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MASLD. These standout models included C57BL6/NTac or ob/ob mice 
on a GAN-C2 diet, MC4R KO mice on a WD0.2% diet and LDLR KO mice 
undergoing a CDHFHCD1% diet challenge. Representative histopathol-
ogy images of these highly ranked models are provided in Extended 
Data Figs. 5–10.

In conclusion, although no single model perfectly matched human 
MASLD, our analysis identified several study designs that closely 
approximate various aspects of the disease burden.

Key experimental components contributing to MHPS 
‘metabolic relevance’ and ‘ability to induce MASH-fibrosis’ 
outputs
To gain a deeper understanding of the specific parameters of the 
study designs (outlined in Supplementary Table 1) that influenced the 
rankings of the murine models, we used a partial least squares regres-
sion (PLSR) analysis. This analysis explored the connection between 
the study designs and the MHPS outputs ‘metabolic relevance’ and 
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Fig. 8 | Effects of treatments in a selection of WD and choline-deficient 
models. Response of the best-ranked diet (GAN-C2), another WD (AMLN-C2) 
and a CDHFD (CDAHFD-F45) to treatments mimicking lifestyle intervention 
(CR, caloric restriction; REV, chow reversal) and semaglutide pharmacological 
treatment (SEMA, 30 nmol per kg per day). a, Simplified study designs (details in 
Supplementary Table 7). b, Effect on the phenotype and histology. Phenotypic 
changes observed in the treatment or dietary models compared to their matched 
dietary models or controls, respectively, were profiled as log2FC across measures 
of BW, blood TGs and cholesterol, LW:BW%, and ALT and AST. The red–blue color 
gradient indicates the level of increase–decrease of the measure in the models 
compared to their respective controls; * indicates statistical significance  
(P < 0.05; two-sided Mann–Whitney U-test). For the histological changes,  

the Mann–Whitney U-test was used to calculate P values for the differences in the 
ordinal scores (P < 0.05 are shown with *). The color scale indicates the signed 
P value: −log10(P value) for up-regulation and +log10(P value) for down-regulation. 
c, Effect of treatments on a selection of biologically relevant DEGs as described 
in Fig. 5. The human and murine datasets are represented in a color-scale matrix 
showing the log2FC. * and $ symbols denote statistical significance (two-sided Wald 
test statistic and adjustment for multiple testing using the Benjamini–Hochberg 
correction; $: P < 0.05; *: adjusted P < 0.05). d, Effect of treatments on pathways 
as described in Fig. 3. FGSEA calculated a NES for each pathway and determined 
statistical significance using permutation testing (two-sided), adjusting for multiple 
comparisons to control the FDR. The human and murine datasets are represented in 
a color-scale matrix showing the NES. $, P < 0.05; *, FDR < 0.05).
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‘ability to induce MASH-fibrosis’. Our focus was on mouse models 
fed choline-sufficient diets, as the available data for rat models and 
choline-deficient dietary models lacked the necessary detail and granu-
larity required for a robust PLSR analysis.

The variable importance in projection (VIP) score was used to 
identify the most influential parameters in the PLSR model. We set 
a VIP threshold of at least 1 in one component (Fig. 7a) to determine 
these key parameters. These were then further examined for their 
correlation with the MHPS outputs ‘metabolic relevance’ and ‘ability to 
induce MASH-fibrosis’ to understand their impact on study outcomes, 
depicted in Fig. 7b. The analysis revealed that some study outcomes 
negatively correlated with certain housing conditions, such as room 
humidity and grouped housing. Additionally, aspects of the dietary 
formula like energy density, percentage of fat and the use of coconut 
oil as a fat source also showed negative correlations. Conversely, the 
duration of the dietary challenge and specific nutritional formula fea-
tures were positively correlated with MHPS. Noteworthy among these 
positively correlated variables were the relative nutrient composition 
(%kcal) in terms of proteins, cholesterol, carbohydrates, the use of 
palm oil as a fat source, and the combination of sucrose and fructose as 
carbohydrate source. Interestingly, the use of sucrose alone and sugar 
water (in the AMLD approaches) exhibited a negative correlation with 
the MHPS output for the ‘ability to induce MASH-fibrosis’.

These results highlight critical features of the study designs that 
drive disease outcomes and provide insights into how additional model 
optimization could occur.

WDs allow the study of therapeutic interventions for BW loss 
and MASH amelioration
To gain further insights into the significance of the models that the 
MHPS ranked highly, we used the same phenotyping approach to assess 
their responsiveness to dietary and therapeutic interventions to pro-
mote weight loss. These interventions included chow reversal (12 weeks 
of chow reversal following 38 weeks on the GAN-C2 diet, or 8 weeks of 
chow reversal after 4 weeks on the CDHFD45% diet), calorie restriction 
(8 weeks of calorie restriction following 28 weeks of AMLN-C2 diet) 
and treatment with the GLP-1 receptor agonist semaglutide (12 weeks 
of semaglutide following 38 weeks of the GAN-C2 diet)31–34. Additional 
information regarding these study designs is provided in Supplemen-
tary Table 7 and illustrated in Fig. 8a.

Figure 8 and Supplementary Tables 7 and 8 demonstrate that all 
interventions (chow reversal, calorie restriction, semaglutide) substan-
tially improved liver damage (evidenced by LW:BW% ratio, transami-
nases, steatosis) and reversed many effects of the MASLD-inducing 
diets on the DEGs and DRPs modulated in human MASH (as described 
in the sections above). However, it is essential to note that significant 
improvements in hepatocyte ballooning and inflammation were not 
observed in mice on AMLN-C2 and GAN-C2 diets. This suggests that 
longer treatment durations may be necessary to achieve substantial 
therapeutic effects. Interestingly, none of the treatments resulted in a 
significant improvement in fibrosis. Weight and dyslipidemia improved 
only in MASLD induced by AMLN-C2 and GAN-C2 diets. Notably, the 
GAN-C2 model effectively mimicked the lack of fibrosis improvement 
(despite an improved activity score) recently reported for semaglutide 
in human trials35. By contrast, chow reversal following the CDHFD 
diet paradoxically increased BW and cholesterol levels. This finding 
highlights the superiority of WD2% models like GAN-C2 for treatments 
targeting BW and/or metabolic pathways.

Discussion
Generating a murine model that fully recapitulates MASLD patho-
physiology and mimics human disease is the holy grail of preclinical 
research for which there are too many candidates and no consensus16. 
Although various preclinical models have been suggested to replicate 
human MASLD, a thorough comparative study that aligns these animal 

models with human clinical outcomes and assesses their closeness to 
human disease pathophysiology through ‘omics’ approaches is still 
missing. Therefore, we performed a 3Rs (replacement, reduction and 
refinement) -compliant retrospective review of commonly used murine 
MASLD models available to the LITMUS Consortium and collaborators. 
These models were evaluated and ranked based on their alignment 
with three critical features of MASLD in humans: clinical metabolic 
phenotype, liver histopathology and liver transcriptome benchmarked 
against human transcriptomic changes.

The evaluation criteria for these models were established in 
advance and quantified using human proximity scores tailored to 
assess phenotype (PHPS), histopathology (HHPS) and transcriptome 
(DHPS). These distinct scores were subsequently integrated to create 
the MHPS. This innovative and insightful tool ranks murine models in 
terms of their resemblance to human cohorts with biopsy-confirmed 
NAFLD/MASLD25,26.

Our study provides several important outcomes and unique 
insights.

A key strength of our study lies in the uniformity of methodology 
applied across all models for staining and scoring liver histopathology. 
Additionally, we have developed an original approach for interpreting 
murine histology: our proposed HHPS is grounded in the canonical 
parameters (such as steatosis, hepatocyte ballooning, lobular inflam-
mation and fibrosis) used by established human NAFLD/MASLD scoring 
systems (CRN and SAF)25,26. However, the HHPS introduces a unique 
qualitative scoring approach, focusing on how the morphological fea-
tures of liver tissue in mice mirror the pathology observed in humans, 
as detailed in Supplementary Table 6. This approach is designed to 
complement, but not replace, the canonical scores, which are more 
typically used to assess the impact of specific treatments on histology. 
Our study also details the development of hepatocyte ballooning in 
murine models, addressing previous debates and uncertainties sur-
rounding this histological feature16.

Our extensive comparison and ranking of preclinical models 
identified a short list of those that most closely align with human dis-
ease progression; however, none are able to fully replicate all aspects 
of human MASLD. This finding may reflect the inherent complexity 
and diversity of human disease and the fundamental physiological 
differences between humans and murine models; these differences 
encompass lipid metabolism, energy expenditure, circadian rhythms 
and eating patterns. Furthermore, how animals react to various diets, 
manifesting specific metabolic traits, exhibiting incomplete histo-
logical damage (for instance, hepatocyte ballooning) or responding 
to medications (including unique reactions or BW changes that do 
not mirror human responses), can influence the direct comparability 
between murine models and human disease12–14,35–38.

We have characterized molecular transcriptomic changes in each 
murine model, introducing DHPS to evaluate their resemblance to 
human NAFLD/MASLD transcriptomic alterations. This molecular 
characterization is crucial for selecting the most appropriate preclini-
cal models for specific mechanistic or pharmacological studies, such 
as targeting a particular gene or pathway. Moreover, our findings high-
light that relying solely on transcriptomics does not accurately predict 
disease progression or fibrosis. Although transcript changes in HFD 
and most WD and AMLD models align with differentially modulated 
pathways and genes in MASH progression, like those markers indicat-
ing stellate cell activation or collagen deposition, they might not cor-
respond with significant histologic fibrosis. This discrepancy is vital to 
consider in disease progression studies and therapeutic interventions 
whereby conclusions are based only on gene expression changes. For 
instance, the pharmacological treatment with semaglutide in the 
GAN-C2 model did not improve fibrosis histologically despite enhanc-
ing these pathways at the transcriptomic level, as seen in human trials39.

Most importantly, our research has identified a particularly valu-
able subset of murine models accurately reflecting human MASLD in 
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terms of metabolic and fibro-inflammatory aspects. We found that 
dietary formulas rich in fat, refined carbohydrates (notably the com-
bination of glucose and fructose) and cholesterol effectively replicate 
many facets of human MASLD, including fibrosis. A key observation 
is that diets with high cholesterol levels (up to 2%) accelerate disease 
progression and guarantee significant fibrosis.

Upon examining diet compositions more closely, WD and 
WDAMLD variations, with or without a low dose of CCl4, emerge as 
the most well-rounded options for most preclinical studies. These diets 
induce metabolic disturbances and lead to progressive MASH, mirror-
ing the progression in human MASLD. Significant fibrosis (F2 or higher) 
can be induced by combining a high cholesterol content (2%) with 
extended duration (over 40 weeks) and/or genetically altered (obese) 
backgrounds. In our evaluation of various study designs, the most effec-
tive performance was observed with the GAN-C2 diet fed to C57BL6/
NTac or ob/ob mice. Regarding clinical translatability, the GAN-C2 
model responded well to therapeutic interventions, showing improve-
ments in metabolism, liver damage and gene expression. By contrast, 
choline-deficient diets (like CDD, CDHFD and CDHCD) achieved F2+ 
fibrosis in shorter time frames (12 weeks or less) but lacked a significant 
metabolic phenotype. Compared to the WD, these diets did not offer 
a substantial advantage in closely replicating human MASH-fibrosis 
regarding histopathology and gene expression, as illustrated in 
Fig. 6b and Extended Data Figure 4. However, they may benefit specific 
research objectives, such as testing anti-fibrotic treatments within 
reasonable time frames. The performance of the WD1.3%AMLD-CCl4 
(ref. 21) diet lies somewhere between WDs and choline-deficient dietary 
models. The translational potential of choline-deficient dietary models 
can be partly enhanced by using rat models and/or altering cholesterol 
metabolism. In our study, the choline-deficient dietary model with 
relatively better metabolic relevance was CDHFHCD1% given to LDLR 
KO mice for 8 weeks.

Our research also indicates the potential for further optimization 
of murine models. Although most model clusters effectively modulate 
key pathways integral to MASH progression, their alignment with 
human metabolic pathways is only partial. Building on the models we 
have identified as closely mirroring human metabolic characteristics 
and disease progression, a unique opportunity exists to further refine 
study designs to enhance the models’ relevance. We observed that 
even minor variations in dietary formulas significantly impacted the 
regulation of metabolic pathways. PLSR and correlational analyses 
with the MHPS (Fig. 7) suggest that a combination of high cholesterol 
content, palm oil as a fat source and a carbohydrate mix of fructose 
plus glucose could be the basis for further dietary formula optimiza-
tion. This approach could lead to more accurate models replicating the 
complex metabolic interactions seen in human MASLD.

Adjustments can be considered with regards to (1) modifying the 
energy density of MASH-inducing diets: incorporating sugar water (the 
AMLD approach) and the high-energy density of diets were found to 
correlate negatively with fibrosis endpoints. This suggests that rodents’ 
mechanisms of adapting to nutrient intake40 might delay disease pro-
gression. (2) Improving nutrient composition of MASLD-inducing diets: 
the study outcomes correlated with the relative nutrient composition 
suggest that a reduction in fat content (to or below 40%) and a more 
balanced inclusion of proteins and refined sugars could enhance both 
metabolic outcomes and fibrosis, potentially leading to a more physi-
ological modulation of lipid and cholesterol pathways in agreement to 
human MASLD. (3) Considering housing parameters: grouped housing 
and room humidity also negatively correlated with MHPS. Thermon-
eutrality reduces energy expenditure, impairs systemic metabolism 
and might promote MASLD in chow-fed animals while accelerating the 
development of liver damage with a HFD41–45. By contrast, the pheno-
type of GAN-C2, which induces a more severe MASH phenotype than 
HFD at ambient temperature, did not differ significantly when evalu-
ated at thermoneutrality (Figs. 2, 3 and 6), questioning the practicality 

of its routine use due to organizational complexity16,41–45. (4) Duration 
of diet, but not the use of genetically modified animals, positively cor-
related with disease outcomes. Genetically modified models of obesity 
(for example, ob/ob, MC4R KO mice, ZSF1 rats) and dyslipidemia (for 
example, LDLR KO mice) accelerated liver histopathology damage and 
intensified some metabolic features. Despite the convenience of these 
genetic backgrounds for certain studies (for example, to study MASLD 
association with cardiovascular disease or obesity) and as quick models 
of MASH progression, caution is recommended, given that they do not 
adequately recapitulate human disease (given the low frequency of 
such mutations in human MASLD), they can feature an impairment in 
key pathophysiological pathways occurring in wild-type animals (for 
example, in Extended Data Figure 1, the transcriptomic profiles of ob/
ob and db/db mice are different from those of wild-type animals) and 
their genetic perturbations may influence the response of the mouse to 
specific treatments (including confounding ‘off-target’ effects). How-
ever, genetically altered animal models can help to study the impact 
of genetic obesity or to explore the association of MASLD with athero-
sclerosis. (5) The addition of chemicals (for example, STZ or low-dose 
CCl4) shortens the duration of the study and improves specific disease 
outcomes (like diabetes or fibrosis) but does not significantly enhance 
the overall relevance of the study designs to human conditions.

Other variables not evaluated in the present study that could 
provide an opportunity to improve model performance include inves-
tigating the impact of gender and/or microbiota on study outcomes. 
Additionally, exploring the effectiveness of these designs in other spe-
cies, such as rats or larger mammals, could provide valuable insights. 
There is also scope for testing these models in genetic backgrounds 
more prone to obesity and liver damage. The use of humanized mice is 
another approach worth exploring; however, it is essential to acknowl-
edge that high costs and technical and/or biological limitations may 
restrict their widespread use in the immediate future11,46–48. These 
future refinements could be crucial in enhancing the applicability 
and relevance of currently studied murine models in MASLD research.

Finally, our study significantly contributes to the field by propos-
ing a standard for consensus in selecting murine models and offer-
ing an extensive dataset to facilitate future research. To address the 
challenges of standardization and consistency16 and to prevent the 
proliferation of new models, we recommend that any claims regarding 
the superiority of proposed preclinical models over established ‘gold 
standards’ should be rigorously tested. This approach is essential to 
maintain clarity and avoid further confusion in the scientific literature.

This study, while comprehensive, does face certain limitations. 
(1) The retrospective design constrained our capabilities, for instance, 
in harmonizing study designs regarding fasting duration, sample 
sizes and statistical power. (2) Most of the studies were conducted 
on male rodents, preventing us from exploring gender differences 
in hepatic metabolism and MASLD, as well as the impact of diets in 
female animals; this highlights the need for work in female rodents as 
an important area for future research. (3) Available funds and resources 
limited our model selection: expanding our screening to include the 
vast array of study designs documented in the literature and female 
animals was technically and financially impractical15. (4) We could not 
examine the relevance of the murine models included to heterogene-
ous subtypes of human MASLD, such as pediatric or lean MASLD, or 
those involving genetic risk variants impacting phospholipid metabo-
lism or lipoprotein secretion. The murine models tested also did not 
extend to advanced disease stages like cirrhosis, portal hypertension 
or hepatocellular carcinoma. (5) Of the various compounds currently 
undergoing human trials, only data and samples from mice treated 
with semaglutide were available for our study. (6) Insufficient informa-
tion on glucose metabolism in most models precluded a systematic 
investigation of insulin resistance. (7) The impact of thermoneutrality 
has been explored only in the GAN-C2 model; therefore, its impact on 
disease outcomes cannot be generalized to all dietary models.

http://www.nature.com/natmetab


Nature Metabolism | Volume 6 | June 2024 | 1178–1196 1189

Resource https://doi.org/10.1038/s42255-024-01043-6

Despite these limitations, the thoroughness of our study and the 
systematic approach used in ranking the murine models render it a 
unique and valuable resource for the MASLD research community. This 
work lays the groundwork for future research to enhance preclinical 
murine models and achieve a consensus in the field.

In summary, our study reveals the extent to which the phenotype, 
liver histology and liver transcriptome of commonly used murine mod-
els of MASLD resemble human disease. Moreover, this study provides 
a comprehensive resource to explore how murine models recapitulate 
essential features of MASLD pathophysiology (for example, metabolic 
pathways, stellate cell activation, fibrosis development and so on), 
enabling optimal model selection based on the specific needs of a 
study. The MHPS rankings show that WD models emerge as the most 
balanced in terms of metabolic, histologic and transcriptomic simi-
larities to human disease. However, only a few models exhibit MASH 
with significant fibrosis (F2 or higher), which typically necessitates 
extended durations, high cholesterol content and/or the use of geneti-
cally altered backgrounds.

In conclusion, our research provides a crucial foundation for the 
field, delineating the strengths and weaknesses of various prevalent 
MASLD models. This knowledge enables researchers to make informed 
decisions when choosing an experimental model that best aligns with 
human disease state and the specific requirements of their projects. 
Future studies should build on this work to refine MASLD murine mod-
els, enhancing their translational relevance and applicability to the 
diverse pathophysiology observed in human MASH.

Methods
Animal experiments
Training cohort. In this retrospective study, we compiled data and 
liver formalin-fixed paraffin-embedded tissues from 509 mice and 
89 rats (39 MASLD models and CCl4 as positive control for isolated 
fibrosis). These experimental designs represent a combination of 
diet, species, genetic background, wild-type or genetically altered 
animals, time points, sex and housing room temperature compared to 
their own control diets. A detailed description of each study protocol 
is described in Supplementary Table 1. Only models with centralized 
histology assessment (detailed below), transcriptomics data (detailed 
below) and phenotypic information were included in the analyses. 
Standard metabolic biochemistry (serum triglycerides, cholesterol, 
ALT, AST) and liver function tests were performed. The data included 
anthropometric measures (BW; LW; LW:BW%), breeder, strain, and 
housing and feeding design (for example, room temperature, type of 
facility and cages, health status of the animal facility).

For the 6J-WD-C1.3-FG-CCl4-24W model, known as the FAT (fibrosis 
and tumors)-MASH rodent model (established in the Friedman labora-
tory21), 6-week-old male C57BL/6J mice were purchased from Jackson 
Laboratories. Five mice per cage were housed in a Helicobacter-free 
room in a 12 h light, 12 h dark cycle and weighed once weekly. CCl4 was 
purchased from Sigma-Aldrich. CCl4 was freshly dissolved in corn oil at 
a final concentration of 5% before injection. The final dose of pure CCl4 
was 0.2 μl g−1 of BW, delivered intraperitoneally once per week, starting 
from initiation of the WDAMLD feeding, and continued for 24 weeks.

For the 6J-WD-C0.3-STZ-9W-WD-5W model, male C57BL/6J mice 
were purchased from Shanghai Lingchang Laboratory Animal Co. 
LTD. Two days after birth, these mice were administered a single dose 
(subcutaneous injection) of 200 µg STZ (Sigma, St. Louis, MO, USA). 
Upon reaching the age of 4 weeks, the mice were subjected to WD for 
5 weeks. Details in Supplementary Table 1.

As a positive control for fibrosis, we used experiments in which 
peri-central fibrosis was induced by repeated CCl4 injury. Mice were 
given CCl4 (Sigma) dissolved in olive oil (Sigma) intraperitoneally 
at a dose of 0.75 ml kg−1 of BW three times a week for 6 weeks. The 
age-matched control group received olive oil as a vehicle. At the end 
of the study, mice were humanely killed with carbon dioxide and liver 

tissue was fixed in 10% buffered formalin for histopathology analysis 
and snap-frozen in liquid nitrogen for RNA analysis.

Treatments and intervention cohorts
The ‘Treatments’ cohort consisted of a total of 108 male mice chal-
lenged either with AMLN-C2 (36 weeks) or GAN-C2 (36 or 38 weeks) 
or CDAHFD-F45 (4 weeks) diets and followed by treatment, meaning 
dietary intervention (that is, calorie restriction (36 weeks) or chow 
reversal (8 or 12 weeks)) or pharmacological treatment (semaglutide 
(12 weeks)).

The data quality was comparable to the training cohort; a detailed 
description of each study protocol is provided in Supplementary 
Table 7.

Ethical approvals for all animal experiments
Relevant animal welfare authorities approved all the animal experi-
ments that complied with national and international guidelines (details 
in Supplementary Tables 1 and 7).

Human next-generation sequencing datasets
The human cohorts were established according to the recruiting cri-
teria of the old definition (NAFLD/NASH).

The UCAM–VCU super-cohort consisted of two publicly available 
(E-MTAB-9815, GSE130970) datasets (total of 136 patients) previously 
described by our teams27,29. All patients had a clinical diagnosis of 
NAFLD and histology scores according to the CRN scoring system25. 
Patients were divided into control (n = 4) and NAFLD (n = 132) sub-
clustered against fibrosis (mild (F0), n = 52; moderate (F1–F2), n = 50; 
severe (F3–F4), n = 30).

The EPoS database orginates from a large cohort of NAFLD patients 
recruited in different European Union institutions, with publicly avail-
able next-generation sequencing data (GSE135251); this cohort was 
previously described by our team28. All patients had a clinical diagnosis 
of NAFLD/MASLD; histology was centrally scored according to the CRN 
scoring system as previously described25. A total of 38 patients from the 
initial cohort were removed, as they overlapped with the UCAM–VCU 
dataset. The remaining 168 patients with NAFLD were subclustered 
against fibrosis (mild (F0), n = 47; moderate (F1–F2), n = 64; severe 
(F3–F4), n = 57).

A description of the two cohorts is shown in Supplementary 
Table 3.

The relevant ethics committees (UCAM–VCU Cohort, East of 
England Research Ethics Committee and Virginia Commonwealth 
University; EPoS Cohort, multiple ethical committees in the participat-
ing countries) approved these studies as detailed in the original pub-
lications27–29. All patients gave informed consent to use biochemistry, 
clinical history and samples for research purposes. The principles of 
the Declaration of Helsinki were followed.

Murine histology
All murine liver samples were centrally stained and scanned by the Inte-
grated Biobank of Luxembourg (IBBL). Each LITMUS partner shipped 
unstained formalin-fixed paraffin-embedded tissue slides. The slides 
were incubated for 30 min at 65 °C and then processed using a Varistain 
Gemini Slide Stainer. Following deparaffinization in xylene (×2, 5 min 
each) and rehydration in decreasing alcohols (100%, 95%, 70%; 2 min 
each) and tap water (1 min), one slide per case was stained as follows. 
H&E staining: immersion in hematoxylin (4 min), water wash (1 min), 1% 
acid alcohol (15 s), tap water wash (1 min), bluing reagent for counter-
staining (1 min), tap water wash (1 min), 95% alcohol (1 min), alcoholic 
eosin (20 s), three alcohols (100%; 2 min, 2 min and 3 min, respectively), 
clearing in xylene substitute (two sets of 1 min and 2 min, respectively) 
and mounting. Hematoxylin 560 staining solution (Leica, 3801570 each 
four per case or 3801570 each); alcoholic eosin Y 515 (Leica, 3801616 
each four per case or 3801615 each), bluing reagent (Thermo Scientific, 
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Epredia, 6769001), hydrochloric acid 37% (Sigma-Aldrich, 320331). 
Sirius Red staining: the slides were immersed in picrosirius red solution 
(VWR K640745, 500 ml) for 30 min, then rinsed in tap water, immersed 
in three alcohols (100%; 2 min, 2 min and 3 min, respectively), cleared 
in xylene substitute and mounted.

All stained slides were scanned by IBBL using the Nanozoomer 2.0 
HT Slide Scanner; digital images were made available to the LITMUS 
Histopathology Group in a blinded manner using the CaloPix digital 
slide platform (TRIBVN Healthcare) for central histological scoring. 
LITMUS Histopathology Group members were all expert liver patholo-
gists and assessed one H&E-stained and one Sirius Red-stained digital 
slide per case using the CRN and SAF scoring systems, as previously 
described25,26. Liver pathologists were harmonized to score human 
MASLD/MASH biopsies in LITMUS; their κ-score regarding interob-
server agreement for hepatocyte ballooning has been shown to be 
substantial (κ = 0.8)6. Before scoring the animal model slides, a further 
round of harmonization took place. All liver pathologists had prior 
experience in histologically scoring animal MASLD model samples. A 
single pathologist scored each model.

The LITMUS Histopathology Group also developed an ad hoc 
scoring system (the HHPS; see Supplementary Table 6) that comple-
ments canonical scoring systems, providing a metric of how much the 
histological lesions in the murine models approximate human MASLD 
pathology.

Murine transcriptomics datasets
The murine models/datasets were derived from different LITMUS 
partners and facilities, and/or collaborators. As summarized in Sup-
plementary Table 1, all models had RNA sequencing (RNA-seq) data, 
apart from two models profiled using Affymetrix microarray tech-
nology (6N-WD-C0.2-FG-9W, 6N-WD-C0.2-FG-29W). For RNA extrac-
tion and sample processing, different protocols and kits were used 
(STAT-60, RNeasy, Trizol), while the sequencing was performed mainly 
using Illumina’s platforms (HiSeq3000/4000, NextSeq500/550, 
NOVASeq6000), using single- or paired-end reads (details in Supple-
mentary Tables 1 and 7). The diversity of our dataset is explained by 
the retrospective design of the experiment. The experimental units 
have provided different models with samples obtained at different 
time points, leading to a merged non-standardized dataset regarding 
libraries, sequence methodologies and protocols.

Processing RNA-seq and microarray data
The models with microarray data were analyzed with R packages oligo 
(v.1.46)49 and limma (v.3.38.2)50, using RMA normalization and PCA 
analysis evaluating technical metadata. Technical outliers with only one 
or two samples processed for a given scan date were removed, retain-
ing 13–15 samples for each time point and diet. Differential expression 
analysis was performed between the control and experimental diets, 
using linear model fit for each time point (Supplementary Fig. 2).

For all RNA-seq data, FastQC (v.0.11.9; https://github.com/ 
s-andrews/FastQC) was used to test fastq files, and HISAT2 (v.2.1.0) 
mapped the reads to the human GRCh38, mouse GRCm38 or rat 
Rnor_6.0 genomes, using default parameters51. To proceed to subse-
quent analysis steps, all samples passed the following criteria: GC% 
content was approximately 50%, more than ten million reads passed 
the quality filtering and more than 80% of the reads per sample were 
mapped to the reference genome. HTSeq52 (v.0.11.1) was used for gene 
counting and the R package biomaRt (v.2.54.0) mapped the ensemble 
gene IDs to HGNC symbols (Supplementary Fig. 2).

Given that the rodent datasets were produced by different facili-
ties, in different batches and using different sequencing method-
ologies, we had to apply a batch-effect correction strategy to merge 
all datasets. First, quantile normalization was applied and then the 
Bioconductor function COMBAT53 from the R package sva (v.3.38.0) 
removed the batch effect caused by data derived from different units. 

For the human datasets, batch effects were addressed inside DESeq2 
(ref. 54) using batch (dataset and gender) as a vector in the design 
formula (design = ~batch + condition). Differential gene expression 
analysis was performed with DESeq2 (ref. 54) (v.1.26.0) in the rodent 
models (treatment vs control) and the human comparison groups (mild 
vs control, moderate vs mild, severe vs mild).

Finally, we selected a standard set of genes expressed in all the 
models for input in the enrichment analysis of the different rodent 
models. Applying log2(transformed copies per million) (log2CPM) 
normalization (cpm from the R package edgeR v.3.32.1), the abundance 
of each transcript was normalized against the total number of reads 
in a sample, leading to high reproducibility of the average expression 
of housekeeping genes among the different batches. The selection of 
the standard set of genes expressed in the murine liver was based on 
the median CPMs derived from the livers of 50 healthy mice down-
loaded from Expression Atlas (https://www.ebi.ac.uk/gxa/download) 
and the position where the bimodal distribution for the high and low 
expressed genes cross (Supplementary Fig. 2; xcross = −2). All the genes 
with Log2CPM expression less than −2 in more than 10% of the models 
were excluded to ensure no substantial differences in the enrichment 
in the different models.

Statistical analysis and reproducibility
Each murine experiment was repeated once. Before calculating the 
statistical significance in R, log2 transformation was applied to the 
phenotypic data. The raw P values (each group vs its own control) 
were calculated for both phenotypic and histological data using the 
Mann–Whitney U-test (wilcox.test, R stats package v.3.6). The Benja-
mini–Hochberg method was applied to the results of the differential 
expression analysis to adjust the raw P values controlling the false 
discovery rate55. The batch-effect-corrected normalized counts cor-
responding to each animal were used to produce the principal com-
ponents (PCs) in the mice and rats PCA plots, respectively (prcomp, R 
stats package v.4.0.3); the mean of the points corresponding to animals 
belonging to the same model (for each principal component) was 
then calculated to visualize each model as a separate point (the first 
two principal components are shown in Extended Data Figs. 1 and 2).

A hypergeometric test (base R package) was applied to evaluate the 
agreement between murine and human MASLD DEGs and DRPs. The 
test was performed on the results derived from the whole transcrip-
tome as well as on those that were statistically significant and in the 
same direction of regulation as the human reference dataset hits (DEGs 
and DRPs; characterizing the ‘early disease development’, ‘all disease 
stages’ and ‘disease progression groups’). As a background, we used the 
whole transcriptome or the union of all the DEGs or DRPs (derived from 
these three groups; Fig. 4). For the human MASLD clinical features, an 
ANOVA test (base R package) was performed on the different MASLD 
groups for all the continuous variables (age, steatosis, inflammation, 
ballooning, fibrosis and NAS score). A chi-squared test was imple-
mented to characterize the categorical variables (N, T2DM). Tukey’s 
test was then implemented to assess the post-hoc analysis significance 
by comparing the different MASLD groups (Supplementary Table 3).

A range of study design parameters from Supplementary Table 1 
was evaluated in a PLSR model to examine their relationship with the 
MHPS (‘ability to induce MASH-fibrosis’ and ‘metabolic relevance’). 
Study parameters included both categorical (introduced as binary 
variables as follows: strain/background as C57BL/6J (yes or no) and 
C57BL/N (yes or no); main source of fat as lard (yes or no), Primex short-
ening hydrogenated (yes or no), coconut oil (yes or no), milkfat (yes or 
no) and palm oil (yes or no); WT/GA as genetically altered (yes or no); 
housing details as grouped housing (yes or no); sugar water? (yes or 
no); type of cage (IVC or standard); STZ and CCl4 together as chemicals 
(yes or no); details of the facility (SPF or standard); refined carbohy-
drates as sucrose in formula (yes or no) and sucrose and fructose in 
formula (yes or no)) and continuous variables (energy density (kcal g−1), 
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carbohydrates (%kcal), fat (%kcal), proteins (%kcal), cholesterol (%), 
methionine (g kg−1), choline (g kg−1), duration experimental diet 
(weeks), room humidity and room temperature). The analysis focused 
on the larger subset of mouse models including HFD, HFDAMLD, WD, 
WD-STZ, WDAMLD or WDAMLD-CCl4 to enhance interpretability. The R 
package mixOmics v.2.8.0 (http://mixomics.org) was used to build the 
PLSR model and evaluate the optimal number of components. Relevant 
parameters were selected by considering the VIP (score threshold of 1). 
A visually modified version of the clustered image map from mixOm-
ics was used to evaluate the correlations between the selected study 
design parameters and the MHPS.

Being a retrospective analysis, no statistical methods were used 
a priori to pre-determine sample sizes that depended on data avail-
ability from previous experiments. Therefore, some comparisons with 
low sample sizes might be exposed to type II error. Analyses including 
log2-transformed data met by default the normality assumptions. All 
other analyses were non-parametric and therefore normality testing 
was not a pre-requirement.

Enrichment analysis
The FGSEA (https://github.com/ctlab/fgsea) package was used for 
fast pre-ranked gene set enrichment analysis of human and preclinical 
model analysis results. The analysis was applied to pathways from the 
KEGG database (v.2019)56.

MHPS
We developed a scoring system termed MHPS that favors murine 
models that induce clinical features of MASLD (obesity, dyslipidemia, 
increased ALT and AST levels) and mimics the histopathological and 
pathophysiological characteristics of human MASLD. It provides a 
dual ranking score based on the metabolic significance of the models 
or their ability to induce MASH-fibrosis. Each of the two ‘arms’ of the 
MHPS scoring system is composed of three different layers (PHPS, 
HHPS and DHPS). Each layer provides a score that is added to gener-
ate the two arms (metabolic-relevant or fibrotic-relevant) of the final 
MHPS ranking (Fig. 1), determining the resemblance of the preclinical 
models to the human MASLD.

The PHPS comprises a seven-point scoring system, ranking the 
models against the human phenotypic outcomes based on BW, tri-
glyceride and cholesterol levels, LW:BW ratio, and AST and ALT levels. 
Preclinical models closely mimicking human systemic metabolic dis-
ease and MASH characteristics are prioritized, while those showing a 
lower resemblance are penalized. Details of the PHPS scoring system 
are shown in Supplementary Table 5. Additionally, ALT and AST lev-
els separating the animals into either no MASLD or MASH F2+ were 
evaluated by a receiver operating characteristic (ROC) curve analysis 
using Youden’s index to define the optimal threshold (Supplementary 
Fig. 3a,b). The final cutoff applied in the PHPS (Supplementary Table 5) 
calculation was defined as the combination of the optimal thresholds 
for ALT and AST (Supplementary Fig. 3c).

The HHPS assesses whether the histology samples mimic human 
MASLD/MASH (NAFLD/NASH) pathology and focuses on the key out-
puts, ranking the animals based on their ‘metabolic relevance’ or ‘ability 
to induce MASH-fibrosis’ as the main feature. HHPS includes some 
qualitative measures of human MASLD features that are expected in 
murine models to histologically mimic human MASH. Full details are 
shown in Supplementary Table 6.

The DHPS constitutes an adaptation of the DSEA and ‘gene2drug’ 
methods57,58, ranking the preclinical models against the human RNA-seq 
outcomes. DSEA provides an enrichment score that ranks the proximity 
of a specific preclinical model to a standard human reference dataset. 
This reference was constructed by focusing on reproducible transcrip-
tional and pathway changes in human MASH based on the UCAM–VCU 
and EPoS datasets. This conservative approach addresses the limita-
tions of both studies (for example, UCAM–VCU contains a limited 

control sample size and EPoS lacks lean controls) and provides con-
fidence that the trend of regulation is similar between datasets, inde-
pendently from possible power issues or biological differences in the 
cohorts. The DSEA method was applied in DEGs and differentially regu-
lated KEGG pathways, after removing pathways not relevant for the liver 
and/or with redundant genes leading to their enrichment. To address 
the dual ranking system based on the metabolic or MASH-fibrosis rel-
evance, human next-generation sequencing genes and pathways were 
divided into three groups: (1) all comparisons: hits homogeneously 
modulated at all disease stages (mild vs control, moderate vs mild, 
severe vs mild); (2) mild vs control: hits defining early disease stages 
(mild vs controls, but not moderate–severe vs mild) and (3) moder-
ate–severe vs mild: hits defining progressive MASH (but not mild vs 
control). Hits from groups (1) and (2) or (1) and (3) were used as a refer-
ence for the metabolic-related or fibrotic-related ranking, respectively. 
This reference dataset in two layers has been used to rank the murine 
models based on their proximity to the expected outcome (how close 
their transcriptome changes are to human MASLD). The same layers 
of the analyses (genes or KEGG) performed in each murine model have 
been imputed in DSEA to complete the ranking. The outcome is an 
enrichment score and a P value that signifies how enriched the human 
disease signature is in the given model. A closer model to the expected 
phenotype has a higher enrichment score. To avoid bias in the interpre-
tation of the results of DSEA, for all the non-statistically significant hits, 
the enrichment score is directly converted to zero, while enrichment 
scores from downregulated hits are multiplied by −1. The enrichment 
scores from the two different components of DSEA are then converted 
into a normalized enrichment score and averaged to generate the final 
DHPS. The basic principles of DSEA analysis that we have adapted to the 
needs of this study are described in Supplementary Fig. 4.

To merge the three different ranking methods described above 
(PHPS, DHPS, HHPS) into a final combined MHPS, the three compo-
nents were scaled between 0 and 1 using the following formula:

Normalised scores = RowScore − min(RowScore)
max(RowScore) − min(RowScore)

Each of these normalized scores contributed to one-third of the 
total score to generate the final MHPS score, which is directly translated 
into the final ranking.

Visualization of results
Data tables were generated using Excel (Microsoft Office 2019). All 
analyses were performed in R (v.4.0.3). The heatmaps were produced 
with the package Pheatmap (v.1.0.12; https://rdrr.io/cran/pheatmap). 
For the visualization of the Sankey diagram (signal flow from the path-
ways towards the genes; Fig. 5), we used the function sankeyNetwork 
from the package networkD3 (v.0.4; https://rdocumentation.org/ 
packages/networkD3/versions/0.4/topics/sankeyNetwork).

The functions ggscatter (https://rdocumentation.org/packages/ 
ggpubr/versions/0.5.0/topics/ggscatter) and plot_grid (https://rdocu 
mentation.org/packages/cowplot/versions/1.1.1/topics/plot_grid) 
from the packages ggpubr (v.0.4.0) and cowplot (v.1.1.1) were used for 
the scatterplots in Supplementary Fig. 1, adding the regression lines 
and calculating the Pearson correlation scores and the corresponding 
P values. Figs. 2, 6 and 7a and Extended Data Figs. 3 and 4 were produced 
using packages cowplot and ggplot2 (https://rdocumentation.org/ 
packages/ggplot2/versions/3.4.0).

The receiver operating characteristic curves in Supplementary 
Fig. 3 were produced using the roc.curve function from the PRROC pack-
age (https://rdocumentation.org/packages/PRROC/versions/1.3.1/ 
topics/roc.curve); sensitivity and specificity were calculated using 
the caret package (https://rdocumentation.org/packages/caret/ver 
sions/6.0-93). For visualization, the ggplot2 and ggpubr packages 
were applied.
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Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All the murine data in this manuscript are original and unpublished 
except for 6J-WD-C0.2-32W (GSE110404)59, R-CDAA (GSE134715)60 
and GAN-C2 REV/SEMA (GSE196908)34, which have been previously 
published and the raw data reused. Murine gene expression datasets 
have been deposited in the Array Express database (next-generation 
sequencing (NGS) accession number E-MTAB-12808; microarrays 
accession number E-MTAB-12817). All processed data used in or pro-
duced by this analysis have been deposited in Biostudies (accession 
number S-BSST1361; https://www.ebi.ac.uk/biostudies/studies/S- 
BSST1361), along with all murine metadata necessary for the interpreta-
tion, validation and expansion of the findings presented in this study. 
For those animals with available expression data, all metadata have also 
been deposited to the Array Express database. Human gene expression 
datasets and some metadata are publicly available (E-MTAB-9815, 
GSE130970, GSE135251); additional metadata are available upon 
request from the authors that originally published these datasets. 
Source data are provided with this paper.

Code availability
R code and scripts are available upon request.
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Extended Data Fig. 1 | PCA plot of RNASeq data comparing the different mouse MASLD models. The plot uses the normalised batch-corrected gene expression data. 
Each point represents a mouse model. The Controls (triangles) are clearly separated from the MASLD models (circles) according to the first principal component (PC1).
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Extended Data Fig. 2 | PCA plot of RNASeq data comparing the different rat MASLD models. The plot uses the normalised batch-corrected gene expression data. 
Each point represents a rat model. The Controls (triangles) are separated from the MASLD models (circles) according to the first principal component (PC1).
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Extended Data Fig. 3 | Details of the MHPS components (PHPS, HHPS, 
DHPS) – Metabolic Relevance. Bar plots show the detailed composition of the 
MHPS components (PHPS, HHPS, and DHPS) utilised for the output focusing on 
metabolic relevance. Models are ordered globally according to the MHPS, where 
each barplot gives an overview of the total PHPS, HHPS or DHPS, the associated 
features, and their corresponding scores (see Supplementary Tables 5 and  
6 and Supplementary Fig. 4 for an overview of the scoring strategies). For each 
model, the total scores of PHPS and HHPS are represented by red vertical lines to 
overcome the fact that some features are scored negatively. For PHPS and HHPS, 

the length of the stacked bars represents the scores’ absolute values (before 
normalising to the interval 0-1). DHPS directly shows the normalised score. 
Feature scores included are abbreviated as follows: PHPS: BW = Body weight,  
TG = Triglycerides, CL = Cholesterol, L/B = Liver Weight/Body weight (%),  
LE = Liver enzyme levels of ALT & AST; HHPS: C1 = Topography of histological 
lesions, C2 = Type of steatosis, C3 = Hepatocyte ballooning, C4 = Lobular 
inflammation, C5 = Mallory-Denk bodies; DHPS: DEG = Differentially Expressed 
Genes, DRP = Differentially Regulated Pathways.
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Extended Data Fig. 4 | Details of the MHPS components (PHPS, HHPS, DHPS) 
– Ability to induce MASH-Fibrosis. Bar plots show the detailed composition of 
the MHPS components (PHPS, HHPS, and DHPS) for the output focusing on the 
ability to induce MASH-Fibrosis. Models are ordered globally according to the 
MHPS, where each barplot gives an overview of the total PHPS, HHPS or DHPS, 
associated features, and corresponding scores (see Supplementary Tables 5 and 
6 and Supplementary Fig. 4 for an overview of the scoring strategies). For each 
model, the total scores of PHPS and HHPS are represented by red vertical lines to 
overcome the fact that some features are scored negatively. For PHPS and HHPS, 

the length of the stacked bars represents absolute scores' absolute values (before 
normalising to the interval 0-1). DHPS shows the normalised score directly. 
Feature scores included are abbreviated as follows: PHPS: BW = Body weight, TG 
= Triglycerides, CL = Cholesterol, L/B = Liver Weight/Body weight (%), LE = Liver 
enzyme levels of ALT & AST; HHPS: C1 = Topography of histological lesions, C2 
= Type of steatosis, C3 = Hepatocyte ballooning, C4 = Lobular inflammation, 
C5 = Mallory-Denk bodies, F(C6) = Fibrosis; and for DHPS: DEG = Differentially 
Expressed Genes, DRP = Differentially Regulated Pathways.
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Extended Data Fig. 5 | Representative images of MASLD histopathology 
features in the 6NTAC-GAN-C2-TN42W model. a. Panlobular distribution of 
steatosis, grade 3, H&E stain, x50; b. Ballooned hepatocyte (arrow), H&E stain, 

x200; c. Necroinflammatory focus (arrowhead), H&E stain, x200; d. Periportal 
and extensive sinusoidal fibrosis, stage 2, Sirius red stain, x50 (THV terminal 
hepatic venule, PT portal tract).
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Extended Data Fig. 6 | Representative images of MASLD histopathology 
features in the 6NTAC-GAN-C2-RT42W model. a. Panlobular distribution of 
steatosis, grade 3, H&E stain, x50; b. Necroinflammatory foci (arrowheads),  

H&E stain, x200; c. Ballooned Hepatocyte (arrow), H&E stain, x200; d. Periportal 
and perisinusoidal fibrosis, stage 2, Sirius red stain, x50 (THV terminal hepatic 
venule, PT portal tract).

http://www.nature.com/natmetab


Nature Metabolism

Resource https://doi.org/10.1038/s42255-024-01043-6

Extended Data Fig. 7 | Representative images of MASLD histopathology 
features in the AZ-OB-GAN-23W model. a. Panlobular distribution of steatosis, 
grade 3, H&E stain, x50; b. Non-classical ballooned hepatocyte (arrow) and 

necroinflammatory foci (arrowheads), H&E stain, x200; c. Periportal and 
perisinusoidal fibrosis, stage 2, Sirius red stain, x50 (THV terminal hepatic 
venule, PT portal tract).
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Extended Data Fig. 8 | Representative images of MASLD histopathology 
features in the OB-GAN-C2-12W model. a. Panlobular distribution of steatosis, 
grade 3, H&E stain, x50; b. Necroinflammatory focus (arrowhead), H&E stain, 

x200; c. Ballooned hepatocyte (arrow), H&E stain, x200; d. Periportal and 
perisinusoidal fibrosis, stage 2, Sirius red stain, x50 (THV terminal hepatic 
venule, PT portal tract).
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Extended Data Fig. 9 | Representative images of MASLD histopathology 
features in the MC4R-WD-C0.2-21W model. a. Panlobular distribution of 
steatosis, grade 3, H&E stain, x50; b. Necroinflammatory foci (arrowheads),  

H&E stain, x200; c. Ballooned hepatocytes (arrows), H&E stain, x200;  
d. Periportal and perisinusoidal fibrosis, stage 2, Sirius red fast green stain,  
x50 (THV terminal hepatic venule, PT portal tract).
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Extended Data Fig. 10 | Representative images of MASLD histopathology 
features in the LDLR-CDHFHCD-F42-C1-8W model. a. Panlobular distribution 
of steatosis, grade 3, H&E stain, x50; b. Periportal and perisinusoidal fibrosis, 

stage 2, Sirius red stain, x50; c) Necroinflammatory foci (arrowheads),  
H&E stain, x200; d. Ballooned hepatocyte (arrow), H&E stain, x200 THV terminal 
hepatic venule, PT portal tract).
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