indicate that
hepatic tumors in STZ+HFD mice resemble the histopathological
characteristics of HCC prevalent in MASLD patients®.

To clarify the relevant molecular pathways of hepatic tumor-
igenesis in STZ + HFD mice, we performed RNA-seq of tumor and non-
tumor tissues. Notably, the transcriptomes of tumor and non-tumor
tissues showed significant differences (Supplementary Fig. 7a, b). In
tumor tissues, genes related to cell cycle proliferation and HCC mar-
kers (Glul and Gpc3) were upregulated while those related to amino
acid catabolism and oxidative phosphorylation were downregulated
(Supplementary Fig. 7c-f). Based on the histopathological and mole-
cular features, tumors were categorized into three groups (Fig. 3s, t,
Supplementary Fig. 7g-k and Supplementary Table 3). Group 1 con-
tained relatively small tumors that resembled premalignant lesions,
such as HCA, according to their steatohepatitic histology, retained
reticulin networks, and paucity of transcriptome alterations compared
to non-tumor tissue. Group 2 displayed tumors with steatohepatitic
histology, loss of reticulin network, and increased expression of genes
involved in steroid biosynthesis (Srebf2, Hmgcr, and Hmgcsl), resem-
bling steatohepatitic HCC. Group 3 included tumors with trabecular
growth patterns, severe nuclear pleomorphism, and increased
expression of Wnt pathway genes (Axin2, Ctnnbl, and Wnt5a) that
corresponded to conventional HCC.

To examine the association between known molecular sub-
types in human HCC and hepatic tumor groups in STZ +HFD
mice, gene set enrichment analysis (GSEA) was performed (Sup-
plementary Fig. 8a)*?". Group 1 showed similarity to periportal-
type HCC, well-known for good differentiation, while Group 2 was
associated to Boyault’s G1 and G2 subclasses, known for a high
proliferation rate and poor prognosis®?. Group 3 exhibited
similarities to CTNNB1 mutation-associated subtypes, including
Boyault’s G6 subclass, Hoshida’s S2 subclass, and peri-venous
type HCC*?. The frequency of group 2 and 3 tumors among the
histologically identifiable hepatic tumors in STZ+HFD mice
increased with age (Supplementary Fig. 8b). Furthermore, com-
parison of STZ+HFD mice tumor transcriptomes with public
transcriptome data of MASLD-related HCC patients (GSE164760)
demonstrated that tumors in Groups 2 and 3 had a higher like-
lihood of correlation with tumor tissues from patients with
MASLD-related HCC (Fig. 3u)®. On the other hand, Group 1
tumors of STZ + HFD mice displayed a significant correlation with
those of MASH patients with cirrhosis and non-tumor adjacent

tissues obtained from MASLD-related HCC patients®. To ascertain
whether hepatic tumors developing in STZ + HFD mice specifically
reflect MASLD-related HCC, transcriptome data from viral or
alcoholic hepatitis patients with or without HCC (GSE 63898)
were compared with STZ+HFD mice (Fig. 3v)?°. Notably, only
Group 3 tumors showed a significant correlation with HCC of
other etiologies. In addition, a comparison of the hepatic tran-
scriptomes of diethylnitrosamine-treated HFD-fed mice
(CRA000931) to those of MASLD-related HCC patients revealed
no significant association (Supplementary Fig. 8c)*°. The collec-
tive findings clearly demonstrate that the developing hepatic
tumors in STZ + HFD mice precisely recapitulate the histopatho-
logical and molecular characteristics of MASLD-related HCC.

Dietary changes effectively ameliorate MASH, hepatic fibrosis,
and hepatic tumorigenesis in STZ - HFD mice

Lifestyle intervention, including weight loss, is a cornerstone of ther-
apeutic management for MASLD®. From a therapeutic viewpoint, we
investigated the stage of MASLD that could be potentially improved by
lifestyle intervention in our model. To explore the effect of lifestyle
intervention in MASH development, the diet of STZ + HFD mice was
replaced at 20 weeks of age to SCD for 6 weeks (HFD > SCD 26 wk;
Fig. 4a). Compared to STZ + HFD mice, HFD > SCD 26 wk mice showed
amelioration of NAS and hepatic TG but no significant differences in
hepatic fibrosis stage (Fig. 4b-g and Supplementary Fig. 9a-c). Tran-
scriptomic analysis revealed that molecular alterations during MASH
progression including fibrogenesis in STZ + HFD mice were partially
reversed in HFD > SCD 26 wk mice (Fig. 4h, Supplementary Fig. 94, e,
and Supplementary tables 4, 5). While body weight was decreased in
HFD - SCD 26 wk mice, fasting glucose and insulin levels and HOMA-IR
were not significantly different from STZ + HFD mice (Supplementary
Fig. 9f-i).

Next, to investigate the effect of dietary changes in the late stage
of MASLD including significant fibrosis and HCC development, we
replaced the diet of STZ+HFD mice at 33 weeks of age to SCD for
18 weeks (HFD > SCD 51 wk mice) (Fig. 4i). Compared to the STZ + HFD
group, HFD > SCD 51 wk mice showed attenuated liver weight, hepatic
TG, NAS, hepatic fibrosis, and incidence and number of hepatic tumors
(Fig. 4j-r and Supplementary Fig. 9j-1). Similar to the data obtained
with HFD > SCD 26 wk mice, transcriptomic changes during MASH
progression in STZ + HFD mice were partly reversed in HFD > SCD 51
wk mice (Fig. 4s, Supplementary Fig. 9m, n, and Supplementary
table 6, 7). Although body weight was reduced in HFD > SCD 51 wk
mice, we observed no significant differences in fasting glucose and
insulin levels and HOMA-IR relative to STZ + HFD mice (Supplementary
Fig. 90-r). Additionally, in HFD > SCD 51 wk mice, the majority of the
genes related to gluconeogenesis or glycogenolysis remained unal-
tered, and the relevant pathways were not enriched in GSEA (Supple-
mentary Fig. 9s, t, and Supplementary tables 6, 7). Our collective
findings indicate that the dietary change from HFD to SCD could
effectively mitigate MASH, hepatic fibrosis, and hepatic tumorigenesis
in STZ + HFD mice.

Tirzepatide ameliorates MASH, hepatic fibrosis, and hepatic
tumorigenesis in STZ + HFD mice

We further evaluated the therapeutic potential of tirzepatide, a dual
GIP/GLP-1 RA, against various stages of MASH in STZ + HFD mice. To
this end, STZ + HFD mice were administered vehicle or tirzepatide for
10 to 11 weeks at three different stages of MASH, beginning at 21 weeks
(21-32 wk), 28 weeks (28-38 wk), and 41 weeks (41-52 wk) of age
(Fig. 5a). Tirzepatide attenuated liver weight in 21-32 wk, 28-38 wk,
and 41-52 wk treatment groups, NAS and hepatic fibrosis in 21-32 wk
and 28-38 wk treatment groups (Fig. 5b-f and Supplementary
Fig.10a-c). In addition, in the tirzepatide treatment groups, no hepatic
tumors were detected in the 28-38 wk treatment group, while hepatic
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Fig. 3 | Histopathological and molecular characteristics of hepatic tumors in
STZ + HFD mice. a-n Hepatic tumors originating from STZ + HFD mice resembling
human steatohepatitic hepatocellular carcinoma (HCC) (a-c, k-n), steatohepatitic
hepatocellular adenoma (HCA) (g-j), or conventional HCC (d-f, o-r). Repre-
sentative (a) gross and (b, ¢) microscopic H&E images of hepatic tumor resembling
steatohepatitic HCC (Scale bar: a; 1cm, b, ¢; 100 pm). The red circle indicates
tumor. The data are representative of 6 independent biological replicates. Repre-
sentative (d) gross and (e, f) microscopic images of hepatic tumor resembling
conventional HCC (Scale bar: d; 1cm, e, f; 100 um). The red circle indicates tumor.
The data are representative of 8 independent biological replicates. Immunohisto-
chemical and histochemical staining of hepatic tumor resembling (g-j) steatohe-
patitic HCA, (k-n) steatohepatitic HCC, or (o-r) conventional HCC

(g, k, o; Reticulin, h, I, p; Glutamine synthase (GS), i, m, q; Glypican-3 (GPC-3),j, n, r;
Masson’s trichrome (MT), scale bar: 100 pm). The data are representative of (g-j)
11, (k-n) 6, or (o-r) 8 independent biological replicates. s-v Hepatic tumor and
non-tumor liver tissues of 44 to 56-week-old STZ + HFD mice subjected to RNA-seq.
s Principal component analyses of RNA-seq data, along with representative H&E
images of different tumor groups (Scale bar:100 pm). t Heatmap displaying the top
differentially enriched pathways in different tumor groups. u Submap clustering
analyses with Fisher’s exact test comparing RNA-seq data of hepatic tumor and non-
tumor liver tissues from STZ + HFD mice and human MASLD-related HCC patients
(GSE164760). v Submap clustering analyses with Fisher’s exact test comparing
RNA-seq data of hepatic tumor and non-tumor liver tissues from STZ + HFD mice
and human HCC patients with viral or alcoholic hepatitis (GSE63898).

tumorigenesis was significantly decreased in 41-52 wk treatment
group (Fig. 5g-i). In transcriptomic analysis, tirzepatide partially res-
cued the molecular alterations that developed with the progression of
MASH in STZ+HFD mice, including upregulation of fatty acid

degradation, cell cycle, and gluconeogenesis pathways and down-
regulation of the ribosome pathway, while changes related to fibrosis
were limited at the earlier stages (21-32 wk and 28-38 wk) (Fig. 5j-1). In
addition, tirzepatide downregulated the genes related to Wnt
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Fig. 4 | Dietary changes ameliorate MASH, hepatic fibrosis, and hepatic
tumorigenesis in STZ + HFD mice. a-h Seven-week-old B6J mice were treated with
STZ, fed HFD from 8 to 20 weeks, followed by HFD or SCD (HFD - SCD) until

26 weeks. a Schematic figure. b Liver weight; STZ + HFD, n=8; HFD > SCD, n=7.
¢ Hepatic triglyceride levels; STZ + HFD, n=7; HFD > SCD, n = 6. d Representative
liver histology assessed via H&E staining (scale bar, 100 um). e NAS grading using
the NASH CRN scoring system; STZ + HFD, n=8; HFD > SCD, n = 7. f Representative
liver histology with Masson’s trichrome staining (scale bar, 100 um). g Fibrosis
stage grading with the NASH CRN scoring system; STZ + HFD, n=8; HFD > SCD,
n=7.h Heatmap displaying the top differentially enriched pathways between two
groups. i-s Seven-week-old B6) mice were treated with STZ and fed HFD from 8 to
33 weeks, followed by administration of HFD or SCD (HFD - SCD) until 51 weeks.

i Schematic figure. j Liver weight; STZ + HFD, n=8; HFD > SCD, n = 9. k Hepatic
triglyceride levels; n =8 per group. | Representative liver histology evaluation via
H&E staining (Scale bar, 100 pm). m NAS grading based on the NASH CRN scoring
system; STZ + HFD, n=8; HFD > SCD, n =9. n Representative liver histology via
Masson’s trichrome staining (Scale bar, 100 pm). o Fibrosis stage grading via the
NASH CRN scoring system; STZ + HFD, n=8; HFD > SCD, n=9. p Representative
liver gross image (Scale bar, 1cm). Red circles indicate hepatic tumors. Hepatic
tumor (q) incidence and (r) number; STZ + HFD, n=8; HFD - SCD, n=9. s Heatmap
displaying top differentially enriched pathways between two groups. Data are
expressed as means + SEM. 'P<0.05, "P< 0.01, “P<0.001, ""P < 0.0001, compared
with age-matched group, two-sided Student’s ¢-test or Welch’s t-test

(b,c e g j,k m,o,r). Source data are provided as a Source Data file.
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Fig. 5 | Tirzepatide ameliorates MASH, hepatic fibrosis, and hepatic tumor-
igenesis in STZ + HFD mice. a-1 Seven-week-old B6) mice were treated with STZ,
fed HFD from 8 weeks onwards, and administered vehicle or tirzepatide for

10-11 weeks from 21, 28, or 41 weeks of age. a Schematic illustration. b Liver weight;
Vehicle, n=6, 7, and 5, from 21-32 to 41-52 weeks, respectively; Tirzepatide, n=6,
7, and 7, from 21-32 to 41-52 weeks, respectively. ¢ Representative liver histology
based on H&E staining (Scale bar, 100 pm). d NAFLD activity score grading using
the NASH CRN scoring system; Vehicle, n=6, 6, and 5, from 21-32 to 41-52 weeks,
respectively; Tirzepatide, n=6, 7, and 7, from 21-32 to 41-52 weeks, respectively.
e Representative liver histology determined via Masson’s trichrome staining (Scale
bar, 100 pm). fFibrosis stage grading using the NASH CRN scoring system; Vehicle,
n=6,6,and 5, from 21-32 to 41-52 weeks, respectively; Tirzepatide, n=6,7,and 7,
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from 21-32 to 41-52 weeks, respectively. g Representative liver gross images from
STZ + HFD mice treated with vehicle or tirzepatide at 28-38 or 41-52 weeks of age
(Scale bar, 1.cm). Hepatic tumor (h) incidence and (i) number of STZ + HFD mice
treated with vehicle or tirzepatide at 28-38 or 41-52 weeks of age; Vehicle, n = 6 per
group; Tirzepatide, n=7 per group. j Principal component analyses of RNA-seq
data. k Functional enrichment analyses using KEGG pathways for differentially
expressed genes between age-matched groups subjected to tirzepatide treatment
and I heatmap displaying the top enriched genes. Benjamini-Hochberg method and
Fisher’s exact test were used. Data are expressed as means + SEM. 'P< 0.05,
“"P<0.01, "P<0.001, "'P<0.0001, compared with age-matched group, two-sided
Student’s t-test or Welch’s t-test (b, d, f, i). Source data are provided as a Source
Data file.

signaling, such as Fams53b, Src, and Sulf2, in all stages (21-32 wk, 28-38
wk, and 41-52 wk) (Supplementary Fig. 11a—f). In contrast to the dietary
change from HFD to SCD, tirzepatide treatment not only reduced body
weight but also improved glycemic control along with the

improvement of hepatic phenotypes at all stages (Supplementary
Fig. 10d-f). Taken together, our results suggest that tirzepatide could
effectively ameliorate the development of MASH, hepatic fibrosis, and
hepatic tumorigenesis in STZ + HFD mice.
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Discussion

In this study, we established a murine MASLD model with histo-
pathological characteristics encompassing the full spectrum of MASLD
using low-dose STZ and HFD. Notably, from 32 weeks of age, STZ +
HFD mice developed MASH and significant fibrosis. At 38 weeks, some
of STZ + HFD mice developed HCC which was observed in all mice up
to 68 weeks. The transcriptomic features of our model closely reflec-
ted those of MASH and MASLD-related HCC in patients. Furthermore,
we demonstrated that interventions at various stages of MASLD using
dietary changes or tirzepatide treatment improved MASH, hepatic
fibrosis, and hepatic tumorigenesis.

The coexistence of metabolic dysfunction with the whole
spectrum of MASLD, observed in the clinical setting in patients®,
is a distinguishing feature of our animal model. STZ + HFD mice
showed body weight gain and metabolic dysfunction including
increased fat mass, insulin resistance, dyslipidemia, and visceral
adipocyte hypertrophy and inflammation. Previous MASLD mod-
els based on STZ and HFD had limitations in that they did not
show the whole spectrum of MASLD or metabolic dysfunction***>,
In one study, mice were fed HFD for 15 weeks and then adminis-
tered STZ at a dose of 65 mg/kg for two consecutive days®. The
study found that hepatic fibrosis was increased in the group that
received both HFD and STZ compared to those administered HFD
or STZ only, but advanced fibrosis or MASLD-related HCC was not
induced. In another study, 200 pg STZ was administered to mice
two days after birth, and HFD was provided from 4 weeks of age
(STAM mice)*. Although STAM mice showed rapid MASH pro-
gression and HCC, they lacked the characteristics of metabolic
dysfunction, such as obesity and insulin resistance. STAM mice
developed microvesicular steatosis and mild zone 3 perivenular/
pericellular fibrosis but no ballooning, indicating that the model
does not mimic MASH in patients®*. Furthermore, the extent to
which STZ and HFD contributed to the rapid progression of
MASH and development of MASLD-related HCC in STAM mice is
unclear, since this study did not include a control group that
received STZ injections during the neonatal period but was not
administered HFD.

The current STZ+HFD mouse model was characterized by
metabolic dysfunction similar to severe T2DM**. In terms of MASH
histopathology, the STZ + HFD model presented hepatocyte balloon-
ing as well as hepatic fibrosis dominant in zone 3, which is typically
observed in MASH patients*. In our experiments, neither MASH pro-
gression nor HCC development was observed in STZ+SCD mice.
These findings imply that rapid MASH progression in our model does
not occur solely as a result of STZ-induced direct toxic effects®*** or
hyperglycemia. Instead, prolonged metabolic stress caused by HFD is
essential for the progression of MASH and development of HCC.

Beyond histopathologic and metabolic characteristics, hepatic
transcriptome changes in our STZ + HFD model also precisely recapi-
tulated the entire MASLD spectrum in patients. Similarities were
identified between STZ + HFD mice at 14 to 20 weeks of age and early-
stage MASH patients (NAS 2-6 and fibrosis stage 0-1), between STZ +
HFD mice at 32 weeks of age and late-stage MASH patients (NAS 4-7
and fibrosis stage 4), and between HCC occurring in STZ + HFD mice
and MASLD-related HCC patients. In addition, we observed a strong
transcriptomic correlation between STZ+HFD mice and MASH
patients with both obesity and diabetes compared to those with obe-
sity but without diabetes. Our results demonstrated that each stage
shared transcriptomic characteristics with the hepatic transcriptome
of MASLD in patients. These findings support the utility of the STZ +
HFD mouse model as a valuable tool for investigating the underlying
pathophysiological mechanisms and development of therapeutic
strategies for MASLD.

MASLD patients with obesity and T2DM show rapid MASH pro-
gression frequently accompanied by severe fibrosis''?, making them a

target population for lifestyle intervention-based pharmacological
treatments”. While tirzepatide is an effective treatment for T2DM and
obesity"*™ with significant promise as a therapeutic option for
MASLDY, its potential long-term benefits in preventing the progres-
sion to advanced fibrosis or HCC are unknown. Since MASLD is asso-
ciated with metabolic dysfunction in our model, it provides a suitable
platform to examine the above issues. In this study, we validated the
therapeutic efficacy of tirzepatide against MASLD. Tirzepatide atte-
nuated MASH and fibrosis when administered in the early stage and
improved fibrosis and prevented hepatic tumorigenesis when admi-
nistered in the middle stage of MASH. However, administration of
tirzepatide after advanced fibrosis did not improve MASH or fibrosis,
only reducing hepatic tumorigenesis. These results suggest that the
most appropriate time to initiate pharmacological treatment for
MASLD is prior to the onset of advanced fibrosis. Intriguingly, when
administered after the onset of advanced fibrosis, tirzepatide only
improved HCC without effect on MASH or fibrosis. Tirzepatide
downregulated the expression of genes related to the Wnt signaling
pathway which is associated with HCC development in various liver
diseases*’. Therefore, improving metabolic dysfunction with tirzepa-
tide may prevent hepatic tumorigenesis regardless of changes in
MASH or hepatic fibrosis by limiting metabolic reprogramming and
inhibiting Wnt signaling pathway during tumor development*’. Over-
all, our findings support the potential of tirzepatide as an effective
therapeutic approach for the management of the whole spectrum
of MASLD.

MASLD progression**** and MASLD-related HCC development***
have been linked to susceptibility to oxidative cellular damage. To
examine the underlying cause of rapid MASH progression in our
MASLD model, we compared the histopathologic, transcriptomic, and
epigenetic phenotypes of four groups of mice (SCD-only, STZ +SCD,
HFD-only, and STZ + HFD) at 20 weeks of age. Compared to the HFD-
only group, STZ + HFD mice showed greater NAS, downregulation of
genes linked to the tissue repair response, and epigenetic repression of
genes related to the DNA damage response. These findings imply that a
decrease in compensatory responses to metabolic stress may con-
tribute to the rapid progression of MASH in STZ+HFD mice. Fur-
thermore, oxidative cellular damage is known to play a significant role
in the development of MASLD-related HCC* which could explain why
HCC is frequently observed in our model. However, since additional
factors, such as genomic instability, contribute to the occurrence of
HCC?, further research on the underlying cause of HCC development
in STZ + HFD mice is warranted.

In conclusion, using low-dose STZ and HFD, we successfully
established a murine MASLD model exhibiting the full spectrum of
histopathologic, transcriptomic, and metabolic characteristics. With
the aid of this model, we demonstrated the potential of tirzepatide as
an effective therapeutic agent for MASLD. The collective findings
indicate that the STZ + HFD murine model established in this study
shows promise as a useful tool for advancing our knowledge of the
pathophysiology of MASLD and developing innovative therapeutic
options.

Methods

Animals and models

Male C57BL/6]) mice purchased from Charles River Japan (Yoko-
hama, Japan) were housed in climate-controlled, specific pathogen-
free barrier facilities under a 12 h light-dark cycle at 24 °C with
40-60% humidity, and provided diet and water ad libitum. Because
MASLD and HCC are more prevalent in males in both humans and
mice, this study exclusively used male mice to ensure faster disease
progression and more accurate evaluation. To generate an animal
model of MASLD, STZ (Sigma-Aldrich (Saint Louis, MO, USA) S0103)
at a dose of 40 mg/kg body weight was injected intraperitoneally for
five consecutive days from 7 weeks of age. Mice were fed SCD
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(Teklad Global 18% Protein Rodent Diet 2018; Harlan Teklad, WI,
USA), 18% fat (STZ + SCD) or HFD (Research Diet (New Brunswick,
NJ, USA) D12492, 60% fat) (STZ + HFD) from 8 weeks of age. Liver
histology, transcriptomes, and metabolic phenotypes were asses-
sed at multiple time-points. The dietary modification study was
performed on mice in the STZ + HFD group at 20 weeks of age that
were switched to SCD for 6 weeks and mice in the STZ + HFD group
at 33 weeks switched to SCD for 18 weeks.

For in vivo efficacy studies on tirzepatide, STZ + HFD mice at 21,
28, and 41 weeks of age were randomized according to body weight.
All experimental groups contained more than 6 mice. Tirzepatide
was synthesized at CPC (Chinese Peptide Company, Hangzhou,
China) by using the solid phase peptide synthesis method. Vehicle
(HyClone DPBS, Cytiva, Germany) or tirzepatide (109.5 nmol/kg,
CPC) dissolved in the vehicle was administered via subcutaneous
injection to ad libitum-fed STZ + HFD mice 1-2 hours prior to the
onset of the dark cycle every 2 days for 10 to 11 weeks. Body weights
were measured every week throughout the study. The general
condition of animals was monitored in all studies and no adverse
effects were reported.

Human study cohort

Human liver biopsy specimens were obtained at the Severance
Hospital from four healthy living donors for liver transplantation, as
well as from 28 patients diagnosed with MASLD, identified by the
presence of hepatic steatosis in the biopsy along with at least one of
five cardiometabolic risk factors outlined in the Delphi consensus
statement'. Patients were grouped according to NAS ranging from 2
to 7 and fibrosis stages ranging from 1 to 4. Participants were
excluded from the study in cases of significant alcohol intake
(>30 g/day for men and 20 g/day for women) or laboratory evidence
of the coexistence of other forms of liver disease with MASLD. Since
our goal was to confirm the similarity between the STZ + HFD mouse
model and humans in MASLD progression, we did not analyze
gender differences. Participants’ biological sex was self-reported.

Histological analysis

Mouse liver and epididymal white adipose tissue (eWAT) were
harvested, fixed in 10% neutral buffered formalin solution (Sigma-
Aldrich, Saint Louis, MO, USA), and embedded in paraffin. Formalin-
fixed paraffin-embedded (FFPE) sections were stained with hema-
toxylin and eosin (H&E) for histological assessment of both human
and mouse sections. Hepatic fibrosis was assessed using Masson’s
trichrome staining kit (Agilent Dako, AR173, Santa Clara, CA, USA).
NAFLD activity score and fibrosis stage were determined by an
expert pathologist according to the NASH CRN scoring system*.
Histological scoring was performed by researchers blinded to other
information.

Immunohistochemistry, immunofluorescence, and special
staining techniques

FFPE sections were deparaffinized, rehydrated, and boiled in 10 mM
sodium citrate buffer (pH 6.0) for 10 minutes for antigen retrieval.
Next, sections were incubated with primary antibodies against GPC-3
(Cell Marque, Rocklin, CA, USA; 261M-9, 1G12, 1:100) and GS (Merck,
Darmstadt, Germany; MAB302, GS-6, 1:100) for immunohistochemical
analysis. Terminal deoxynucleotidyl transferase dUTP nick end label-
ing (TUNEL) staining was performed after immunofluorescence stain-
ing according to the manufacturer’s instructions (Roche, Basel,
Switzerland; 11684795910). The number of apoptotic cells was manu-
ally counted at 20x magnification with 10 fields per case. Reticulin was
stained with a Reticulum Il staining kit (Roche) without dilution
according to manufacturer’s instructions. Images were obtained using
afluorescence or a bright-field microscope with DS-Ri2 camera (Nikon,
Tokyo, Japan).

Blood chemistry analysis

Blood samples were collected by retro-orbital bleeding into plasma
separation tubes with lithium heparin (BD Biosciences, Franklin Lakes,
NJ, USA), followed by centrifugation at 12,000 x g for 1min at 4 °C.
Enzymatic colorimetric assay kits for AST (Roche), ALT (Roche), total
cholesterol (Roche), TG (Roche), and free fatty acid (Wako, Osaka,
Japan) were used to determine plasma levels on a Cobas 8000 modular
analyzer (Roche) at GreenCross LabCell (Yongin, Korea). To examine
fasting blood glucose and insulin levels, mice were fasted for 6 hours a
day. Glucose concentrations were measured from the tail vein blood
using a Gluco DR TOP glucometer. Peripheral blood was collected
from mouse tail vein using a heparin-coated capillary tube into plasma
separation tubes with lithium heparin (BD Biosciences), followed by
centrifugation at 12,000 x g for 1min at 4°C. Plasma insulin con-
centrations were quantified using a Mouse Ultrasensitive Insulin ELISA
kit (ALPCO, Salem, NH, USA) according to the manufacturer’s
instructions.

Glucose tolerance test

For the glucose tolerance test, 2g per kg body weight D-glucose
(Merck) in phosphate-buffered saline (PBS) was intraperitoneally
injected into overnight fasted mice. Glucose concentrations were
measured in tail vein blood immediately before and 15, 30, 60, 90, and
120 minutes after injection using a Gluco DR TOP glucometer (Allme-
dicus, Anyang, Korea).

Intravital liver imaging

To visualize hepatic lipid droplets and collagen fibers of STZ + HFD
mice in vivo, a customized laser scanning two-photon microscopy
system was used as described previously”’. In brief, intravenous
injection of SF44 (120 L of 1.67 mM; SPARK Biopharma, Seoul, Korea)
was used for fluorescent labeling of hepatic lipid droplets in vivo
30 minutes prior to imaging'®, while hepatic collagen fibers were
labeled using two-photon excitation fluorescence and second harmo-
nic generation imaging®’. In total, 4-5 mice were analyzed for each
experimental group.

RNA-seq library construction and sequencing

Total RNA was isolated using a RNeasy Mini kit (Qiagen, Hilden, Ger-
many; 74104) in keeping with the manufacturer’s instructions. The
integrity of total RNA was assessed using an Agilent 2100 Bioanalyzer
System (Agilent Technologies, Santa Clara, CA, USA) and an Agilent
RNA 6000 Nano Kit (Agilent Technologies, 5067-1511). Samples with
RNA Integrity Number (RIN) values > 8 were selected for experimental
use. Libraries were constructed using 1pg total RNA. The RNA
sequencing library was prepared using a NEBNext Ultra Il Directional
RNA Library Prep Kit for lllumina (New England BioLabs, Ipswitch, MA,
USA; E7760) and sequencing was performed using an Illumina Nova-
Seq 6000 platform (Illumina, San Diego, CA, USA) to generate 100 bp
paired-end reads.

ATAC-seq library construction and sequencing

ATAC-seq libraries were prepared from 5mg of fresh liver tissue. In
brief, nuclei were extracted using the Singulator 100 system (S2
Genomics, CA, USA) with an extended nuclear dissociation protocol.
Nuclear concentrations were determined using a LUNA-FL™ Auto-
mated Fluorescence Cell Counter (Logos biosystems, Anyang, Korea)
and morphological examinations were performed. Next, 50,000 nuclei
were transferred to an Eppendorf tube containing 1 mL of ATAC-seq
resuspension buffer (RSB; 10 mM Tris-HCI pH7.4, 10 mM NaCl, and
3mM MgCl, in water) with 0.1% Tween-20. The solution was cen-
trifuged at 500 g for 10 minutes at 4 °C and the supernatant removed.
The pre-mixed transposition solution (25puL 2x TD buffer from the
lllumina Nextera DNA library preparation kit, 2.5puL transposase,
16.5puL PBS, 0.5pL digitonin, 0.5 uL 10% Tween-20, 5L water) was
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added to pellets, mixed by pipetting, and incubated at 37 °C for
30 minutes. Eluted DNA was purified using a Qiagen MinElute PCR
purification Kit (Qiagen) and amplified with a transposed DNA frag-
ment using the Nextera DNA Flex kit (Illumina). Quantification of DNA
was performed with the PicoGreen method using Victor 3 fluorometry
(cat. P7589; Invitrogen, MA, USA). The quality of ATAC-seq libraries
was examined using TapeStation D1000 (Agilent) and libraries were
sequenced using the HiSeql0 platform (lllumina).

Processing and analysis of RNA-seq data

Raw sequencing data obtained from mouse were mapped to
mouse genome build mml10 (GRCm38) and those from humans
mapped to human genome build 38 (GRCh38) using STAR (ver-
sion 020201). Count matrices were generated using RSEM
(v1.3.1)°°*', Differential expression analysis between two groups
(at least three biological replicates per condition) was performed
using the DESeq2 R package (v.1.32.0) and that among multiple
groups was performed using the same package with the like-
lihood ratio test>. DEGs with adjusted p-values less than 0.05
were used for analyses between two groups while analyses of
more than three groups used DEGs with adjusted p-value less than
0.001. DEGs were subjected to k-means clustering with R stats
package (v.4.2.2) using the optimal number of clusters. The
optimal number of clusters was determined with the fviz_nb-
clust() function using the Factoextra R package (v.1.0.7). Func-
tional enrichment analyses of genes were performed with Enrichr
(v.3.2) using KEGG_2019_Mouse and GO_Biological_Process_2021
gene-set libraries®***. Correlation analysis of mouse and human
global transcriptome was conducted using SubMap version 4,
which is Subclass Mapping algorithm implemented in the Gene-
Pattern genomic analysis toolkit, with default settings and the
resulting nominal p-values with Fisher’s exact test used”. To
identify the transcriptomic changes shared between mouse and
human systems, genes that were differentially expressed in same
direction in both species were collected and integrated with high-
confidence interactions from STRING (v.11.0) to generate a pro-
tein interaction network (edge score, >0.7)°°. The generated
network was inputted into the CDAPS hierarchical clustering tool
using the OSLOM clustering algorithm in Cytoscape (v.3.10.1)°"~°,
The resulting gene cluster system of highly interconnected genes
was annotated with KEGG, GO and REACTOME pathway databases
using g:Profiler from the 2023-04-19 release®. The list of genes
involved in the Wnt signaling pathway was referenced using Gene
Ontology data (G0O:0016055) from the 2024-03-28 release®"®%,
Gene set enrichment analyses were performed with GSEA v.4.3.3
using human HCC signature gene sets from three published
dat325727,63'

Processing and analysis of ATAC-seq data

Raw ATAC-seq data were trimmed by removing adapters and
sequences shorter than 36 base pairs (bp) using TrimGalore (ver.
0.5.0)%*. The quality of processed reads was assessed using FastQC. All
trimmed data had >90% ratio of reads with Phred quality scores of over
30%. Trimmed data were aligned to the mouse genome (mmlO,
GRCm38) using Bowtie2 (version 2.3.5.1) using the following para-
meters: -very-sensitive -no-discordant -no-mixed -no-unal®®. Mito-
chondrial reads were subsequently removed using Samtools (version
1.9) and PCR duplicated reads removed using Picard MarkDuplicates
tool (Picard version 2.2.2)°”%, Peak calling was performed with MACS2
(version 2.1.1) and ENCODE blacklisted regions for mm10 subtracted
with Bedtools intersect (version 2.27.1)°°7°,

Differentially accessible regions between groups were identi-
fied using Diffbind (v.3.4.11) within R™. In brief, peaks from MACS2
and sample metadata were inputted into R, and read counts for
consensus peaksets and overlapping peaks in each sample

subsequently counted. Counts were normalized and the Pearson
Correlation Coefficient between each sample was calculated
using the R cor.test() function. Differentially accessible
regions (peaks) between each group were examined with
DESeq2 (adjusted p-value <0.05)*>. The differentially accessible
regions for each comparison analysis were divided into two groups
based on fold change (upregulated or downregulated) and over-
lapping genes annotated using annotation databases
(TxDb.Mmusculus.UCSC.mm10.knownGene). Functional enrich-
ment analysis of genes was performed with Enrichr as
described above.

Statistical analysis and reproducibility

All results are expressed as mean +standard error of the mean.
Levene’s test of equality of variances was used to examine
homogeneity of variance across groups. Then comparisons of
groups with homogeneity of variance were performed using two-
tailed Student’s ¢-test or analysis of variance with post-hoc
Tukey’s test. On the other hand, comparisons of groups without
homogeneity of variance were performed using Welch’s ¢-test or
Welch’s analysis of variance with post-hoc Games-Howell test.
Fisher’s exact test was used to verify the association between
categorical variables. P values below 0.05 were considered sta-
tistically significant. All analyses were performed using R package
stats (ver. 4.2.2) and rstatix (ver. 0.7.2).

To choose the sample size for experiments, the effect size of
the NAFLD activity score between the 20-week-old STZ + HFD mice
and the control mice before STZ treatment was calculated. The
result was 3.38 (Cohen’s d). Based on this effect size, a sample size of
2.75 was required to detect a difference with a p-value of 0.05 and a
power of 0.80 between the two groups. In vivo imaging and
sequencing studies were then carried out with at least 3 biological
replicates each. All data were included in the analysis except for
cases where mice died unexpectedly during the experiment. All
mice were randomly assigned to their respective groups. The
NAFLD activity scores and fibrosis stages were evaluated in a blin-
ded fashion. The investigators were blinded to group allocation
during data collection and analysis.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The RNA-seq and ATAC-seq data generated in this study have been
deposited in the Gene Expression Omnibus (GEO) database under the
accession code GSE246223. Expression dataset of NAFLD patients
with obesity, NAFLD patients with HCC, and HCC patients with other
etiologies were downloaded from GEO database (GSE163211,
GSE164760, GSE63898. The RNA-seq data of diethylnitrosamine-
treated HFD-fed mice was downloaded from the Genome Sequence
Archive [https://ngdc.cncb.ac.cn/gsa/browse/CRA000931]. Mole-
cular signature gene sets of HCCs were obtained from three publicly
available data ([https://doi.org/10.1002/hep.21467], [https://doi.org/
10.1158/0008-5472.CAN-09-1089], [https://doi.org/10.1002/hep.
29254]). Source data are provided with this paper.
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