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Abstract

The choline-deficient L-amino acid defined-high-fat diet (CDAA-HFD) mouse model is widely used in preclinical metabolic dysfunction-
associated steatohepatitis (MASH) research. To validate the CDAA-HFD mouse, we evaluated disease progression and responsive-
ness to dietary and pharmacological interventions with semaglutide, lanifibranor, elafibranor, obeticholic acid (OCA), firsocostat, and
resmetirom. Disease phenotyping was performed in C57BL/6J mice fed CDAA-HFD for 3—20 wk and ranked using the MASLD Human
Proximity Score (MHPS). Semaglutide, lanifibranor, elafibranor, OCA, firsocostat, or resmetirom were profiled as treatment intervention
for 8 wk, starting after 6 wk of CDAA-HFD feeding. Semaglutide and lanifibranor were further evaluated as early (preventive) therapy
for 9 wk, starting 3 wk after CDAA-HFD diet feeding. In addition, benefits of dietary intervention (chow reversal) for 8 wk were charac-
terized following 6 wk of CDAA-HFD feeding. CDAA-HFD mice demonstrated a nonobese phenotype with fast onset and progression
of MASH and fibrosis, high similarity to human MASH-fibrosis, and tumor development after 20 wk of diet-induction. Semaglutide and
lanifibranor partially reversed fibrosis when administered as prevention but not as treatment intervention. Elafibranor was the only
interventional drug therapy to improve fibrosis. In comparison, chow-reversal resulted in complete regression of steatosis with
improved liver inflammation and fibrosis in CDAA-HFD mice. CDAA-HFD mice recapitulate histological hallmarks of advanced MASH
with progressive severe fibrosis, however, in the absence of a clinical translational obese dysmetabolic phenotype. CDAA-HFD mice
are suitable for profiling drug candidates directly targeting hepatic lipid metabolism, inflammation, and fibrosis. The timing of pharma-
cological intervention is critical for determining antifibrotic drug efficacy in the model.

NEW & NOTEWORTHY The CDAA-HFD mouse model is widely used in preclinical MASH research, but validation of the model
is lacking. This study presents the longitudinal characterization of disease progression. Furthermore, late-stage clinical com-
pounds and dietary intervention (chow reversal) display distinct hepatoprotective effects in the model. Collectively, the study pro-
vides critical information guiding the use of the CDAA-HFD mouse model in preclinical drug discovery for MASH and fibrosis.

CDAA-HFD mouse; metabolic dysfunction-associated steatohepatitis; fibrosis; disease progression; treatment intervention

INTRODUCTION

Metabolic dysfunction-associated steatotic liver disease
[MASLD, formerly known as nonalcoholic fatty liver disease
(NAFLD)] encompasses a spectrum of liver conditions, rang-
ing from simple steatosis to metabolic dysfunction associ-
ated steatohepatitis [MASH, formerly known as nonalcoholic
steatohepatitis (NASH)]. MASH is characterized by hepato-
cyte injury (hepatocyte ballooning) and inflammation carry-
ing an increased risk of liver fibrosis, which is the strongest
predictor of disease progression and mortality in MASLD (1).
MASH can develop asymptomatically over decades and may
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progress to cirrhosis, hepatocellular carcinoma (HCC), and
ultimately liver failure and premature death. The global
prevalence of MASLD is estimated to have passed 30%,
driven by the epidemics of obesity and type 2 diabetes, thus
being a significant burden on global public health (2).
Treatment options are limited for MASH, comprising dietary
and lifestyle intervention. As a landmark in clinical drug de-
velopment for MASH, FDA has recently granted accelerated
approval for resmetirom (Rezdiffra), a liver-targeted thyroid
hormone receptor f (THR-B) agonist, in conjunction with
diet and exercise for the treatment of patients with MASH
with moderate to advanced liver fibrosis (3, 4). Considering
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the relatively moderate response rate and efficacy of resme-
tirom (5), there will be a continuous need for drugs with
improved efficacy profiles for more effective management of
MASH.

The complex molecular signaling mechanisms involved in
the onset and progression of MASH are reflected in the
diverse range of drug targets currently pursued in preclinical
and clinical drug discovery (6, 7). Nutrient-deficient models,
based on diets that are low or devoid of the essential amino
acids methionine and/or choline, are widely used in preclini-
cal drug discovery. Dietary deficiency of the lipotropic
amino acid choline impedes phospholipid synthesis thereby
impairing very-low-density lipoprotein (VLDL) packaging,
reducing hepatic fatty acid oxidation and export of triglycer-
ides. This results in increased intrahepatic oxidative stress
and excessive lipid accumulation, which triggers rapid onset
of liver inflammation and fibrosis, however, in the context of
halted growth (8, 9). One of the most common nutrient-defi-
cient models used in preclinical drug discovery is based
on feeding with a choline-deficient L-amino acid-defined
(CDAA) diet, where choline has been substituted with an
equivalent mixture of L-amino acids (10). CDAA diet feeding
promotes the rapid onset of MASH and the development of
fibrosis within 6 wk (11). Further extension of the CDAA feed-
ing period causes manifest cirrhosis and development of he-
patocellular carcinoma (HCC) (12, 13). High-fat diet (HFD)
and sugar supplementation have been introduced to prevent
marked CDAA diet-induced weight loss (11, 13, 14). In addi-
tion, cholesterol supplementation can further accelerate dis-
ease progression in CDAA diet-fed rodents (15). The rapid
development of histological features of MASH with severe fi-
brosis in CDAA-HFD mice makes the model attractive for
screening of potential antifibrotic drug candidates. Despite
the wide use in preclinical research, few studies have longi-
tudinally characterized disease progression in CDAA-HFD
mice (11, 16) and head-to-head efficacy studies on clinically
relevant compounds are lacking in the model.

To further validate the CDAA-HFD mouse as an applicable
model in preclinical drug discovery, the current study aimed
to profile disease progression in the model and compare
treatment interventional effects of six compounds evaluated
in phase-2/3 trials for MASH. These included semaglutide
(long-acting glucagon-like peptide-1 receptor 1 (GLP-1R)
agonist) (17); lanifibranor [peroxisome proliferator-acti-
vated receptor (PPAR)-o/3/) agonist] (18); elafibranor
(PPAR-0/8 agonist) (19); obeticholic acid [OCA, farnesoid
X receptor (FXR) agonist] (20); firsocostat [acetyl-CoA car-
boxylase (ACC) inhibitor] (21), and resmetirom [thyroid hor-
mone receptor B (THR-B) agonist] (5). The efficacy of drug
therapies was compared with dietary intervention (chow-re-
versal). The CDAA-HFD mouse model was also characterized
in the context of early-stage disease management, i.e., before
the onset of liver fibrosis, by early introduction (preventive
therapy) of semaglutide and lanifibranor monotherapy.

MATERIALS AND METHODS

Ethics

All animal experiments were approved by the Danish Animal
Experiments Inspectorate and adhered to internationally
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accepted principles for the use of laboratory animals
(license no. 2013-15-2934-00784). Animal experiments were
conducted in accordance with Gubra bioethical guidelines,
which are fully compliant with internationally accepted
principles for the care and use of laboratory animals.

Animals

Male C57BL/6J mice were purchased from Janvier Labs
(Le Genest Saint Isle, France) at 9 to 10 wk of age and housed
in a controlled environment (12-h light/dark cycle, lights on
at 3:00 AM, 21+2°C, humidity 50 £ 10%). Animals were iden-
tified by an implantable subcutaneous microchip (PetID
Microchip, E-vet, Haderslev, Denmark). Mice had ad libitum
access to tap water and chow (3.22 kcal/g, Altromin 1324,
Brogaarden, Hgrsholm, Denmark) or a choline-deficient
L-amino acid-defined, high-fat diet [CDAA-HFD; 45 kcal-% fat
with 0.1% methionine, no added choline, 1% cholesterol, 28
kcal-% fructose, A16092201, Research Diets, New Brunswick,
NJ (see Supplemental Table S1 for full nutrient composition)]
for 3, 6, 12, or 20 wk (n = 12 per time point; see study outline
in Fig. 2A). Mice fed with chow for 8-20 wKk (total 8-12/time-
point, total n = 26), served as healthy controls. Animals were
terminated by cardiac puncture under isoflurane anesthesia
(Vetflurane, Virbac, Kolding, Denmark).

Dietary Intervention

For the chow reversal study, mice were randomized
according to body weight determined 3 days before the study
start. A baseline group was terminated at the study start, af-
ter the completion of 6 wk of CDAA-HFD diet induction.
At study start, CDAA-HFD fed mice were switched to chow
or remained on CDAA-HFD for 8 wk (n = 12 per group)
(Fig. 5A). Mice fed chow throughout served as healthy con-
trols (n = 8). Body weight was measured daily throughout
the in vivo phase.

Pharmacological Intervention

Treatment with semaglutide, elafibranor, OCA, firsoco-
stat, lanifibranor, and resmetirom was characterized in
CDAA-HFD mice in the context of treatment intervention.
Lanifibranor was further characterized in the context of
preventive therapy, i.e., initiation of treatment before the
onset of fibrosis. Animals were randomized and stratified
to treatment according to body weight determined three
days before study start. Baseline groups were terminated
after completion of the corresponding CDAA-HFD diet
induction period. Prevention therapy was initiated after 3
wk of CDAA-HFD feeding (Fig. 7A), whereas treatment
intervention was started after 6 wk of CDAA-HFD feeding
(Fig. 6A). CDAA-HFD mice (n = 10-12 per group) were
administered vehicle, semaglutide (30 nmol/kg sc, daily),
elafibranor (30 mg/kg po, daily), OCA (30 mg/kg, po,
daily), firsocostat (5 mg/kg po, daily), lanifibranor (30 mg/
kg po, daily), or resmetirom (1 mg/kg po, daily) for 8 wk. In
the setting of prevention therapy, semaglutide and lanifi-
branor were administered for 9 wk. Mice remained on the
CDAA-HFD throughout the study. Vehicles and com-
pounds were administered in a dosing volume of 5 mL/kg.
Body weight was measured daily throughout the in vivo
phase.
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Glucose Tolerance Test

An intraperitoneal glucose tolerance test (ipGTT) was per-
formed in mice fed chow or CDAA-HFD for 10 wk. Animals
were fasted for 4 h after which an intraperitoneal glucose
bolus (2 g glucose/kg, 10 mL/kg; Fresenius Kabi, Uppsala,
Sweden) was administrated at ¢ = 0. Blood samples were col-
lected from the tail vein (20 pL per sample) at ¢ = 0, 15, 30, 60,
120, and 180 min for measuring blood glucose. The glucose
area under the curve (AUC, 0-180 min) was determined.

Plasma and Liver Biochemistry

Four-hour fasted terminal blood was sampled from the
tail vein, kept on ice, and centrifuged (5 min, 4°C, 6,000 g) to
generate EDTA-stabilized plasma assayed for insulin, ala-
nine aminotransferase (ALT), aspartate aminotransferase
(AST), triglycerides (TGs), total cholesterol (TC), and liver TG
and TC, as described previously (22). For the determination
of hydroxyproline (HP), quick-frozen liver tissue (100 mg)
was homogenized in 6MHCI and hydrolyzed to degrade col-
lagen. Hydroxyproline content was then measured in the su-
pernatant using a colorimetric kit (Cat. No. QZBHYPROS5,
Quickzyme Biosciences, Leiden, The Netherlands) according
to the manufacturer’s instructions. The HOMA-IR (homeo-
stasis model assessment of insulin resistance) index was cal-
culated using the standard equation [fasting plasma insulin
(mU/L) x fasting blood glucose (mmol/L)/22.5], as previously
described (23). Plasma markers of fibrosis included amino-
terminal propeptide of type III procollagen (PIIINP, no.
CSB-E08095m, CusaBio, Houston, TX) and tissue inhibitor
of metalloproteinase-1 (TIMP-1). PIIINP was determined
according to the manufacturer’s instructions, TIMP-1 was
assayed, as previously described (24).

Liver Histology

A terminal liver biopsy (=200 mg) was dissected from the
left lateral lobe, fixed overnight in 4% paraformaldehyde,
paraffin-embedded, and sectioned (3 um thickness). Sections
were stained with hematoxylin-eosin (HE), picrosirius red
(PSR; Sigma-Aldrich, Brgndby, Denmark), anti-galectin-3
(cat. 125402, Biolegend, San Diego, CA), anti-a-smooth mus-
cle action (a-SMA, cat. Ab124964; Abcam, Cambridge, UK) or
anti-type I collagen (Collal, cat. 1310-01, Southern Biotech,
Birmingham, AL) using standard procedures (22, 25).

Automated Deep Learning-Based Image Analysis

Histopathological scoring of steatosis, lobular inflam-
mation, hepatocyte ballooning, and fibrosis staging was
performed by Gubra Histopathological Objective Scoring
Technology (GHOST) automated deep learning-based image
analysis (see later) according to the MASH CRN scoring sys-
tem as outlined by Kleiner et al. (26). The deep learning-
based image analysis tool has previously been described in
detail by Mgllerhgj et al. (27). For fibrosis staging, the image
analysis tool was further trained with PSR-stained liver biop-
sies from CDAA-HFD mice for more accurate detection of
central veins and portal triads. The bridging segmentation
was also adjusted to CDAA-HFD liver samples. Deep learn-
ing-based image analysis was further applied for quantita-
tive histology assessment of the fraction (%) of lipid-laden
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hepatocytes, number of inflammatory foci (foci/mm?), and
proportionate (%) area of periportal and sinusoidal fibrosis.
Digital imaging software (Visiomorph, Visiopharm, Hgrsholm,
Denmark) was used for determining levels of liver fat (HE-
staining), fibrosis (PSR, Collal), inflammation (galectin-3), and
activation of hepatic stellate cells (HSCs) (a-SMA), expressed
relative (%) to the total liver sectional area. To account for
treatment-induced changes in liver mass, whole liver marker
content (mg) was estimated by multiplying the percent area of
positive staining with corresponding total liver weight, as
described previously.

RNA Sequencing

Liver transcriptome analysis was performed by RNA
sequencing on RNA extracts from terminal liver samples (15
mg fresh tissue), as described in detail elsewhere (24). RNA
sequence libraries were prepared using the NEBNext Ultra IT
Directional RNA Library Prep Kit for Illumina (New England
Biolabs, Ipswich) and sequenced on the NextSeq 550
(Illumina) with NextSeq 500/550 High Output Kit V2 (75
CYS, Illumina, San Diego, CA). Reads were aligned to the
GRCm38 v96 Ensembl Mus musculus genome using STAR
v.2.7.0f (28) with default parameters. Downstream RNA-seq
data analysis was performed using the statistical software R
(29). Differential gene expression analysis was performed
with the R-package DEseq2 v1.24.03232. Genes with a
Benjamini and Hochberg adjusted P < 0.05 after correcting
for multiple testing (5% false discovery rate) were regarded
as statistically significantly regulated. Gene regulation and
expression were investigated in 153 mouse homologous
genes (out of 158 human gene markers) curated based on pre-
vious reports of association with human HCC (30-33).

MASLD Human Proximity Score

The MASLD Human Proximity Score (MHPS) ranking sys-
tem, developed by the LITMUS Consortium (https://litmus-
project.eu/), was applied to rank the current CDAA-HFD
models (3, 6, 12, and 20 wk on diet, respectively) against a
total of 39 established MASLD rodent models and CCl, as a
positive control for fibrosis, as described in detail by Vacca et
al. (34). The MHPS ranking system is a bioinformatic pipe-
line integrating metabolic phenotype data, liver histology,
and liver transcriptome benchmarked against human dis-
ease to create a score reflecting proximity to human MASH
outcome. Histological scoring data from the CDAA-HFD
mouse was derived using the GHOST automated deep learn-
ing-based image analysis and thoroughly reviewed by expert
liver pathologists. Histology data as well as corresponding
phenotypic data (body weight, liver weight, plasma ALT,
AST, and TG) and transcriptomics data were integrated into
the bioinformatic pipeline, yielding a score in the MHPS
ranking system. This unbiased scoring method provides a
dual ranking based on the ability of the rodent model to
induce metabolic or MASH-fibrotic outcomes. The bioinfor-
matic pipeline integrates the three layers of metabolic phe-
notype data, liver histology, and liver transcriptomics. The
score from each layer is combined into the final metabolic-
or MASH-fibrosis-related MHPS final ranking, summarizing
the rodent model’s resemblance to corresponding human
MASLD outcomes.
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Statistics

Except for deep learning-based image analysis and RNA
sequencing (described earlier), data were analyzed using
GraphPad Prism v9.0.2 software (GraphPad, La Jolla, CA).
All results are shown as means + SE. Dunnett’s test one- or
two-factor linear model with interaction was used for all
other statistical analyses. A P value less than 0.05 was con-
sidered statistically significant.

RESULTS

GHOST Deep Learning-Based Automated
Histopathological Scoring in CDAA-HFD Mice

Liver biopsy sections stained with HE and PSR were
used for the detection of central veins and portal triads
(Fig. 1, A, B, E, and F), enabling subsequent segmentation
of zones for NAS and fibrosis histopathological scoring.
Relevant cell types (hepatocytes, inflammatory cells, and
ballooned hepatocytes) were identified using HE-stained
sections (Fig. 1, A-C). Inflammatory foci were defined and
segmented as clusters of three or more adjacent inflam-
matory cells (Fig. 1D). A test set of 103 liver biopsies (93
CDAA-HFD mice and 10 chow mice) was employed for
designing and validating the GHOST application. For
these biopsies, histopathological scores derived from the
GHOST AI pipeline were compared with manual NAS
scoring assessed by expert histopathologists. The reliabil-
ity of the GHOST application was assessed using Cohen’s
kappa coefficient, demonstrating high concordance between
automated and manual NAS scoring (Fig. 11, Cohen’s kappa
value: 0.85). Collagen fibers visualized by PSR staining were
segmented according to anatomical architecture, i.e., sinu-
soidal or periportal fibrosis (Fig. 1G), further enabling the
segmentation of fibers forming bridges and branch points
(Fig. 1H). Based on these segmentations, the fibrosis stage
was computed and validated on the test set of 288 mouse
liver biopsies, demonstrating a high degree of agreement
between automated and manually scored samples (Fig. 1J,
Cohen’s kappa value: 0.81). In addition, the GHOST applica-
tion was used for additional quantitative assessment of his-
topathological scoring variables, including steatosis (relative
number of hepatocytes with lipid droplets), lobular inflam-
mation (number of inflammatory foci), and fibrosis (sinusoi-
dal and periportal fibrosis).

Disease Progression in CDAA-HFD Mice

Parameters of MASH were evaluated after 3-20 wk of
CDAA-HFD feeding and compared with mice fed a chow diet
for 20 wk (Fig. 2A). Groups (3w and 12w) ran in parallel while
6w and 20w groups ran independently. CDAA-HFD mice
demonstrated lower weight, compared with chow-fed ani-
mals (Fig. 2B; CDAA-HFD 20w, 24+0.2 g; chow, 29+0.3 g,
P < 0.001). CDAA-HFD mice demonstrated robust hepato-
megaly (Fig. 2C; CDAA-HFD 20w, 2.0+ 0.1 g; chow, 1.2+ 0.1 g,
P < 0.001). Compared with chow controls, plasma markers
of liver injury (ALT, AST) were significantly increased at all
timepoints (Fig. 2, D and E, P < 0.001), peaking after 6 wk of
CDAA-HFD feeding. Twelve weeks of CDAA-HFD diet feed-
ing reduced lean tissue mass (25%) as well as fasting plasma
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insulin, HOMA-IR, and glucose AUC in an intraperitoneal
glucose tolerance test (IPGTT) (Supplemental Fig. S1, A-F,
P < 0.001). Levels of plasma TG and TC were decreased after
12 wk of CDAA-HFD feeding while plasma TIMP-1, plasma
PITINP, liver triglycerides (TG), liver total cholesterol (TC),
and liver hydroxyproline (HP) were increased (Supplemental
Fig. S1, G-M, P < 0.001). Histological analyses indicated
rapid onset of MASH (NAS = 6) after 3 wk of CDAA-HFD
feeding (Fig. 2F, P < 0.001). This was also reflected by the
rapid induction of severe steatosis (score 3) and lobular
inflammation (score 3) (Fig. 2G, P < 0.001). Ballooning
degeneration was absent in CDAA-HFD mice, irrespective of
the feeding period employed (Fig. 2G). Mild to moderate fi-
brosis (stages F1-2) was evident from week 6 and progressed
to advanced fibrosis (stage F3) in all animals from week 12
and onward (Fig. 2F, P < 0.001). Histomorphometric analy-
ses supported accelerated disease progression in CDAA-HFD
mice. Accordingly, the CDAA-HFD mice demonstrated sig-
nificantly increased quantitative histological markers of ste-
atosis (% hepatocytes with lipid droplets, Fig. 2H, P < 0.001;
% area of lipids, Fig. 2M, P < 0.001) lobular inflammation
(number of inflammatory foci, Fig. 2I, P < 0.001; % area of
galectin-3, Fig. 2N, P < 0.001) from week 3 and onward.
a-SMA, an early marker of HSC activation and fibrogene-
sis3838, was gradually increased from weeks 3 to 12 (Fig. 20,
P < 0.001) and remained stable thereafter. Markers of fibro-
sis (% area of periportal fibrosis, sinusoidal fibrosis; % area of
PSR and Collal) showed progressive increases over the entire
study period, however, most markedly after 12 wk of CDAA-
HFD feeding (Fig. 2, J, K, L, and P, P < 0.001). The total con-
tent of individual quantitative histological markers is shown
in Supplemental Fig. S5A.

Transcriptome Signatures in CDAA-HFD Mice

Hepatic global gene expression signatures in CDAA-
HFD fed mice clearly separated from chow-fed controls, as
shown by the PCA plot of the 500 most variables (Fig. 3A).
There was an excessive number of differentially expressed
genes (DEGs) detected after 3 wk on diet (n = 9,751), which
increased further with extended duration of CDAA-HFD
feeding (Fig. 3B). Considerable overlap between liver tran-
scriptome signatures was observed in mice fed the CDAA-
HFD for 3-20 wk (Fig. 3C). At all timepoints, CDAA-HFD
mice displayed a widespread increase in the expression of
seven defined gene categories, i.e., inflammation, hepato-
cellular injury and extracellular matrix (ECM) organization
as compared with chow-fed controls. Less pronounced reg-
ulations were observed for genes associated with glucose,
bile, and lipid metabolism as well as ER stress (Fig. 3D). At
all timepoints, CDAA-HFD feeding promoted wide-
spread downregulation of genes related to cholesterol
biosynthesis. The RNA sequencing data were examined
for potential regulations in genes encoding drug targets
relevant in the subsequent pharmacological studies.
Compared with chow controls, CDAA-HFD feeding pro-
gressively reduced Ppar-a expression but upregulated
Ppard and Pparg (Fig. 3D). CDAA-HFD feeding also sig-
nificantly decreased Acaca (Accl), Acacb (Acc2), Nrih4
(Fxr), and Thrb (Fig. 3D). Hepatic Glplr expression was
undetectable in both chow-fed controls and CDAA-HFD
mice (data not shown).
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Figure 1. Deep learning-based assessment of NAFLD Activity Score (NAS) and fibrosis stage of the liver in CDAA-HFD mice. A: steatosis, inflammation,
and hepatocyte ballooning degeneration scores were evaluated on hematoxylin-eosin (HE) stained slides. B: deep learning-based detection (GHOST
application) of portal tract (blue) at x10 magnification. C: deep learning detected nuclei of hepatocytes with lipid droplets (green), hepatocytes without
lipids (white), and inflammatory cells (yellow) at x 20 magnification. D: by postprocessing, inflammatory foci were defined as a cluster of >3 inflammatory
cells (blue). Scores were calculated based on simple threshold. E: fibrosis stage was evaluated on scanned picrosirius red (PSR)-stained slides. F: deep
learning-based detection of portal tract (blue) and central veins (pink) at x10 magnification. The boundary of the periportal zone was defined as 100 um
from the portal tract (green). G: detection of collagen fibers (dark blue) in the periportal (black arrow) and sinusoidal (green arrow) zones. Fibrosis was
detected using the linear Bayesian image analysis method, and different measures of collagen fiber fragment size and shape was used to predict bridg-
ing. H: detection of bridging fibrosis (pink), bridging zones (blue), and branch points (gray arrow). Bridging was detected using the threshold image analy-
sis method based on a polynomial local linear filter feature. Correlation of manual vs. GHOST-based assessment of NAFLD Activity Score (NAS; /) and
fibrosis stage (J). CDAA-HFD, choline-deficient L-amino acid defined-high-fat diet; GHOST, Gubra Histopathological Objective Scoring Technology;
NAFLD, nonalcoholic fatty liver disease.

changes being manifest already after 3 wk on the CDAA-HFD
diet (Supplemental Fig. S3).

CDAA-HFD Mice Develop Tumors with HCC Gene
Expression Profiles

Macroscopic evaluation of surface tumors revealed tumor MASLD Human Proximity Score Ranking of the

development only after 20 wk of CDAA-HFD induction
(CDAA-HFD 20w, 92% of mice with tumors; chow, 0% of
mice with tumors, P < 0.001) (Supplemental Fig. S2). This
was supported by analysis of a set of human HCC-associated
oncogenes and tumor suppressor genes (35), with significant

AJP-Gastrointest Liver Physiol « doi:10.1152/ajpgi.00110.2024 - www.ajpgi.org

CDAA-HFD Mouse Model

To assess the performance of the CDAA-HFD mouse model
in recapitulating human MASH, we applied the MASLD
Human Proximity Score (MHPS) (34). The bioinformatics
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Figure 2. CDAA-HFD mice show progressive de-
velopment of severe MASH with advanced fibrosis.
Mice were fed the CDAA-HFD diet for 3—20 wk
(n = 12 per group). Chow-fed mice (n = 8) served
as healthy controls. A: study outline. B: terminal
body weight. C: liver weight. D: plasma ALT. E:
plasma AST. F: NAFLD Activity Score (NAS) and fi-
brosis stage. G: steatosis, lobular inflammation, and
ballooning degeneration scores. H—P: GHOST-
based histomorphometrics on histopathological
scoring variables of lipid-laden hepatocytes (H),
inflammatory foci (/), and periportal/sinusoidal fibro-
sis (J and K), % area of picrosirius red (PSR) (L), pro-
portionate (%) area of lipids (M), % area of
inflammation (galectin-3; N), % area of a-SMA (fibro-
genesis marker; O), and % area of Collal (P). See
Supplemental Fig. S5 for total liver histological
marker levels. Middle: hematoxylin-eosin (HE)
and PSR staining illustrating the development
of steatosis and fibrosis in CDAA-HFD mice
(scale bar, 100 pm). Bottom: representative
photomicrographs of galectin-3, o-SMA, and
Collal immunostainings (scale bar, 100 um).
*P < 0.05, ***P < 0.001 vs. chow (Dunnett’s
test one-factor linear model). a-SMA; a-smooth
muscle action; ALT, alanine aminotransferase;
AST, aspartate aminotransferase; CDAA-HFD,
choline-deficient L-amino acid defined-high-fat
diet; GHOST, Gubra Histopathological Objective
Scoring Technology; MASH, metabolic dysfunc-
tion-associated steatohepatitis; NAFLD, nonalco-
holic fatty liver disease.
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pipeline consists of a dual ranking system yielding a
MASH-fibrotic ranking and metabolic ranking, respec-
tively, based on the assessment of metabolic phenotype
(Phenotype Human Proximity Score, PHPS), histological
features (Histology Human Proximity Score, HHPS), and

transcriptomic profiles [(Drug Set Enrichment Analysis,
DSEA) Human Proximity Score, DHPS], benchmarked against
human MASH. The highest-ranking models for both MASH-fi-
brosis and metabolic resemblance were all based on GAN diet
feeding. The CDAA-HFD mouse aligned within the spectrum
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Figure 3. Changes in MASH-associated hepatic gene expression signatures in response to extended CDAA-HFD feeding. A: principal component analy-
sis (PCA) of samples based on the top 500 most variable gene expression levels. B: total number of differentially regulated genes compared with chow.
C: Venn diagram depicting shared and separate differentially expressed genes in each group. D: heatmaps illustrating changes in MASH and fibrosis-
associated candidate gene expression compared with chow mice. Color gradients in heatmaps indicate significantly upregulated (red color) or downre-
gulated (blue color) gene expression (log2-fold change, false discovery rate < 0.05). Genes with nonsignificant changes are marked in white. CDAA-
HFD, choline-deficient L-amino acid defined-high-fat diet; MASH, metabolic dysfunction-associated steatohepatitis.
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Figure 5. Dietary intervention improves hall-
marks of MASH without alleviating fibrosis.
Mice were fed the CDAA-HFD diet (n = 12
per group) or chow (n = 8) for 6 wk where-
after animals were switched to chow diet or
remained on CDAA-HFD diet for 8 more
weeks. The baseline group was terminated
on study day 1. A: study outline. B: body
weight profile over the treatment period. C:
liver weight. D: plasma ALT. E: plasma AST.
F: NAFLD Activity Score (NAS) and fibrosis
stage. G: steatosis, lobular inflammation,
and ballooning degeneration scores. H—P:
GHOST-based histomorphometrics on his-
topathological scoring variables of lipid-
laden hepatocytes (H), inflammatory foci (/),
and periportal/sinusoidal fibrosis (J and K),
proportionate (%) area of lipids (L), % area
of inflammation (galectin-3; M), % area of
a-SMA (fibrogenesis marker; N), % area
of picrosirius red (PSR) (O), and % area of
Col1al(P). See Supplemental Fig. S5 for total
liver histological marker levels. Middle: he-
matoxylin-eosin (HE) and PSR staining illus-
trating the development of steatosis and
fibrosis in CDAA-HFD mice (scale bar, 100
um). Bottom: representative photomicro-
graphs of galectin-3, a-SMA, and Collal
immunostainings (scale bar, 100 pum). *P <
0.05, **P < 0.01, ***P < 0.001 vs. chow-
fed controls (Dunnett’s test one-factor linear
model). a-SMA; a-smooth muscle action;
ALT, alanine aminotransferase; AST, aspar-
tate aminotransferase; CDAA-HFD, choline-
deficient L-amino acid defined-high-fat diet;
GHOST, Gubra Histopathological Objective
Scoring Technology; MASH, metabolic dys-
function-associated steatohepatitis; NAFLD,
nonalcoholic fatty liver disease.
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of the well-established choline-deficient MASLD models but similarity to human MASH fibrotic-related outcomes as
featured more advanced fibrosis (stage F3, bridging fibrosis) reflected by intermediate MHPS scores. The model displays
compared with other CDAA-HFD based models. When assess-  high similarity within DHPS, being relevant for the evaluation
ing MASH-fibrosis ranking (Fig. 4A), the CDAA-HFD models of intrahepatic targets. Notably, CDAA-HFD models generally
(3, 6, 12, or 20 wk on diet) revealed a significant degree of scored lower in the metabolic ranking (Fig. 4B), emphasizing
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known limitations (nonobese phenotype, loss of lean tissue
mass, lack of glucose intolerance, and insulin resistance) in
the human translatability of these models.

Dietary Treatment Intervention Improves Hallmarks of
MASH and Fibrosis in CDAA-HFD Mice

Dietary intervention (chow reversal) was characterized in
the context of manifest fibrosis (treatment intervention).
CDAA-HFD mice were switched to normal chow after 6 wk
of CDAA-HFD feeding and remained on chow for 8 wk
(Fig. 5A). Compared with vehicle controls, dietary interven-
tion promoted almost complete recovery of CDAA-HFD
induced body weight loss (Fig. 5B; vehicle, 23+ 0.4 g; chow
reversal, 27+0.4 g; chow vehicle 28+0.4 g, P < 0.001).
Hepatomegaly was normalized by dietary intervention
(Fig. 5C; vehicle, 1.8 £ 0.1 g; chow reversal, 1.3+ 0.1 g; chow ve-
hicle, 1.2+0.1 g, P < 0.001) and elevated plasma transami-
nases were fully reversed (Fig. 5, D and E, P < 0.001).
Metabolic benefits of dietary intervention were paralleled by
complete reversal of steatosis and robust improvements in
lobular inflammation (Fig. 5, F and G, P < 0.001). Dietary
intervention consistently improved the fibrosis stage
(Fig. 5F; vehicle, F = 3, 12 out of 12 mice; chow reversal, F =
1, 8/12 mice, F = 3, 4/12 mice, P < 0.01). Furthermore, die-
tary intervention reduced liver HP levels (Supplemental
Fig. S4A, P < 0.001). Improvements in histopathological
scores were supported by corresponding improvements in
quantitative histological endpoints. Accordingly, dietary
intervention led to pronounced improvements in histological
markers of steatosis (% hepatocytes with lipid droplets,
Fig. 5H, P < 0.001; % area of lipids, Fig. SM, P < 0.001) and
inflammation (number of inflammatory foci, Fig. 5I, P <
0.001; % area of galectin-3, Fig. 5N, P < 0.001) as compared
with vehicle controls. Chow reversal normalized o-SMA levels
(Fig. 50, P < 0.001) and reduced the percent area of sinusoi-
dal fibrosis, PSR, and Collal (Fig. 5, K, L, and P, P < 0.001),
while not improving the percent area of periportal fibrosis
(Fig. 5J, P > 0.05). The total content of individual quantita-
tive histological markers is shown in Supplemental Fig. S5B.

Differential Outcomes of Drug Treatment Intervention in
CDAA-HFD Mice

Treatment was initiated after 6 wk of CDAA-HFD feeding to
evaluate therapeutic benefits of semaglutide, elafibranor, OCA,
firsocostat, lanifibranor, and resmetirom in the context of mani-
fest fibrosis (treatment intervention) (Fig. 6A). Compared with
baseline, vehicle-dosed CDAA-HFD mice demonstrated pro-
gressive fibrosis, as indicated by increased fibrosis stage
(Fig. 6F, P < 0.001) and supported by quantitative histological
markers of fibrosis (Fig. 6, J, K, L, O, and P, P < 0.001);

while NAS, steatosis- and lobular inflammation scores were
unchanged compared with baseline (Fig. 6, F and G, P > 0.05).
Semaglutide markedly reduced body weight (—25%), while elafi-
branor, OCA, firsocostat, lanifibranor, and resmetirom had no
significant effect on body weight (Fig. 6B; vehicle, 22 + 0.4 g; sem-
aglutide, 16+0.7 g, P < 0.001). OCA increased plasma ALT
(Fig. 6D, P < 0.05) and OCA and semaglutide increased AST
(Fig. 6E, P < 0.01) compared with corresponding vehicle-dosed
controls. Elafibranor decreased plasma AST (Fig. 6E, P < 0.001).
Firsocostat, lanifibranor, and resmetirom did not alter levels of
plasma ALT and AST (Fig. 6, D and E, P > 0.05). Semaglutide, fir-
socostat, lanifibranor, and resmetirom improved hepatomegaly
compared with corresponding vehicle-dosed CDAA-HFD con-
trols (Fig. 6C, P < 0.001). Elafibranor increased liver weight,
while OCA had no effect. Semaglutide, elafibranor, firsocostat,
and lanifibranor reduced liver HP levels (Supplemental Fig. S4B,
P < 0.001). Elafibranor, firsocostat, and lanifibranor significantly
improved NAS (Fig. 6F; vehicle, NAS = 6, 12 out of 12 mice; elafi-
branor, NAS = 3, 2/12 mice, NAS = 4, 7/12 mice, NAS = 5, 3/12
mice, P < 0.001; firsocostat, NAS = 5, 10/11 mice, NAS = 6, 1/11
mice, P < 0.01; vehicle (lani.), NAS = 6, 12/12 mice; lanifibranor,
NAS = 3, 8/12 mice, NAS = 4, 4/12 mice, P < 0.001) due to
improvements in steatosis and lobular inflammation scores
(Fig. 6G, P < 0.001). Elafibranor improved fibrosis stage (Fig. 6F;
vehicle, F = 3, 12 out of 12 mice; elafibranor, F = 1, 1/12 mice, F =
2, 8/12, F = 3, 3/12 mice, P < 0.05). Semaglutide, lanifibranor,
OCA, firsocostat, and resmetirom did not improve fibrosis stage
compared with corresponding vehicle-dosed controls (Fig. 6F,
P > 0.05). In agreement with histopathological scores, elafibra-
nor and lanifibranor significantly reduced quantitative histologi-
cal markers of steatosis (% hepatocytes with lipid droplets,
Fig. 6H, P < 0.001; % area of lipids, Fig. 6M, P < 0.001), inflam-
mation (number of inflammatory foci, Fig. 61, P < 0.001; % area
of galectin-3, Fig. 6N, P < 0.001) and fibrosis (% area of a-SMA,
Fig. 60, P < 0.001; % area of sinusoidal fibrosis, Fig. 6K, P <
0.001; % area of PSR, Fig. 6L, P < 0.001), but not periportal fibro-
sis and Collal (Fig. 6, J and P, P > 0.05). OCA and firsocostat
reduced quantitative histological markers of steatosis, but not
markers of inflammation and fibrosis. Semaglutide and resme-
tirom had little or no effect on liver histomorphometry. The total
content of individual quantitative histological markers is shown
in Supplemental Fig. S5C.

Greater Efficacy of Semaglutide and Lanifibranor
Prevention Therapy in CDAA-HFD Mice

Semaglutide and lanifibranor monotherapy was character-
ized in CDAA-HFD mice with manifest MASH without estab-
lished fibrosis at baseline (preventative intervention). To this
end, treatment was initiated after 3 wk of CDAA-HFD feed-
ing and continued for 9 wk (Fig. 7A). There was no difference

Figure 6. Treatment intervention with semaglutide and lanifibranor improves aspects of MASH but not fibrosis stage. Mice (n = 10-12 per group) were fed
the CDAA-HFD diet for 6 wk whereafter drug treatment commenced and was maintained for 8 wk. The baseline group was terminated at study day 1. A:
study outline. B: body weight profile over the treatment period. C: liver weight. D: plasma ALT. E: plasma AST. F: NAFLD Activity Score (NAS) and fibrosis
stage. G: steatosis, lobular inflammation, and ballooning degeneration scores. hematoxylin-eosin (HE) and picrosirius red (PSR) staining illustrating the de-
velopment of steatosis and fibrosis in CDAA-HFD mice (scale bar, 100 um). H—P: GHOST-based histomorphometrics on histopathological scoring variables
of lipid-laden hepatocytes (H), inflammatory foci (/), and periportal/sinusoidal fibrosis (J and K), % area of PSR (L), proportionate (%) area of lipids (M), % area
of inflammation (galectin-3; N), % area of a-SMA (fibrogenesis marker; O), and % area of Colla1 (P). See Supplemental Fig. S5 for total liver histological
marker levels. Representative photomicrographs of galectin-3, a-SMA, and Col1al immunostainings (scale bar, 100 um). *P < 0.05, **P < 0.01, ***P <
0.001 vs. corresponding vehicle and #P < 0.05, ##P < 0.01, ###P < 0.001vs. Baseline (Dunnett’s test one-factor linear model). a-SMA; a-smooth muscle
action; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CDAA-HFD, choline-deficient L-amino acid defined-high-fat diet; GHOST, Gubra
Histopathological Objective Scoring Technology; MASH, metabolic dysfunction-associated steatohepatitis; NAFLD, nonalcoholic fatty liver disease.
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between baseline groups from semaglutide and lanifibranor
treatment arm and baseline groups were therefore pooled.
Compared with baseline, vehicle-dosed CDAA-HFD mice
showed worsening of fibrosis (Fig. 7F, P < 0.001) and
increased quantitative histological markers of inflammation
and fibrosis (Fig. 7, I-P, P < 0.001). Composite NAS as well
steatosis and lobular inflammation scores were unchanged.
Although semaglutide significantly reduced body weight
in CDAA-HFD mice, lanifibranor was weight-neutral in the
model (Fig. 7B; Veh-SC, 22+ 0.3 g; semaglutide, 17+ 0.3 g,
P < 0.001; Veh-PO, 22+0.4 g; lanifibranor, 21+0.4 g, P >
0.05). Neither compound influenced plasma ALT and AST
levels (Figs. 7D and 5E, P > 0.05). Both semaglutide and
lanifibranor improved hepatomegaly (Fig. 7C, P < 0.001).
Lanifibranor and semaglutide reduced liver HP (P < 0.001)
(Supplemental Fig. S4C). Lanifibranor, but not semaglu-
tide, improved NAS (Fig. 7F; Veh-PO, NAS = 6, 12 out of 12
mice; lanifibranor, NAS = 3, 8/11 mice, NAS = 4, 3/11 mice;
P < 0.001) driven by improvements in both steatosis and
lobular inflammation scores. Notably, both semaglutide
and lanifibranor improved fibrosis stage (Fig. 7F; Veh-PO,
F = 3, 12 out of 12 mice; lanifibranor, F =1, 1/11 mice, F = 2,
8/11 mice, F = 3, 2/11 mice, P < 0.001; Veh-SC, F = 3, 12/12
mice; semaglutide, F = 2, 8/12 mice, F = 3, 4/12 mice, P <
0.01). The benefits on histopathological scores were sup-
ported by corresponding improvements in quantitative
histological endpoints. Accordingly, semaglutide reduced
% hepatocytes with lipid droplets (Fig. 7H, P < 0.001), but
did not improve % area of lipids (Fig. 7M, P > 0.05) com-
pared with the vehicle. Semaglutide did not influence the
number of inflammatory foci and % area of galectin-3
(Fig. 7, Tand N, P > 0.05), but reduced % area of sinusoidal
fibrosis (Fig. 7K, P < 0.001) and total-section PSR staining
(Fig. 7L, P < 0.001). In contrast, semaglutide increased %
area of a-SMA (Fig. 70, P < 0.001). In comparison, lanifi-
branor markedly reduced markers of steatosis (% hepato-
cytes with lipid droplets, Fig. 7H, P < 0.001; % area of
lipids, Fig. 7M, P < 0.001) and lobular inflammation (num-
ber of inflammatory foci, Fig. 7I, P < 0.001; % area of galec-
tin-3, Fig. 7N, P < 0.001) and fibrosis (% area of sinusoidal
fibrosis, Fig. 7K, P < 0.001; % area of PSR, Fig. 7L, P <
0.001) compared with vehicle while % area of «-SMA and
Collal were unaffected (Fig. 7, O and P, P > 0.05). The total
content of individual quantitative histological markers is
shown in Supplemental Fig. S5D.

Differential Effects of Pharmacological and Dietary
Intervention on Hepatic Transcriptome Signatures in
CDAA-HFD Mice

Hepatic transcriptome signatures were profiled in CDAA-
HFD mice following semaglutide or lanifibranor treatment
intervention or dietary intervention (Supplemental Fig. S6).
A PCA plot of the 500 most variable genes demonstrated a
clear group-wise according to treatment intervention, indi-
cating highly stable and reproducible liver transcriptome sig-
natures in the individual study groups (Supplemental Fig.
S64). Treatment interventions had different effects on the
liver transcriptome in CDAA-HFD mice, as reflected by the
total number of DEGs compared with vehicle (Supplemental
Fig. S6B; chow, 11,043; chow reversal, 9,860; lanifibranor,
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6,737; semaglutide, 6,392). A total of 2,066 DEGs were shared
between all four groups (Supplemental Fig. S6C). Chow rever-
sal was the treatment intervention paradigm that promoted a
transcriptional profile most resembling that of the chow con-
trol group (Supplemental Fig. S6A). For chow reversal and
lanifibranor interventions, transcriptional changes included
a wide-spread upregulation of genes related to cholesterol
biosynthesis and glucose and lipid metabolism and a general
downregulation of genes related to hepatocellular cell death,
inflammation, and ECM organization. Semaglutide showed
only discrete effects on candidate markers of MASH and fi-
brosis (Supplemental Fig. S6D).

DISCUSSION

The current study profiled liver disease progression and
clinically relevant treatment interventions in the CDAA-HFD
mouse model of MASH and fibrosis. CDAA-HFD mice demon-
strate rapid disease progression with early development of
manifest MASH and mild/moderate fibrosis. Late-stage liver
disease in CDAA-HFD mice was characterized by advanced fi-
brosis and tumor development. Lanifibranor, but not sema-
glutide, reversed MASH after preventive and treatment
intervention in CDAA-HFD mice. In contrast, both lanifibra-
nor and semaglutide improved a wide range of fibrosis
marKkers in response to preventative intervention. The differ-
ential outcomes of preventative and treatment intervention
in CDAA-HFD mice highlight the importance of timing treat-
ment initiation for detecting antifibrotic drug effects in the
model. Because of the lack of a clinical translational obese
dysmetabolic phenotype, the model shows limitations in pre-
clinical drug discovery as it is most applicable to profile
directly liver-targeted drug candidates. Collectively, our find-
ings further support the utility of the CDAA-HFD mouse
model in preclinical drug development.

Liver biopsy endpoints in clinical trials for MASH are cur-
rently based on semiquantitative histopathological scoring
systems (36) among which the MASH Clinical Research
Network (CRN) is the most widely used system. As for all his-
topathological scoring systems, the MASH CRN system is
inherently limited by inter- and intraobserver variability,
which also extends to preclinical studies using clinically
derived scoring variables (37). We have recently developed
and implemented an Al pipeline, termed GHOST, enabling
automated and unbiased histopathological scoring of NAS
and fibrosis stage in the Gubra-Amylin NASH (GAN) diet-
induced obese (DIO) mouse model of MASH. In the current
study, GHOST was adapted and validated for use in the
CDAA-HFD model. Considering the high degree of concord-
ance between manual and GHOST-based histopathological
scoring, the GHOST platform was applied to all CDAA-HFD
mouse experiments in the present study.

We report that CDAA-HFD feeding accelerated disease pro-
gression with hepatic steatosis and lobular inflammation
reaching maximal severity within only 3 wk. Importantly, fi-
brosis was detected in all animals after 6 wk of CDAA-HFD
feeding with highly consistent progression to advanced fibro-
sis (stage F3, bridging fibrosis) after 12 wk of dieting. Overall,
the CDAA-HFD mouse model consistently develops histologi-
cal hallmarks of progressive MASH and fibrosis, being in line
with previous reports (11, 16). Liver fibrosis in CDAA-HFD
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mice did not progress to manifest cirrhosis (stage F4), support-
ing that further extended CDAA-HFD feeding regimens are
required to induce cirrhosis in the model (16). In contrast, rats
have been reported to develop cirrhosis after 14 wk of CDAA-
HFD dieting, indicating species differences in the sensitivity
to CDAA and high-fat dieting (15, 38). Progressive changes in
histopathological scores were paralleled by robust increases
in quantitative histological markers of steatosis, inflamma-
tion, and fibrosis over the course of liver disease progression
in CDAA-HFD mice. In contrast to incremental increases in
quantitative inflammation markers, histological markers of
steatosis peaked after 6 wk of CDAA-HFD and declined there-
after. This could suggest a precirrhotic state in CDAA-HFD
mice, as spontaneous regression of steatosis is often observed
in patients with MASH before the onset of cirrhosis, which,
in some cases, can result in a complete loss of liver fat
(“burn-out MASH”) when cirrhosis has become manifest
(39). Considering that steatosis scores remained maximal
throughout the longitudinal study in CDAA-HFD mice,
this emphasizes the advantage of complementing histo-
pathological scores by quantitative histology to detect
changes in histological hallmarks of MASH. In contrast to
patients with MASH (40), CDAA-HFD feeding did not
induce ballooning degeneration. Hepatocyte ballooning
has also been reported as marginal or absent in other rodent
models of MASH, making composite NAS in these species
largely determined by the grade of hepatic steatosis and
inflammation (24, 41). However, some studies have reported
mild ballooning in CDAA-HFD mice (13, 42, 43), possibly
explained by differences in histopathological assessments.
For example, there is not a complete overlap in hepatocyte bal-
looning morphology between humans and rodents, as rodent
models of MASH exhibit more prominent microvesicular fat
accumulation making it challenging to distinguish from bal-
looning degeneration (44).

In addition to the fast onset and progression of MASH and
fibrosis, CDAA-HFD mice developed macroscopic liver
tumors after 20 wk of dieting. This is consistent with previ-
ously reported studies in the model, which further show the
presence of oncofetal markers Afp and Gpc3 and HCC-
markers glypican-3 and/or glutamine synthetase, supporting
the notion of human-like HCC (13, 16). Interestingly, we find
tumor formation preceded by the acquisition of a pro-
tumorigenic gene expression signature, with the regulation
of several molecular markers of human HCC, being manifest
after 3 wk of diet induction. This suggests a highly pro-meta-
static microenvironment in the model. Overall, the CDAA-
HFD model represents an accelerated diet-induced model of
liver tumor formation, also making it a useful model for
studying MASH-associated tumorigenesis without the use of
genetic modifications or hepatotoxins (13, 16).

Characterization of the clinical translatability of pre-
clinical models of MASH is essential in guiding the selec-
tion of models in preclinical drug discovery. To this end,
we applied the unbiased MHPS ranking system, recently
applied to score the translatability of commonly used pre-
clinical MASLD models (34), to assess the proximity of the
current CDAA-HFD model to human MASH. To define the
clinical translatability, the MHPS ranking system evaluates
metabolic phenotype, liver histology, and liver transcriptom-
ics (benchmarked against human MASH), providing separate
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scores for metabolic relevance and ability to induce MASH-fi-
brosis (34). As liver pathology in the CDAA-HFD model is
driven by direct liver lipotoxicity fueled by the deficient he-
patic fatty acid oxidation and triglycerides export (8, 9), the
model does not present the metabolic hallmarks of human
MASH. The model is nonobese, displays loss of lean tissue
mass and does not feature glucose intolerance and insulin
resistance. Also, the CDAA-HFD model is characterized by
hypophagia, hypercatabolism with a proportional loss of
liver mass, which, however, is counteracted in excess by the
lipotropic effect of dietary choline deficiency (41, 45). This
limitation is reflected in a low ranking in the metabolic-
related arm of the MHPS, in line with other rodent models
based on CDAA-HFD feeding regiments, highlighting model
divergence from the metabolic profile characteristic of
human MASH. Conversely, models based on Western Diets,
such as GAN, which are high in fat, refined carbohydrates
(especially fructose), and cholesterol better reflect the natural
history of the disease, affording closer metabolic resemblance
to human MASH disease, but at the cost of longer diet induc-
tion periods (>28 wk). The CDAA-HFD model demonstrates a
higher score in the MASH-fibrosis arm of the MHPS ranking,
reflecting the consistent progression of histological hallmarks
of progressive MASH and fibrosis. Although the current
CDAA-HFD mouse model scored slightly lower in the final
MHPS MASH-fibrosis ranking compared with other CDAA-
based models (due to the absence of ballooning degeneration
and end-stage cirrhosis), it outranked these models in terms
of fibrosis severity (stage F3) and afforded better transcrip-
tional resemblance (DHPS layer) reflecting molecular events
related to human MASH-fibrosis. The differential ranking
in the MASH-metabolic versus MASH-fibrosis arm of the
MHPS ranking system further supports the notion, that
no single mouse model recapitulates the entire spectrum
of pathological features characteristic to human MASH.
The current CDAA-HFD model presents a valuable liver-
specific model for studying drugs targeting the liver as it
is not confounded by extrahepatic metabolic effects, but
is not recommended for evaluating disease etiology and
drugs targeting general metabolic features of MASH.

To evaluate the reversibility of CDAA-HFD diet-induced he-
patic fibrosis, we assessed the effect of dietary intervention,
i.e., shifting to chow feeding after 6 wk of CDAA-HFD
induction (chow reversal). Dietary intervention for 8 wk
resulted in recovery of CDAA-HFD induced weight loss,
hepatomegaly as well as complete resolution of steatosis
and marked improvement of inflammation. Consistent
with previous reports (13), dietary intervention improved
fibrosis stage and quantitative histological markers of fi-
brosis in CDAA-HFD mice, albeit to a moderate degree,
suggesting that dietary intervention was sufficient to
halt de novo collagen formation but did not significantly
stimulate clearance of existing fibers. The methionine-
choline-deficient (MCD) diet-induced mouse model of
MASH also shows partial regression of fibrosis upon die-
tary intervention (46). In contrast to the moderate thera-
peutic effect on fibrosis, dietary intervention markedly
reduced a-SMA expression, a well-established marker of
fibrogenesis (47), and suppressed multiple genes involved
in ECM organization suggesting ongoing tissue remodeling,
making it possible that prolonged dietary intervention (>8
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wk) could further improve histological endpoints in the
model.

The CDAA-HFD mouse model is commonly used in pre-
clinical drug discovery (41, 48, 49), making it pertinent to rig-
orously pharmacologically validate the model. To this end, we
evaluated the therapeutic efficacy of six compounds which
have been profiled in phase-2/3 clinical trials for MASH,
including semaglutide (long-acting GLP-1R agonist) (17), lani-
fibranor (PPAR-a/3/y agonist) (18), elafibranor (PPAR-o/8 ago-
nist (19), OCA (FXR agonist) (20), firsocostat (ACC inhibitor)
(21), and resmetirom (THR-f agonist) (5). All compounds were
evaluated in the context of treatment intervention, i.e., initia-
tion of treatment after the onset of fibrosis (6 wk of treatment,
starting after 6 wk of CDAA-HFD feeding).

The six clinical-stage compounds demonstrated distinct ef-
ficacy profiles in CDAA-HFD mice. Whereas semaglutide
markedly reduced body weight in CDAA-HFD mice, all other
compounds tested were weight-neutral, being consistent with
corresponding clinical trials (5, 17-21). Successful weight loss
(>5%-10%) is considered a contributing factor for improved
liver-related outcomes in patients with MASH (50). The robust
weight loss (~25%) following semaglutide treatment in CDAA-
HFD mice is within the range previously reported for corre-
sponding studies in DIO-MASH mice (27). It should be empha-
sized that CDAA feeding induces a hypercatabolic (cachectic)
state in rodents (41), and a further drop in body weight may
therefore not be a desirable outcome in CDAA-HFD mice.
Interestingly, interventional semaglutide therapy significantly
reduced hepatomegaly while having no effects on quantitative
liver histological endpoints in CDAA-HFD mice. Notably,
improved hepatomegaly was not reflected in a lower fraction
of liver fat or lipid-laden hepatocytes, making it unlikely that
changes in liver lipid markers could explain the benefits of
liver weight alone. As the CDAA-HFD mice demonstrated mo-
lecular and histological features of hepatic tumorigenesis, we
cannot rule out that semaglutide may have antineoplastic
effects in the CDAA-HFD mouse as recently demonstrated for
DIO-MASH mice (41), which could potentially contribute to
reducing liver mass. It is noteworthy that semaglutide also
failed to improve NAS in the model, contrasting previous stud-
ies in DIO-MASH mice (25, 27, 51, 52) as well as a clinical
phase-2 trial indicating significant benefits on liver histology,
notably steatosis scores, in patients with MASH (17). Given the
lack of GLP-1 receptor expression in the rodent and human
liver (53, 54), the hepatoprotective effects of semaglutide could
be an indirect consequence of reduced food intake and body
weight, improved fat mass, and reduced insulin resistance. As
CDAA-HFD mice demonstrated very low HOMA-IR, reflecting
low plasma insulin levels, this would point toward a highly in-
sulin-sensitive state, which could preclude the evaluation of
drugs acting primarily by increasing insulin sensitivity. As a
result, DIO-MASH mouse models may be more suitable for
characterizing anti-MASH drug candidates with predominant
extrahepatic mechanisms of action.

In contrast to CDAA-HFD mice, both lanifibranor and elafi-
branor have been reported to promote robust weight loss in
DIO-MASH mouse models (27, 35, 52). It is noteworthy that
our longitudinal phenotyping study in CDAA-HFD mice indi-
cated progressively reduced hepatic PPAR-o mRNA expres-
sion while PPAR-5 and PPAR-y mRNA levels were increased.
These hepatic PPAR transcriptional dynamics have not been
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observed in DIO-MASH mice (27). Although a comparative
organ map of PPAR expression in CDAA-HFD versus DIO-
MASH mice remains to be reported, our study suggests that
CDAA-HFD feeding may render mice less prone to the weight
loss-promoting effects of PPAR agonists. PPAR-o agonists are
well-known to promote weight loss in mice due to combined
effects of appetite suppression and thermogenesis in rodents
(55-58). These characteristic metabolic effects of PPAR-a ago-
nists are not observed in humans, being attributed to mark-
edly higher expression and different tissue distribution of
PPAR-a in rodents (55-57). On average it is estimated that he-
patocyte PPAR-o mRNA levels are 10-20 times higher in
rodents compared with humans, which underlies the potent
effects of PPAR-a agonists on hepatic metabolism that is
accompanied by peroxisomal proliferation-induced liver hy-
pertrophy in rodents, but not humans (59, 60). The rodent-
specific liver hypertrophic effect of PPAR-o stimulation could
therefore explain why lanifibranor and elafibranor did not
reduce hepatomegaly while markedly improving NAS, driven
by reduced steatosis and inflammation scores, and corre-
sponding quantitative histological markers in CDAA-HFD
mice. The histological outcomes of lanifibranor and elafibra-
nor treatment on hallmarks of MASH are in line with previous
studies in CDAA-HFD and DIO-MASH mice (25, 27, 43).
Although only elafibranor improved fibrosis stage both com-
pounds significantly reduced quantitative fibrosis histology
in CDAA-HFD mice, implying that PPAR-y activation is not
obligatory for achieving anti-fibrotic effects of PPAR agonists
in the model. Although the current study did not assess phar-
macokinetics of the individual compounds profiled in CDAA-
HFD mice, elafibranor has been reported to undergo extensive
enterohepatic recycling, which may potentially enhance its
liver-targeted effects (61). The improvement in liver steato-
sis is proposed to be predominantly mediated by PPAR-a
(lanifibranor, elafibranor), whereas suppression of hepatic
inflammation and macrophage activation is due to stimu-
lated PPAR-§ (lanifibranor, elafibranor) and PPAR-y (lanifi-
branor) activity (62, 63). The PPAR-y component has also
been demonstrated to be essential for lanifibranor-induced
inhibition of hepatic stellate cell activation in vitro and may,
at least in part, explain lanifibranor’s antifibrotic effects in
DIO-MASH mice (27, 43). It should be emphasized that out-
comes of lanifibranor and elafibranor in CDAA-HFD mice are
not entirely consistent with data reported from correspond-
ing clinical trials in patients with MASH. In the NATIVE
phase-2 trial, lanifibranor significantly increased the propor-
tion of patients with MASH resolution and at least 1-stage
improvement of fibrosis (18). In addition, elafibranor demon-
strated no histological benefits in the RESOLVE-IT phase-3
trial (64) while significantly reducing NAS and fibrosis scores
in patients with MASH (65) achieving the modified primary
outcome (no fibrosis worsening) in the GOLDEN-505 phase-2
trial (19). Based on positive outcomes in the ELATIVE phase-
3 trial (66), elafibranor recently received accelerated FDA ap-
proval for the treatment of the rare liver disease primary bili-
ary cholangitis (PBC).

OCA demonstrated modest therapeutic efficacy in CDAA-
HFD mice, as evidenced by only reducing lipid accumula-
tion with no additional improvements in other metabolic
and histological endpoints. This contrasts the benefits on
steatosis, inflammation, and fibrosis histology reported in
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DIO-MASH and ob/ob-MASH mouse models (25, 67-69).
OCA improves liver health by modulation of immuno-
inflammatory and fibrogenic responses through regulation
of cholesterol lipoprotein and bile acid metabolism (70).
However, as the CDAA-HFD mouse is characterized by
nutritional deficiency, defective VLDL-triglyceride export,
and dysregulated bile acid homeostasis (11, 34, 65, 71), this may
account for the limited hepatoprotective effects of OCA in the
model. The lack of liver histological effects of OCA in CDAA-
HFD mice is contrasting clinical data. In patients with MASH,
OCA has been reported to significantly improve fibrosis scores,
but not NAS, in the FLINT phase-2 trial (72), whereas the oppo-
site effect has been reported in the pivotal REGENERATE trial
(20). A recent follow-up study, using a more rigorous consen-
sus panel analysis of liver biopsies from the REGENERATIVE
trial, confirmed antifibrotic efficacy of OCA (73). As for elafibra-
nor, OCA has been approved for the treatment of PBC (74).

Firsocostat effectively reduced hepatomegaly and steato-
sis but had no effect on inflammation and fibrosis endpoints
in CDAA-HFD mice. Firsocostat is a selective inhibitor of
ACC1/2, the rate-limiting enzyme in de novo lipogenesis,
thereby decreasing hepatic lipid synthesis while increasing
fatty acid oxidation to reduce hepatic lipid burden and lipo-
toxic stress (75). In contrast, 8 wk of firsocostat (GS-0976)
treatment, starting after 4 wk of CDAA-HFD diet induction,
has been reported to attenuate steatosis, inflammation, and
fibrosis in CDAA-HFD mice (76), suggesting greater histologi-
cal effects of firsocostat at more early stages of liver disease
in CDAA-HFD mice. Firsocostat also improved NAS (driven
by reductions in steatosis scores) and quantitative fibrosis
histology in Western diet-fed melanocortin 4 receptor-de-
ficient mice (77). Although the anti-steatotic efficacy of
firsocostat in MASH mouse models is consistent with a
12-wk proof-of-concept trial using non invasive MRI-
based assessment of liver fat content in patients with
MASH (78), firsocostat had no significant effect on the pri-
mary histological end point (>1-stage improvement in fi-
brosis without worsening of MASH) in the subsequent 48-
wk ATLAS phase-2 trial (21).

Resmetirom (Rezdiffra) is the first FDA-approved drug
therapy for MASH, based on positive outcomes of the piv-
otal phase-3 MAESTRO-NASH trial demonstrating signifi-
cant benefits on both NAS and fibrosis stage, albeit with a
modest placebo-adjusted response rate and effect size (5).
Resmetirom has been reported effective in reducing he-
patic steatosis and metabolic biomarkers in DIO-MASH
mice (79-81). Our study indicates that resmetirom exhib-
ited very limited therapeutic effects in CDAA-HFD mice,
as indicated by minor improvements in liver weight and
the percentage of lipid-laden hepatocytes but with no fur-
ther benefits on liver histology. Resmetirom is a liver-tar-
geted THR-B agonist that improves dyslipidemia and
steatosis by regulating lipid metabolism by stimulation of
B-oxidation and free fatty acid uptake, as well as reducing
VLDL production and secretion (82). As the CDAA-HFD
disrupts normal lipid transport mechanisms, particularly
VLDL packaging and secretion, this might render resme-
tirom ineffective in ameliorating the severe MASH pheno-
type in CDAA-HFD mice.

Implementation of dietary intervention (chow-reversal)
served to determine the reversibility of CDAA-HFD induced
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MASH and fibrosis. The effectiveness of chow-reversal is
underscored by the highly consistent, complete regression of
steatosis with substantial improvements in liver inflamma-
tion and fibrosis markers in CDAA-HFD mice. This applied
to both histopathological scores and corresponding quantita-
tive histological outcomes, which exceeded that attained by
any drug treatment intervention profiled in the current
study. As such, chow-reversal may thus be instrumental as
an interventional paradigm for benchmarking the effective-
ness of novel drug candidates in the model.

To consider the impact of the timing of pharmacotherapy
in the CDAA-HFD mouse model, semaglutide and lanifibra-
nor were also profiled in the context of preventive therapy
by initiating drug treatment before the onset of fibrosis. In
this setting, preventive therapy was performed over 9 wk,
starting after 3 wk of CDAA-HFD feeding. As for interven-
tional treatment, preventive semaglutide therapy robustly
reduced body weight (—25%) and liver weight. It is notewor-
thy that preventive semaglutide therapy also led to consist-
ent improvements in the fibrosis stage, but not NAS, being
corroborated by corresponding specific changes in quantita-
tive fibrosis histology. The marginal or lack of effect on
quantitative histological markers of steatosis and inflamma-
tion suggests that the antifibrotic effect was unrelated to
liver lipid metabolism. Given that gene expression markers
of fibrogenesis were largely unaffected by preventive sema-
glutide therapy, it is tempting to speculate that semaglutide
stimulated collagen clearance rather than inhibiting de novo
collagen synthesis. Considering that chow-reversal improved
all biochemical, histological, and transcriptional hallmarks
of MASH and fibrosis in the model, this renders it unlikely
that semaglutide suppressed CDAA-HFD intake to reverse fi-
brosis. Accumulating evidence suggests that infiltration of
immune cells into the liver plays an important role in the ini-
tiation and progression of fibrosis in MASH (83). In this
regard, it has been speculated that GLP-1 receptor agonists
may potentially inhibit infiltration and activation of GLP-1
receptor-expressing macrophages to ameliorate hepatic
inflammation (84). In addition, gut barrier-protective mech-
anisms have been proposed to play a contributory role in the
hepatoprotective effects of GLP-1 receptor agonists (85). In
contrast to semaglutide, preventive lanifibranor therapy was
weight-neutral in CDAA-HFD mice and led to marked
improvements in MASH, as evidenced by a >2 point reduc-
tion in NAS attributed to reduced steatosis and lobular
inflammation scores, which was emphasized by substantial
improvements in corresponding quantitative histological
markers. Preventive lanifibranor therapy also resulted in a
consistent >1 point improvement in fibrosis stage concur-
rent with reduced %-area of PSR staining. Given the more
pronounced efficacy of preventive lanifibranor therapy, as
compared with more delayed treatment intervention, this
emphasizes the importance of treatment timing to obtain
maximal drug therapeutic efficacy in the model.

In conclusion, the CDAA-HFD mouse represents an accel-
erated model of MASH and fibrosis, which is applicable for
probing the efficacy of novel drug candidates with liver-
directed mode of action. The current study serves to guide
the application of the CDAA-HFD mouse model in preclini-
cal drug discovery, emphasizing the importance of treat-
ment timing. One limitation of the model, however, is that
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CDAA-HFD mice develop progressive MASH and fibrosis in
the absence of metabolic hallmarks of MASH, such as obesity
and (pre)diabetes, thus not being suitable for targeting extra-
hepatic metabolic drivers of MASH. Accordingly, com-
pounds with predominantly intrahepatic or extrahepatic
mode of action, respectively, will likely display differential
efficacy in the CDAA-HFD mouse model. Future studies
should therefore aim to determine efficacy profiles of novel
drug candidates with different modes of action to further
delineate the advantages and limitations of the model in pre-
clinical drug development for MASH.
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