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Abstract 

Background Metabolic Dysfunction-Associated Steatotic Liver Disease (MASLD) is a global health 
priority affecting approximately 30% of the population. It represents the hepatic manifestation of 
metabolic syndrome, potentially progressing from simple steatosis to Metabolic Dysfunction-
Associated Steatohepatitis (MASH), cirrhosis, and hepatocellular carcinoma. This review aims to 
compare current knowledge of MASLD in mouse models and humans, focusing on pathophysiology, 
histological phenotypes, and the role of preclinical imaging as a non-invasive translational screening 
tool. Methods The study synthesizes recent evidence (last five years) regarding the multifactorial 
aetiology of MASLD, focusing on some of the key aspects in selecting the appropriate animal model 
and on the recent non-invasive techniques applicable to both humans and mice. Results MASLD 
arises from complex interactions between genetics, sedentary lifestyles, and imbalanced diets. While 
mouse models have been refined to capture the multifactorial interplay driving disease progression 
and are still essential for drug development, no single model fully mirrors the human condition. This 
process must take into account key variables, including diet composition, mouse strain, the use of 
genetically modified mice (GEMs), and housing temperature. Histological assessment remains the 
gold standard for MASLD staging, particularly in mouse models; however, preclinical imaging is 
increasingly emerging as a complementary, non-invasive technique for in vivo investigation. 
Conclusions Rational, fit-for-purpose mouse models are essential to address specific mechanistic and 
therapeutic questions. Given the multifactorial and heterogeneous nature of MASLD, understanding 
the limitations and strengths of specific mouse models is therefore crucial for translational research. 
Integrating phenotype-driven approaches in both humans and mice, combining traditional histology, 
quantitative imaging and metabolic profiling, as well as longitudinal, combinatorial and humanized 
preclinical models, will enhance translational alignment and accelerate the development of therapies 
for MASLD. 
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1. Hepatic Steatosis and Metabolic Dysfunction-Associated Steatotic Liver 
Disease (MASLD): Overview 

Hepatic steatosis is defined as the presence of intrahepatic fat, accounting for at least 5% of total 
liver weight [1]. It can be caused by excessive alcohol consumption or by metabolic factors like 
obesity, insulin resistance (IR) and dyslipidemia. This second condition, named Metabolic 
Dysfunction-Associated Steatotic Liver Disease (MASLD, previously known as Non-Alcoholic FaĴy 
Liver Disease - NAFLD), has gained much aĴention in recent years due to its potential to progress to 
more severe forms [2]. MASLD is considered the hepatic manifestation of metabolic syndrome 
encompassing a spectrum of conditions that can progress from a simple, less harmful form of hepatic 
fat deposition to a more severe form of steatohepatitis with inflammation, iron deposition, and 
potential damage and fibrosis (Metabolic Dysfunction-Associated Steatohepatitis - MASH), 
ultimately leading to cirrhosis and hepatocellular carcinoma (HCC) [3,4]. 

Its global prevalence is very high, affecting approximately 30% of the population, and its 
incidence has increased by 50.4% from 1990 to the present [5]. In MASLD, hepatic steatosis is 
associated with at least one cardiometabolic risk factor, including hyperlipidemia, hyperglycemia, 
IR, and overweight [2]. Although MASLD has been considered, for many years, a condition closely 
linked to obesity, increasing evidence shows that it can develop also in individuals with a normal 
body mass index (BMI), a condition known as “lean-MASLD” [6]. Indeed, MASLD is a multifactorial 
disease whose pathophysiology is not yet fully understood, arising from a combination of genetic 
predisposition, dietary factors, physical activity levels, and gut dysbiosis [7]. 

Genetic factors play a significant role in MASLD, with variants identified in genes that regulate 
glucose and fat regulatory pathways. For example, the rs738409 (c.444C>G) polymorphism in the 
patatin-like phospholipase domain-containing 3 (PNPLA3) gene is present in 30–50% of individuals 
with MASLD. This variant leads to an isoleucine-to-methionine substitution at position 148 
(p.I148M), resulting in increased hepatic lipid retention during feeding and excessive lipid oxidation 
during fasting. These alterations overwhelm metabolic capacity and ultimately promote cellular 
toxicity, leading to hepatic damage [8]. Another well-known polymorphism is the HSD17B13 variant 
of 17β-hydroxysteroid dehydrogenase-13, which is a hepatocyte-specific, lipid droplet-associated 
protein. HSD17B13 gene expression and protein levels are upregulated in MASLD affected patients 
and overexpression of Hsd17b13 in mice promotes rapid lipid accumulation in the liver [9]. Also, the 
missense variant rs1260326 (p.P446L) and the intronic variant rs780094 of Glucokinase regulatory 
protein gene (GCRK) are associated with increased de novo lipogenesis and higher plasma 
triglycerides levels [10]. Single-nucleotide polymorphisms in membrane-bound O-acyltransferase 
domain–containing 7 (MBOAT7) are associated with increased risk of initiation and progression of 
MASLD and fibrosis; indeed multiple in vitro and in vivo studies showed how MBOAT7 deficiency 
in mice and humans alters the hepatic phospholipids composition and promotes hyperinsulinemia 
and hepatic IR [11]. Lastly, the rs58542926 variant in TM6SF2 gene (p.E167K), by inhibiting the 
secretion of Very Low-Density Lipoproteins from hepatocytes, promotes triglycerides accumulation 
within the liver parenchyma [12]. 

An imbalanced diet is another risk factor for MASLD. This involves alterations in both macro- 
and micronutrients intake, characterized not only by increased consumption of calories, i.e., 
carbohydrates, cholesterol, and total saturated faĴy acids, but also by excessive selenium and 
reduced vitamins K and E intakes. Such dietary paĴerns promote IR and hepatic lipid accumulation, 
and a positive correlation has been observed between circulating selenium levels and liver fibrosis. 
Conversely, deficiencies in vitamins E and K contribute to increased oxidative stress and impaired 
glycemic control [13]. 
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Alongside imbalanced dietary habits, individuals with MASLD tend to be more sedentary and 
less likely to engage in regular physical activity [13]. Such reduced activity is clinically relevant, as 
exercise has been shown to be effective in preventing the onset of MASLD. Indeed, emerging 
evidence supports the existence of a muscle–liver crosstalk, whereby myokines released by muscles 
during physical activity, such as decorin and IL-6, promote mitochondrial faĴy acid β-oxidation, 
mitigating diet-induced hepatic steatosis and aĴenuating hepatic inflammation [14,15]. 

Regarding gut dysbiosis, patients with MASLD frequently exhibit an imbalanced gut 
microbiota, characterized by an overrepresentation of Proteobacteria and Fusobacteria, phyla that 
include many opportunistic pathogens, and a concomitant reduction in protective genera such as 
Prevotella and Faecalibacterium. This could compromise gut barrier integrity and the production of 
short-chain faĴy acids, leading to gut leakiness and chronic inflammation [16]. 

Given its multifactorial etiology, MASLD remains a therapeutic challenge. Current management 
strategies primarily focus on dietary modifications, increased physical activity, and pharmacological 
interventions with drugs such as Pioglitazone, Vitamin E, and antagonists of the glucagon-like 
peptide-receptor 1 (GLP-1R) and peroxisome proliferator–activated receptor (PPAR) [17]. In this 
context, experimental mouse models of MASLD play a fundamental role, as they enable detailed 
investigation of the disease’s pathophysiology and may help uncover new pathways that could serve 
as therapeutic targets. Moreover, mouse strains have diverse genetic backgrounds and are susceptible 
to genetic manipulation, which helps to identify the genetic factors underlying MASLD. Compared 
to animal models with more developed brain functions, mice can model varying degrees of MASLD 
based on environmental, genetic, and epigenetic factors or their combination, with ease of 
management, shorter investigation times, lower costs, and fewer ethical concerns. 

In both humans and mice, MASLD is currently confirmed and staged by histology as the gold 
standard; however, non-invasive diagnostic and imaging approaches are increasingly recommended. 
In the clinical seĴing, recent advances in imaging enable safer image-guided liver biopsies and 
support integrated MASLD screening strategies for early diagnosis in high-risk patients or when 
biopsy is contraindicated due to underlying health conditions [18,19]. In the preclinical seĴing, 
histological assessment of MASLD requires animal sacrifice, thereby precluding longitudinal 
evaluation of disease progression or therapeutic response within the same subject and increasing the 
number of animals used at multiple experimental time points [20]. Therefore, the implementation of 
preclinical imaging approaches is highly relevant and translationally valuable for MASLD research, 
as it complements invasive methods while addressing both scientific and ethical considerations. 

Considering these aspects, our aim is to critically summarize the most recent refinements of 
genetic and/or dietary MASLD mouse models in the last five-year publications, highlighting the 
varied and controversial efforts to reproduce the full spectrum of MASLD outcomes, including 
metabolic alterations, hepatic inflammation and fibrosis. We examined their comparability to humans 
and translational relevance, with a focus on current histopathological evidence for MASLD/MASH 
in mouse models and the advances of preclinical imaging, highlighting the key factors to consider 
when selecting the most appropriate animal model. 

2. Mouse Models of MASLD: Strength and Pitfalls in Comparative Pathology 

Currently, given the complexity of the pathophysiology of MASLD and interspecies differences 
in liver biology, neither cellular systems nor animal models can completely reproduce the human 
disease. Despite advances, both simpler 2D human cell cultures, such as HepG2 and Huh7, and 
human-based 3D organoids are still unable to fully reflect the complexity of hepatocytes metabolism 
compared to living organisms [21–24]. On the other hand, laboratory mice, the most widely used 
animal models for MASLD, have liver anatomy similar to humans, but also show pathophysiological 
differences, such as in transcriptome and enzymatic activities [25,26]. 

Through the years, several mouse models have been developed to study the pathogenesis and 
treatment of MASLD and over the past decades, extensive reviews have described the most well-
established models, including diet-induced, gene editing-induced, and chemical-induced models. 
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Various dietary regimens, such as high fat (HFD), methionine and/or choline deficient (MCD), 
cafeteria and western (WD) diets, or chemicals such as carbon tetrachloride, streptozocin or exposure 
to cigareĴe smoke, have been extensively tested in different seĴings on mouse strains susceptible to 
metabolic syndrome (C57BL/6, FVB/N, DBA/2J, 129S1/SvlmJ) or genetically engineered mouse (GEM) 
models including ob/ob, db/db, LDLR-/-, ApoE-/- or knock-out (KO) mice for the targeted genes of 
interest [27–31]. Despite this, there is still the need for further refinement to bridge the translational 
gap and beĴer capture the complex interplay among genetic, metabolic, and environmental factors 
driving disease development and progression. In this context, models representing both early and 
advanced stages of MASLD are valuable for distinct and complementary research purposes. Early-
stage models help to study etiopathogenesis and test preventive strategies for simple steatosis in a 
still reversible pathological state, and are particularly valuable as recent evidence from the LITMUS 
consortium has highlighted that early-stage MASLD is often underdiagnosed; conversely late-stage 
models are essential to study the transition to more severe consequences such as inflammation, 
fibrosis and cancer [32,33]. 

Therefore, selecting the most suitable MASLD model requires a balance between a model’s 
ability to address a particular experimental question and its limitations in representing the full 
spectrum of human MASLD. Moreover, several factors must be considered, including diet selection, 
mouse strains, the use or not of GEM mouse model, the choice of inbred mice, and housing conditions 
(Figure 1). 

 
Figure 1. Mouse models: drivers, disease stages, and translational studies. The figure provides a visual 
framework to understand how murine models can reproduce different phases of MASLD. The central axis 
represents disease progression from healthy to steatotic liver, followed by the worsening of the condition to 
MASH, cirrosis, and HCC. Above the axis, the main experimental drivers are depicted: dietary regimens 
primarily determine disease progression, while genetic background and engineered models modulate key 
pathways such as lipid metabolism, autophagy, mitochondrial function, bile acid regulation, and gut–liver 
interactions. Environmental factors (housing temperature, age, and sex) further influence disease severity and 
kinetics. Below the spectrum, the figure links disease stages to their typical experimental use, from studies on 
etiopathogenesis and prevention in early MASLD to investigations of inflammation, fibrosis, and therapeutic 
testing in advanced stages. 

Considering dietary regimens it is important to highlight that variations in diet composition and 
its duration can strongly influence the clinically relevant endpoints provided by mouse models; 
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besides, a diet markedly different from human dietary paĴerns is likely to result in poorly 
translatable results [34]. 

MCD has been used in the past because it induces steatohepatitis and liver fibrosis rapidly, but 
its current use is limited as it does not mimic a realistic diet and the key metabolic changes of human 
MASLD, particularly obesity and IR. Furthermore, mice fed MCD show marked weight loss, raising 
both scientific and ethical concerns. For this reason, MCD models may be more suitable in specific 
contexts, such as to study histological aspects of liver fibrosis and inflammation and test new targeted 
drugs, or to investigate altered drug disposition due to MASH-associated transporter alterations 
[28,35,36]. 

Regarding diets, WD-fed mouse models are the ones that beĴer recapitulate obesity, 
hypercholesterolemia, IR and histological hallmarks of human disease progression and are best 
suited for testing therapies to promote weight loss and ameliorate inflammation [32,37]. Indeed, 
WDs, with variable macronutrient compositions and feeding durations, induce a spectrum of 
alterations that goes from simple steatosis to MASH at 12–16, 20–24, and up to 9–18 months of age, 
depending on mouse genetics [31,38,39]. This diet triggers early, long-lasting disturbances, including 
markers of oxidative stress and mitochondrial dysfunction but also hepatic iron deposition and lipid 
peroxidation, characteristics of MASLD progression also in human disease [39–42]. Notably, after 
WD feeding, different liver lobes in mice exhibit metabolic heterogeneity similar to humans: in 8-
week-old C57BL/6J mice, the left lobe showed the earliest and most severe metabolic and 
inflammatory changes, which progressed further after 16 weeks [42]. Combining WD with drinking 
water supplemented with fructose, but not glucose and sucrose, exacerbated the progression of 
MASLD in male C57BL/6N mice after 10 weeks, as reported in humans consuming sugar-sweetened 
beverages [43,44]. However, the distinct effects of various types of sugars on the progression of 
MASLD are still a maĴer of debate, and 6 weeks-old C57BL/6J mice which consumed WD containing 
 30% fat and 20% sucrose for 24 weeks, supplemented with 30% fructose or sucrose in drinking 
water, showed comparable worsening of liver damage [45]. In any case, WD models are 
advantageous from a translational perspective because the disease is not driven by nutritional 
deficiencies, unusual additives, hepatotoxins, or extremely high fat content (45–69%) [32,37]. 

Another dietary approach that is now gaining more and more consideration is the Gubra Amylin 
diet (GAN) for non-alcoholic steatohepatitis , rich in fructose, saturated fat, and with 2% cholesterol 
[29]. This diet was able to induce hepatic steatosis and mild inflammation as early as 10 weeks of 
feeding in adult male C57BL/6J mice associated with colonic microbiota dysbiosis, an important 
cofactor in the development of MASLD in humans [46]. It may be argued that this level of cholesterol 
is excessive (in particular when compared to 0.2% cholesterol of WD) and does not accurately reflect 
the dietary intake of Western populations; on the other hand, the clinical translatability of a C57BL/6J 
mouse model with the same cholesterol concentration, with 40% of saturated fat (mainly palm oil) 
and 20% fructose for up to 44 weeks, was supported under normal housing conditions[47–50]. 
Indeed, these mice showed clinical features, metabolic parameters and histological alterations 
(macrovesicular steatosis, hepatocyte ballooning, inflammation and fibrosis) consistent with human 
patients, highlighting their suitability for studying therapeutic targets for MASH, even with the 
disadvantage of long and expensive disease induction times. MASH and fibrosis can develop more 
rapidly and severely by feeding this diet to GEMs [29]. 

In this context, beyond diet, it is also essential to consider duration of the dietary regimen and 
the age at which it is initiated: prolonged exposure to imbalanced diets induces the most severe 
alterations, closely resembling human disease, but at higher time and economic costs. In parallel, 
WD-fed mice display different severity of MASLD from preadolescence (20-30 days) or puberty (8 
weeks) to mature adulthood (12 weeks), or until middle age ( 15 months) and senescence ( 20 
months) [31,38,39,51,52]. Noteworthy, also GAN diet seems to induce differential progression of 
MASH and fibrosis at different ages. 14-months-old C57BL/6J mice fed GAN diet for 21 weeks 
developed severe pathological features of MASLD, comparable to those of humans, more rapidly 
than young mice [53]. Interestingly, the presence of macrovesicular steatosis and monocyte-derived 
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macrophages, Kupffer and T cells was detected in the liver of aged male mice within 12 weeks of 
dietary challenge, but MASH and fibrosis progression was evident in both female and male aged 
mice after 21 weeks of GAN [53]. 

Furthermore, this mouse model has been shown to develop HCC after approximately 60 weeks 
of GAN diet feeding and has been useful for thoroughly characterizing therapies with lanifibranor 
and semaglutide, demonstrating that the laĴer is able to act both on the advanced stage of MASH 
and reduce cancer development [54]. 

As previously mentioned, the choice of mouse strain is of great significance, showing large 
differences based on the combination of dietary regimens and genetic background [55]. A further 
challenge concerns the choice of inbred animals: their low genetic variability enables more precise 
mapping of MASLD-related pathways and genes, but at the cost of not representing human inter-
individual physiological diversity. Nevertheless, the choice of inbred mice is often necessary, 
especially when generating a colony of GEMs. Currently, several GEMs are available, including 
monogenetic, polygenetic, and liver-specific GEMs, with a well-established genetic background for 
metabolic studies and suitable for gene KO. Genetic alterations associated with faĴy liver disease 
most commonly involve lipoprotein trafficking, glucose metabolism, adiposity/fat distribution, IR, or 
mitochondrial/endoplasmic reticulum biology. 

Despite GEMs represent valuable tools for studying MASLD, each of them has advantages and 
limitations. Monogenic mouse models offer insights into the role of specific genes and usually 
replicate the key human metabolic alterations but may oversimplify the multifactorial nature of 
MASLD. Conversely, the strength of liver-specific genetic models lies in the study of specific 
molecular pathways without the confounding influence of systemic metabolic challenges. However, 
these mouse models can also exhibit unpredictable systemic alterations, potentially influencing the 
specific liver phenotype and lack of relevant interactions between the liver and adipose tissue, 
pancreas, and cardiovascular system. Moreover, these models may not be ideal for initial 
phenotyping of a novel gene’s function, while whole-body KO may reveal complex metabolic and 
interorgan crosstalk that would be overlooked in a liver-specific model, offering broader insights into 
the gene’s role in metabolic regulation. The choice of GEMs should therefore be carefully guided by 
the research question, balancing the goal of precise dissection of cell-specific mechanisms with the 
need to understand systemic complexity. Ideally, polygenetic mouse models for MASLD would help 
improve the translation of preclinical findings into human clinical applications but are currently 
underutilized because they are more expensive and time-consuming than using established models 
[56]. 

Recent insights into gene-environment interactions and health comorbidities have highlighted 
their significant role in MASLD susceptibility and severity in patients, with a particular focus on food 
composition in both humans and mice [38,57]. For this reason, GEMs are often also subjected to 
dietary variations, which complement the study of metabolic dysfunctions and molecular 
mechanisms—such as oxidative stress and ferroptosis—occurring at different stages of disease 
progression [32,40,56,58]. One of the main criticisms levelled at rodent diets is the lack of 
standardization that faithfully reflects human dietary paĴerns. Variability in macronutrient and 
micronutrient content may contribute to differing results among rodent studies and may hinder their 
translation into the clinical seĴing [59]. Despite this, one of the main dietary regimens used in MASLD 
models, often associated with GEMs, is WD. 

Although the role of gene-environment interactions in the pathogenesis of MASLD has been 
widely recognized, an overlooked aspect is the sensitivity of different mouse models to husbandry 
conditions, depending on common practices and available laboratory resources. Interestingly, mouse 
housing temperature can impact liver disease modelling, and thermoneutrality (TN) conditions 
around 30 °C can exacerbate liver damage progression by influencing systemic metabolism through 
decreased thermogenesis and inflammation, compared to standard housing temperatures (20-24 °C) 
[31,32,55]. For instance, PWK/PhJ mice, fed WD and kept under TN conditions from 7 to 24 weeks of 
age, have been recently described as a promising mouse model with features of human MASH, 
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showing more severe obesity and IR, higher liver enlargement and serum levels of cholesterol and 
transaminases compared to other mouse strains, including C57BL/6J [55]. Noteworthy, PWK/PhJ 
mice developed significant fibrosis and displayed distinct transcriptomic and mitochondrial 
alterations. Also, ten-week-old male C57BL/6J mice fed a similar WD for 13 weeks under TN showed 
more severe pathological, histological, and molecular features of MASLD than their counterparts 
raised at 22 °C [55]. 

In a comparative analysis of experimental conditions [60], it has been highlighted that TN could 
have an impact on the development of MASLD mainly in the early stages of the disease rather than 
in the more advanced ones; that diet composition plays a key role in shaping MASLD at thermal 
neutrality; and that TN rearing could reduce intragroup variability in response to WD feeding. 
Furthermore, it has been reported a complex crosstalk between liver and adipose tissue for the 
initiation and progression of MASLD depending on the housing temperature of the mice, including 
an altered hepatic response to white adipose tissue lipolysis and reduced brown adipose tissue 
activation in response to β3-adrenergic stimulation [60]. However, TN did not clearly affect MASH 
progression towards fibrosis in 8-week-old male C57BL/6J mice compared to those maintained at 
standard room temperature after 4 and 7 months of GAN, showing a comparable histological paĴern 
of liver disease [61]. 

Taken together, these findings suggest that careful consideration of TN could help optimize 
mouse models of MASLD by significantly reducing the dietary intervention time, the number of 
animals required to model MASLD, and the interindividual variability. Despite this, its practical 
availability and management in laboratory animal facilities may vary [60]. 

A final important aspect is that most studies have been conducted in male mice, highlighting the 
need for future research on MASLD in females. Indeed, increasing evidence showed the protective 
role of estrogen in cardiovascular and metabolic diseases but in recent years it is also emerging 
MASLD health risks for women [32,62,63]. 

Within this complexity and the multitude of factors to be considered, ethical and practical 
aspects of each MASLD-related approach must also be taken into account. WD consumption for 
many weeks in wild type mice or GEMs increases experimental costs and may lead to various adverse 
health conditions (reduced food intake, weight loss, microbiota dysbiosis, chronic joint pain, 
neurobehavioral alterations) likely related to the progression of liver injury and IR [38]. A high-
fructose diet negatively impacts osteogenesis and bone density in mouse models, predisposing to 
osteoporotic fractures [33]. Raising mice in TN is controversial because it affects the animals’ 
metabolism and immune function, which can potentially alter experimental results depending on the 
research context [31,32]. Consequently, increased suffering and mortality not only pose significant 
animal welfare concerns but also operational challenges, such as the need to use more animals to 
maintain statistical power in later phases of the study. 

The multifactorial nature of the disease and the difficulty in selecting an appropriate MASLD 
murine model contribute to the incomplete understanding of its pathogenic mechanisms, particularly 
those leading from simple steatosis to steatohepatitis. From this perspective, it is well established that 
excess dietary lipids and carbohydrates cause lipid droplet formation in hepatocytes, but these can 
be degraded to some extent by autophagy, preventing exceeding tissue storage and subsequent 
cellular dysfunction. Thus, the role of autophagy as an important regulator of lipid homeostasis has 
emerged, and its impairment may contribute to the accumulation of lipid droplets in liver tissue and 
the development of MASLD. For this reason, regulatory changes in hepatocyte autophagy due to 
overnutrition and the influence of this process in other organs, such as adipose tissue, are under 
investigation. 

New Zealand Obese (NZO) mice, a polygenic model of metabolic syndrome and type2 diabetes, 
showed early obesity just at 22 weeks of age under standard diet (SD), similarly to older 39 weeks 
old C57BL/6J mice, and developed more pronounced MASLD when fed HFD (36% fat) for 16 weeks, 
findings overall related to decreased liver autophagy [64]. 
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Recently, a mouse model KO for mitogen-activated protein kinase 15 (MAPK15) on a C57BL/6J 
background has been characterized, highlighting a key role of this protein in the control of 
mammalian hepatic lipid homeostasis [65]. Specifically, wild-type and KO mice were fed a WD diet 
whose composition realistically mimicked the human imbalanced Western diet (38% fat, 0.2% 
cholesterol, 33% sucrose) from 8 to 24 weeks of age, and the phenotypic, metabolic, and imaging 
characteristics of MASLD were monitored in vivo from early to later experimental stages. 
Interestingly, KO male mice developed earlier and more severe MASLD outcomes, including diet-
induced obesity, increased blood transaminases, cholesterol and glucose, and IR compared to their 
wild-type counterparts. Noteworthy, male KO mice developed early liver changes on ultrasound, 
indicative of progressive worsening of hepatic steatosis, and some in the SD group showed mild 
hepatic steatosis. Histological analysis confirmed the presence of more severe hepatic steatosis and 
mild inflammation and fibrosis in WD-fed male KO mice compared to controls, while, consistent with 
the literature, female KO mice showed a trend toward greater lipid accumulation in the liver 
compared to wild-type mice but showed a milder phenotype than males. Overall, we demonstrated 
that deletion of the MAPK15 gene, under WD stimulation, worsens the progression of MASLD in 
mice. Importantly, transcriptomic analysis highlighted increased MAPK15 expression in the liver of 
MASLD patients, suggesting a compensatory role in disease progression. 

Beyond that, the role of adipose tissue-liver crosstalk in the pathogenesis of MASLD was 
specifically studied in young male C57BL/6J mice and in adipocyte-specific autophagy-related gene 
7 (Atg7) KO mice fed a HFD (32% fat) for up to 8 months. Although no differences were evident 
between KO mice and controls under standard conditions, HFD promoted autophagy in adipose 
tissue only in wild-type mice, which showed worsening hepatic steatosis, inflammation and fibrosis 
[66]. Consequently, observations from this mouse model may suggest the potential of targeting 
autophagy in adipose tissue for MASLD/MASH treatment. However, these adipose-tissue specific 
KO mice display hypertrophy of subcutaneous fat, but atrophy of visceral fat, while humans with 
MASLD typically show augmented visceral adiposity, which is strongly associated with metabolic 
dysfunctions and increased cardiovascular risk. This discordant paĴern, which rather mimics human 
lipodystrophy, further highlights the need to carefully select mouse models to study the 
pathophysiology of hepatic lipid accumulation in human MASLD, based on specific research 
questions. 

Another key mechanism leading to hepatic steatosis occurs when faĴy acid uptake and synthesis 
exceed the capacity of hepatocytes for lipid oxidation and export. Recently, the role of A-kinase 
anchoring protein 1 (AKAP1), a mitochondrial protein involved in energy balance, regulation of lipid 
homeostasis, and MASLD, has been studied in AKAP1-deficient mice, both systemically and 
specifically in hepatocytes. Intriguingly, AKAP1 KO diet-induced obesity mouse model on C57BL/6N 
background showed less severe weight gain and metabolic alterations, including hyperlipidemia and 
IR, as well as hepatic steatosis under HFD (60% fat) for 24 weeks, compared to wild type mice. 
Comparable results were reproduced in mice by treatment with AKAP1 inhibitors. Mechanistically, 
these findings were related to increased energy expenditure due to enhanced thermogenesis in brown 
fat via the activity of the mitochondrial enzyme acyl-CoA synthetase long-chain family member 1 
(ACSL1). These findings were coherent with AKAP1 downregulation found in subcutaneous adipose 
tissues of obese patients, compared to lean controls [67]. 

To analyze AKAP1 activity in hepatocytes, without the interference of increased energy 
expenditure in adipose tissue on fat accumulation in the liver, the same research group developed 
tissue-specific AKAP1 KO mice on C57BL/6J background. Liver- specific KO mice showed worsening 
of hepatic steatosis and steatohepatitis under HFD (60% fat) or WD (40% fat, 0.2% cholesterol) 
combined with 45% glucose and 55% fructose in drinking water up to 24 weeks, while restoring 
hepatic AKAP1 by knocking down Glycerol-3-phosphate acyltransferase 1 (GPAT1) improved the 
disease [68]. Interestingly, in this mouse model, primarily the moderate-fat, moderate-cholesterol diet 
supplemented with complex sugars induced human-like histological features of MASH as early as 
16 weeks, including hepatocyte ballooning and fibrosis associated with obesity, dyslipidemia, and 
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IR. Mechanistically, AKAP1 can inhibit triglyceride synthesis in hepatocytes by phosphorylating and 
inactivating GPAT1, a mitochondrial outer membrane protein that converts acyl-CoAs to 
lysophosphatidic acid. This finding would be consistent with the clinical literature, which describes 
a loss-of-function GPAT1 genetic variant with a protective role against MASLD, while a gain-of-
function mutation increases predisposition to the disease. Thus, this mouse model revealed that 
AKAP1 deficiency would predispose to hepatic steatosis mainly through positive regulation of 
triglyceride synthesis via enhanced mitochondrial GPAT activity, which appears as a novel potential 
therapeutic target. 

Recently, young mice carrying the Ay (Agouti Yellow) mutation have been used to study 
MASLD. They were fed a diet high in fat (42%), cholesterol (0.2%), and sucrose (24%), and drinking 
water sweetened with fructose (23 g/L) and glucose (19 g/L) and developed hyperphagia, obesity, 
hypertriglyceridemia, IR and hepatic steatosis, including inflammation and fibrosis, as early as 16 
weeks, progressing to more advanced lesions after 12 months [49]. Consequently, this model has been 
proposed to study MASLD pathophysiology and test new therapies. Indeed, 8-week-old male and 
female C57BL/6J mice fed a high-cholesterol WD (42% fat, 0.2% cholesterol) combined with fructose 
(23.1 g/l) and glucose (18.9 g/l) in the drinking for 25 weeks water up to 6 months of age, showed 
increased food intake, weight gain, liver-to-body weight ratio, steatosis and hepatocellular 
ballooning, but not inflammation and fibrosis, compared to controls [69]. Furthermore, relevant 
metabolic parameters, such as transaminases, blood glucose, insulin levels and total cholesterol, were 
significantly higher than in control mice. Consistent with previous literature, female mice showed 
less severe metabolic alterations and hepatic steatosis than males. Concordant metabolic and 
histological findings were highlighted in C57BL/6J mice of both sexes fed a high-cholesterol, high-
sucrose diet (38% fat; 47% carbohydrate, 33% sucrose) with a comparable experimental design [70]. 
This model appears interesting because it resembles the human “fast food” diet, potentially helping 
to study of the human MASLD pathogenesis and preventive or therapeutic treatments [69]. 

Overall, these GEM studies could be useful to identify strategies for the prevention and 
treatment of obesity, with potential implications for MASLD research. On the other hand, MASLD, 
despite being generally associated with overweight or obesity, is increasingly being diagnosed in lean 
people as well, in relation to significant cardiovascular risk; so the presence of lean-MASLD 
necessitates the development of ad hoc animal models such as Lrpprc KO mice, which exhibit sex-
dependent cardiometabolic impairments triggered by impaired mitochondrial integrity and β-
oxidation [71]. 

Recently, also an important role of the intestinal compartment has been highlighted. Studies 
conducted in KO mice for Tm6sf2, a regulator of hepatic lipid metabolism expressed in liver and 
small intestine, have shown that intestinal Tm6sf2 deficiency primarily promotes MASH in both male 
and female mice, further worsening on CD or WD. Mechanistically, intestinal cells deficient in Tm6sf2 
secrete more free faĴy acids by interacting with faĴy acid-binding protein 5, inducing intestinal 
barrier dysfunction, alterations in the microbiota and increases in lysophosphatidic acid, which is 
translocated to the liver, contributing to steatosis and inflammation [72]. 

Lately, polygenic models of obesity are emerging as new models of diet-induced MASLD. For 
instance, TALLYHO/JngJ and NONcNZO10/LtJ mouse strains, with a genetic predisposition to 
overweight while on a standard diet, were fed a HFD containing 1% of cholesterol and supplemented 
with fructose/sucrose (55/45%) in drinking water for 16 weeks [56]. Comparative pathology analysis 
showed that these mouse models developed good metabolic similarity and hepatocyte ballooning 
and steatosis, as well as mild inflammation and fibrosis comparable to the spectrum observed in the 
onset of human MASH. Furthermore, TALLYHO/JngJ mice developed signs of kidney damage 
similar to those of patients with cardiorenal syndrome. Interestingly, these models were useful in 
demonstrating the ability of empagliflozin, a sodium-glucose cotransporter 2 inhibitor, to 
significantly aĴenuate the histological outcomes of MASLD [56]. 

Since lipid-induced oxidative DNA damage in hepatocytes is strongly suspected to induce 
carcinogenesis, efforts are intensifying to develop mouse models that mimic the evolution of MASH 
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and fibrosis into HCC, most frequently observed in GEM or specific strains of mice. Eight-week-old 
C57BL/6NJ mice, fed WD (42% kcal from fat, 0.2% cholesterol, 42.7% carbohydrate) and drinking 
water supplemented with 2% fructose and glucose for up to 54 weeks, developed hepatocellular 
ballooning, inflammation, and fibrosis as early as 16 weeks, with progressive worsening up to 32 
weeks and beyond, as well as spontaneous HCC [47]. This substrain differs from the parental 
C57BL/6J by having a functional Nnt gene, and shows enhanced impairment of glucose metabolism, 
but similar susceptibility to metabolic diseases when on high-fat/high-sucrose diet [73]. 

A similar 36-week dietary intervention induced higher levels of transaminases and plasma 
cholesterol, as well as greater liver inflammation, fibrosis, and HCC incidence in adult 
Cyp2a12/Cyp2c70 knock-out (DKO) male mice compared to WT mice [74]. Considering interspecies 
differences, this DKO GEM lacks two enzymes responsible for increased bile acid hydrophilicity in 
mice, thus presenting a bile acid composition like that of humans. Therefore, evidence from this 
model suggests that accumulation of hydrophobic bile acids in the liver is a key mechanism 
promoting MASH/HCC progression and thus a potential preventive and therapeutic target. 

Overall, these considerations underscore that careful selection of diet and its duration, mouse 
strain, study length, the use of GEM models, and careful aĴention to housing conditions is crucial 
when modeling MASLD. Although a wide and diverse array of models is currently available, they 
remain insufficient to fully unravel the complexities of MASLD. The development of polygenic 
models further aims to overcome the limitations of single-factor approaches, although predicting the 
complex interactions among genetic, dietary, and environmental factors—particularly when host-
intrinsic factors such as microbiota contribute to variability—remains a significant challenge. Table 1 
provides an aĴempt to summarize the main features of the most used models, intended to guide 
researchers in selecting the most appropriate approach. 

Table 1. MASLD mouse models and their comparative pathological features relevant to translational research. 

Mouse age and 
model 

Sex MASLD  
induction 

Key characteristics for MASLD research 
Ref. 

Liver Systemic 

10-weeks-old 
C57BL/6J  

Male CD 20 weeks 

Hepatomegaly 
Steatosis 

Inflammation 
Fibrosis 

HCC 

 BW 
 plasmatic 

transaminases, insulin 
and glucose  

[35] 

4-weeks-old 
C57BL/6J Male 

HFD 
17 months 

Hepatomegaly 
Steatosis 

↑ BW 
↑ IR 

Transcriptome changes 
in collagen and lipid 

regulatory genes 

[38] 

7 weeks-old NZO 
C57BL/6J 

Male HFD 
32 weeks 

Hepatomegaly 
Steatosis 

↑ BW 
↑ autophagy-related 

proteins 
[64] 

8-weeks-old 
C57BL/6J 

Male 
and 

female 

WD 
17 weeks 

Hepatomegaly 
Steatosis 

↑ BW 
sexual dimorphism  

↑ plasmatic 
transaminases, 

cholesterol, insulin and 
glucose 

In vivo heart, kidney, 
liver US alterations 

[70] 
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Kidney alterations 

8-weeks-old 
C57BL/6J Male 

WD 
16 weeks 

Metabolic 
changes 

comparable to 
humans 

Changes in lipidome 
and metabolome 

profiles comparable to 
those in humans 

[42] 

8-weeks-old 
C57BL/6N Male 

WD + fructose 
10 weeks 

Hepatomegaly 
Steatosis 

↑ BW 
IR 

↑ plasmatic 
transaminases, 

cholesterol, insulin and 
glucose 

autophagy-related 
transcriptome changes 

[53] 

6 weeks-old 
C57BL/6J Male 

WD + 
fructose/glucose 

24 weeks 

Hepatomegaly 
Steatosis 

Inflammation 
Fibrosis 

↑ BW 
IR 

↑ plasmatic 
transaminases, 

cholesterol, insulin and 
glucose 

↑ lipogenic enzymes 
↑ oxidative stress 

markers 
↑ lipid peroxidation 

[45] 

8 weeks-old 
C57BL/6J 

Male 
WD + 

fructose/glucose 
25 weeks 

Hepatomegaly 
Steatosis 

↑ BW 
IR 

↑ plasmatic 
transaminases, 

cholesterol, insulin and 
glucose 

[48] 

10-weeks-old 
C57BL/6J 

Male WD + TN 
13 weeks 

Hepatomegaly 
Steatosis 

Inflammation 
Fibrosis 

↑ BW 
IR 

↑ plasmatic insulin and 
glucose 

Transcriptome changes 
in response to β3-

adrenergic stimulation 

[60] 

8 weeks-old 
C57BL/6J 

Male 
GAN + TN 
7 months 

Steatosis 
Inflammation 

↑ BW 
↑ plasmatic 

transaminases 
[61] 
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8 weeks-old 
C57BL/6J 

Male GAN 
44 weeks 

Hepatomegaly 
Steatosis 

Inflammation 
Fibrosis 

↑ BW 
IR 

↑ plasmatic 
transaminases, 

cholesterol, insulin and 
glucose 

MASH-related 
transcriptomic 

alterations 

[50] 

6 weeks-old 
C57BL/6J 

Male GAN 
10 weeks 

Hepatomegaly 
Steatosis 

Mild 
inflammation 

↑ BW 
↑ plasmatic cholesterol 
Microbiota alterations 

[46] 

14 months-old 
C57BL/6J 

Male 
and 

female 

GAN 
10 weeks 

Hepatomegaly 
Accelerated 
steatosis and 
inflammation 

↑ BW 
Sexual dimorphism  

Hepatomegaly 
↑ plasmatic 

transaminases, 
cholesterol, insulin and 

glucose 

[53] 

6 weeks-old 
C57BL/6J 

Male 
GAN 

72 weeks 

Hepatomegaly 
Steatosis 

Inflammation 
Fibrosis 

HCC 

↑ BW 
↑ plasmatic 

transaminases 
↑ fibrosis markers 

[54] 

8 weeks-old 
C57BL/6NJ Male 

WD + 
fructose/glucose 

54 weeks 

Hepatomegaly 
Steatosis 

Inflammation 
Fibrosis 

HCC 

↑ BW 
↑ plasmatic 

transaminases, 
cholesterol, insulin and 

glucose 

[47] 

7 weeks-old 
PWK/PhJ 
C57BL/6J 

Male WD + TN 
18 weeks 

Hepatomegaly 
Steatosis 

Inflammation 
Fibrosis 

↑ BW 
IR 

↑ plasmatic 
transaminases, 

cholesterol, insulin and 
glucose 

Transcriptomic and 
mitochondrial 

alterations 

[55] 

AKAP1 KO 
C57BL/6N 

Male HFD 
24 weeks 

Steatosis 
↓ BW 

Hyperlipidemia 
↑ thermogenesis 

[67] 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 February 2026 doi:10.20944/preprints202602.1274.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202602.1274.v1
http://creativecommons.org/licenses/by/4.0/


 13 of 28 

 

8-weeks-old liver 
specific- AKAP1 

KO 
C57BL/6J 

Male 
HFD/ WD + 

fructose/glucose 
24 weeks 

Hepatomegaly 
Steatosis 

Inflammation 
Fibrosis 

↑ BW 
IR 

↑ plasma lipids 
↑ mitochondrial GPAT 

activity 

[68] 

8 weeks-old Atg7 
KO 

C57BL/6 
Male HFD 

8 months 

Hepatomegaly 
Steatosis 

Inflammation 
Fibrosis 

↓ BW 
↑ plasmatic 

transaminases 
↓ expression of 

autophagy-related 
proteins 

[66] 

8-weeks-old 
MAPK15 KO 

C57BL/6J 

Male 
and 

female 

WD 
17 weeks 

Hepatomegaly 
Steatosis 

Mild 
inflammation 

Fibrosis 

↑ BW 
Sexual dimorphism  

↑ plasmatic 
transaminases 
↑ cholesterol 

↑ insulin and glucose 
in vivo US alterations 

[65] 

8-weeks-old Ay 
C57BL/6J Male 

WD + 
fructose/glucose 

12 months 

Hepatomegaly 
Steatosis 

Inflammation 
Fibrosis 

↑ BW 
IR 

↑ plasma lipids 
[49] 

Liver specific-
Lrpprc KO 
C57BL/6N 

Male 
and 

female 

SD 
14 weeks 

↓ Liver weight 
Steatosis 

Inflammation 
Fibrosis 

Mitochondrial 
disfunction 
↑ ER stress 

markers 

↓ BW 
Sexual dimorphism  

↓ weight heart, adipose 
tissue, soleus 

↓ insulin and glucose 
↑ plasma lipids 

Cardiometabolic 
impairment 

[71] 

7 weeks-old 
intestine-specific 

Tm6sf2 KO 
C57BL/6 

Male 
CD/WD 

8/14 weeks 

Hepatomegaly 
Steatosis 

Mild 
inflammation 

↑ BW 
↑ plasmatic 

transaminases 
↑ cholesterol 

Microbiota alterations 

[72] 

4 weeks-old 
TALLYHO/JngJ 

and 
NONcNZO10/LtJ 

Female 
HFD + 

fructose/glucose 
16 weeks 

Hepatomegaly 
Steatosis 

Inflammation 
Fibrosis 

Ballooning 

↑ BW 
IR 

↑ plasmatic 
transaminases 
↑ cholesterol 

↑ insulin and glucose 
Kidney injury 

[56] 
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11 weeks-old 
Cyp2a12/Cyp2c70 

KO C57BL/6J 
Male 

WD + 
fructose/glucose 

36 weeks 

Hepatomegaly 
Steatosis 

Inflammation 
Fibrosis 

HCC 

↑ BW 
↑ plasmatic 

transaminases 
↑ cholesterol 

↑ insulin and glucose 

[74] 

Abbreviations: BW, body weight; CD, choline-deficient diet; ER, endoplasmic reticulum; GAN, Gubra Amylin 
diet; HCC, hepatocarcinoma; HFD, high fat diet; IR, insulin resistance; SD, standard diet; TN, thermoneutrality; 
WD, western diet. 

In this perspective, also liver-humanized mice may be particularly valuable to study metabolism 
and effect of therapeutic molecules, because they closely replicate enzymatic features of human 
hepatocytes, while their use to study metabolic disorders is currently controversial [26]. 

3. Histopathological Findings in MASLD 

From a histopathological perspective, MASLD in humans is characterized by a set of hallmark 
features, including steatosis—defined as fat accumulation in more than 5% of hepatocytes and often 
predominantly localized in zone 3—together with inflammation, hepatocellular ballooning, and 
variable degrees of fibrosis. As the disease progresses, MASLD may evolve into MASH, which is 
distinguished by more pronounced inflammation and ballooning and may ultimately progress to 
cirrhosis. Typical liver histological findings include lipid droplets, inflammatory infiltrates composed 
of macrophages, neutrophils, and lymphocytes, ballooned hepatocytes (enlarged and injured cells), 
Mallory–Denk bodies, and perivenular fibrosis [75–77], which can be exacerbated also by the 
activation of hepatic stellate cells (HSC) [78]. Indeed, HSC can transdifferentiate into fibrogenic 
myofibroblasts playing a critical role in the progression of MASLD into MASH and cirrhosis [78]. 

In murine models of MASLD, research efforts are therefore focused on recapitulating the key 
histopathological features observed in human disease. As reviewed by Vacca et al., [32], no single 
model currently reproduces all the phenotypic and histological characteristics of human MASLD. 
Some models effectively simulate the metabolic aspects of the disease but exhibit a milder histological 
phenotype, whereas others rapidly progress to MASH with significant fibrosis. Nevertheless, several 
key histologic features of MASLD can still be observed in the livers of these models. These include 
the presence of both microvesicular and macrovesicular steatosis with lipid droplets of varying sizes, 
hepatocellular ballooning (Figure 2), and, in more severe models, the development of fibrosis. In both 
human and murine studies, histological staining techniques such as hematoxylin and eosin (H&E), 
Masson’s trichrome, and Oil Red O are commonly employed to visualize overall liver architecture, 
lipid accumulation, and the presence and extent of fibrosis, thereby enabling the systematic 
assessment and scoring of histopathological features according to the established scoring systems 
[76,79,80]. 

 

Figure 2. Representative H&E- stained images of murine liver sections illustrating different types of liver 
damage: macrovesicular steatosis (asterisks), microvesicular steatosis (green arrows), and hepatocellular 
ballooning (black arrows). Scale bar 50µm. 
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The first histological scoring system in humans in the liver field was the METAVIR (initially 
used for hepatitis C and subsequently validated for almost all chronic liver diseases) which evaluates 
viral activity and classifies fibrosis into 4 states based on its extent [81]. Subsequently, in 2002, the 
National Institute of Diabetes, Kidney and Digestive Diseases validated the NAS (NAFLD Activity 
Score) histological scoring system [82] which provides a semiquantitative assessment of steatosis (0–
3), lobular inflammation (0–3), hepatocellular ballooning (0–2), and fibrosis (0–4). There are also other 
scoring systems such as those by Brunt and Goodman, which differ slightly from NAS and 
incorporate the evaluation of portal inflammation, and more recently, the FaĴy Liver Inhibition of 
Progression Pathology Consortium developed the SAF score algorithm (Steatosis, Activity and 
Fibrosis) which is able to distinguish between steatosis and necroinflammation [82–85]. Usually, 
basing on the NAS score, the paĴern of liver injury, and the presence and severity of individual 
lesions, human biopsies can be classified as MASLD (not MASH), borderline MASH with a zone 1 
paĴern, borderline MASH with a zone 3 paĴern, or definite MASH. Liang et al. [86] showed that NAS 
is also highly reproducible across rodent models and nowadays it remains widely used for evaluating 
MASLD in mice, although, from a histological perspective, mice exhibit different liver paĴerns 
compared to humans (Table 2). 

Table 2. Histopathological differences between human and mice liver in MASLD. 

Histological 
feature 

Human 
MASLD/MASH 

Murine MASLD/MASH models Ref. 

Steatosis 
Diffuse macrovesicular 

steatosis, often 
centrilobular 

Model dependent, sometimes 
prevalently microvesicular or 

patchy 
[75–77,87] 

Hepatocyte  
ballooning 

Common in MASH Often less pronounced than in 
humans 

[56,75–77] 

Lobular  
inflammation 

Disseminated 
inflammatory infiltrates, 

mainly mononuclear 
cells 

Inflammatory infiltrates milder; 
certain models show a 

predominance of intrahepatic T 
cells 

[56,75–77] 

Perisinusoidal / 
pericellular 

fibrosis 

Progression to 
pericellular and 

periportal fibrosis in 
advanced MASH 

Variable, some models display 
mild to moderate fibrosis with 

slow and less severe progression; 
others display rapid progression 

[36,53,56,75–
77] 

Hepatic stellate 
cell (HSC) 
activation 

HSC could have a role 
in exacerbating MASLD 

into MASH and 
inducing fibrosis 

HSC activation occurs in response 
to injury, but with variable kinetics 

[78,88–90] 

Lobular zonation 
Disease initially affects 

zone 3 and then spreads Segmental or lobar heterogeneity [42,75] 

In mice, liver evaluation is typically performed after euthanasia, allowing collection of the entire 
organ and enabling accurate and comprehensive histological assessment and scoring. In human 
MASLD, biopsy is usually not recommended by guidelines, but it becomes necessary when non-
invasive tests provide discordant data or when alternative aetiologies of liver disease are suspected. 
Indeed, it is precisely thanks to this technique that is possible to detect anatomical abnormalities and 
quantify the degree of liver inflammation associated with liver damage together with the evaluation 
of the extent of fibrosis [91]. In this context, the techniques most used in clinical practice are 
percutaneous and transvenous biopsies. The choice between these approaches is guided by 
individual patient characteristics, including the presence of ascites, BMI, coagulation disorders, 
thrombocythemia, and the need for concurrent hemodynamic evaluation or measurement of the 
hepatic venous pressure gradient. Percutaneous biopsy is performed in supine position and the 
localization of the liver between the sixth and ninth ribs is performed by percussion or with an 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 February 2026 doi:10.20944/preprints202602.1274.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202602.1274.v1
http://creativecommons.org/licenses/by/4.0/


 16 of 28 

 

ultrasound (US), Computed Tomography (CT) or Magnetic Resonance Imaging (MRI) guidance. In 
this case, it is essential to obtain a sample of intact liver tissue of an adequate size that allows 
observation of globular structures and portal tracts (at least 11 portal tracts obtainable using a 16-
gauge needle) [92]. 

Given the bleeding risk associated with percutaneous biopsy, transvenous biopsy is 
recommended in patients with ascites or coagulopathy. The patient is sedated, and the procedure is 
performed under real-time fluoroscopic guidance and continuous cardiac monitoring to detect 
potential ventricular arrhythmias caused by catheter passage through the right atrium. In this case, 
the preferred approach is via the right internal jugular vein, which is catheterized under US guidance 
and local anaesthesia, with the patient in the supine position and the head rotated to expose the access 
site. From there, the guidewire reaches the inferior vena cava and advances to the right hepatic vein. 
A liver sample is obtained using an 18-19-gauge biopsy needle and must be at least 15 mm in diameter 
to be adequate for histological analysis. 

Another commonly used approach is the transfemoral route, which offers the advantage of 
allowing measurement of the hepatic venous pressure gradient (HVPG), the gold standard for 
assessing portal hypertension. A significant increase in HVPG is indeed an important indicator of 
liver failure in patients with MASLD [93]. 

Another valid alternative is represented by laparoscopic biopsy, a technique that allows direct 
visualization of the liver parenchyma and immediate intervention with electrocauterization in the 
event of bleeding. Currently, biopsies can also be performed using mini laparoscopy, which employs 
optical systems and instruments smaller than 2 mm. These are introduced through a peri-umbilical 
incision and advanced to the liver parenchyma after the creation of a pneumoperitoneum [19]. 

One last important technique is endoscopic ultrasound–guided liver biopsy (EUS-LB), which is 
performed using an EUS echoendoscope capable of acquiring both ultrasound and doppler images 
for accurate visualization of vascular and anatomical structures. Tissue samples are typically 
obtained using a 19-gauge Tru-Cut needle, 19-gauge flexible fine-needle aspiration (FNA) needles, or 
fine-needle biopsy (FNB) needles. Compared with Tru-Cut and FNA needles, FNB needles allow the 
acquisition of liver tissue specimens that are more suitable for histological analysis [94]. 

All these biopsy techniques can lead to both major and minor complications, the most common 
of which include bleeding (intra-abdominal or intrahepatic bleeding occurs in approximately 10% of 
percutaneous or transvenous biopsies, although severe bleeding is reported in only about 2% of 
cases), pain (reported in 30–50% of patients), and infection. Mortality is estimated at less than 1 case 
per 1,000 procedures. Other potential complications include injury to adjacent organs and specific 
complications related to trans-jugular access, such as arrhythmias, neck hematoma, pneumothorax, 
transient Horner’s syndrome, and arteriovenous fistula [92,95,96]. 

Considering these implications, in recent years, increasing efforts have been made to utilize data 
derived from liver biopsies to develop more innovative diagnostic approaches, including 
metabolomics-based methods and neural network–based models that integrate multiple histological 
features. In parallel, there is growing interest in the development of non-invasive diagnostic 
techniques (NITs), ranging from serological markers to various imaging techniques. These 
approaches may enable longitudinal monitoring and follow-up of the disease in a less burdensome 
manner for patients, while addressing key limitations of conventional histological scoring systems—
such as the substantial time required for evaluation by experienced pathologists and the 
susceptibility to inter- and intra-observer variability [97–99]. For example, machine learning 
techniques are used to identify histological characteristics that may escape the human eye and can 
help predict disease progression and identify patients at risk of severe outcomes [100]. Besides, some 
Artificial Intelligence (AI) systems have been introduced: GENESIS and qFIBS use AI together with 
second harmonic fluorescence/two proton excitation techniques to quantify fibrosis, ballooning, 
steatosis, and inflammation in patients with MASH [101]. 
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In this context, focusing on the translational potential of imaging techniques from murine 
models to humans and the identification of shared biomarkers may be highly relevant for the 
development of future approaches to MASLD. 

4. MASLD: Clinical and Experimental Imaging Assessment 

The use of imaging is particularly recommended in humans, but it is also gaining traction in 
murine animal models. On one hand, scientific societies encourage the adoption of imaging 
techniques in humans to minimize invasiveness; on the other hand, monitoring animals with these 
techniques reduces inter-group variability and the number of animals required for research 
compared with conventional cross-sectional designs, which require sacrificing animals at each 
experimental time point. In both cases, imaging therefore represents a valuable tool for serially 
monitoring disease progression and/or treatment response. The World Federation for Ultrasound in 
Medicine and Biology (WFUMB) guidelines recommend liver biopsy and magnetic resonance 
imaging proton density fraction fat fraction (MRI-PDFF) as the gold standard methods for the 
diagnosis of MASLD. However, their limitations (e.g., invasiveness, relatively high costs, availability 
and patient compliance) have been overcome by newer, less invasive, and more accessible US-based 
software tools for hepatic fat quantification [102]. These advanced quantitative imaging techniques 
provide an objective measurement of liver fat content, which can be compared over time and 
correlates well with liver triglyceride content in a complementary manner to histological findings. 

Among the wide range of imaging modalities, US Share Wave Elastography, MRI, and chemical 
shift–based water–fat separation techniques, such as magnetic resonance spectroscopy (MRS), have 
been employed [101]. In both species, these techniques enable non-invasive assessment of hepatic 
steatosis, liver morphology, and disease progression, supporting longitudinal and translational 
studies. The translational value of US and MRI between mice and humans depends heavily on 
intrinsic differences in anatomy, physiology, and technical requirements for imaging such small 
animals, as well as differences in perspective and resources. Despite the advantages, the translational 
gap in imaging studies between rodents and humans arises from the need for much higher imaging 
resolution in rodents, different clinical and experimental objectives, and logistical and ethical 
constraints. Nevertheless, beĴer matching of clinical and preclinical imaging protocols may improve 
the translational potential of mouse models. 

Conventional US is the first-line imaging technique for monitoring hepatic steatosis in humans 
and mice due to its safety and cost-effectiveness, although the accuracy of echogenicity and 
echotexture assessment in the liver parenchyma depends heavily on the sonographer’s experience 
and the performance of the equipment. Nevertheless, quantitative US analysis of hepatic steatosis in 
humans has been shown to be more reproducible to screen MASLD [103], showing good sensitivity 
and specificity (about 90%) for the detection of moderate and severe hepatic steatosis but a more 
limited ability to detect mild and diffuse liver disease [104–106]. For this reason, there has been a shift 
from qualitative, semiquantitative B-mode imaging towards quantitative ultrasound (QUS) 
techniques that may provide more objective, reproducible, and accurate measurements of liver fat 
content, improving detection of mild steatosis. In mouse models the most technologically advanced 
US-based methods applied include US-induced thermal strain imaging, US molecular imaging using 
targeted microbubbles for disease markers and Shear Wave Elastography [107–109]. Previous efforts 
to characterize hepatic steatosis by texture analysis on ex vivo C57B6 and ob/ob mice US images, and 
recently on living C57BL/6J mice and MAPK15 KO mice, have demonstrated that complementary 
approaches, including semi-quantitative and parametric US data, are feasible and useful for the 
practical detection of longitudinal MASLD-related changes of the murine liver, with efficient 
processing times and good concordance with histology [20,110]. Recently, AI application to 
preclinical imaging have been stimulated to improve extraction of complex disease-related paĴerns 
also from US images [111]. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 24 February 2026 doi:10.20944/preprints202602.1274.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202602.1274.v1
http://creativecommons.org/licenses/by/4.0/


 18 of 28 

 

However, practical limitations such as proprietary software, sophisticated equipment, and 
specialized, time-consuming expertise limit the widespread availability of these techniques relative 
to other US quantitative techniques. 

Other quantitative imaging techniques used for early diagnosis and disease monitoring in 
mouse models of hepatic steatosis include MRS, gradient-echo in-phase and out-of-phase imaging, 
and Dixon-based techniques. MRI can be used to accurately quantify fat in vivo in a whole-liver 
animal model of hepatic steatosis, showing good correlation with destructive techniques, such as 
histological analysis and liver lipid extraction. In parallel, in humans, a clinical study investigated 
the diagnostic performance of liver MRI-PDFF for fat quantification, showing good concordance with 
histopathology in obese patients undergoing bariatric surgery [112] and recently, a pilot study 
demonstrated the ability to assess changes in cell size and density as biomarkers of MASH by non-
invasive MRI cytometry, with histology confirmation [113]. MRS also displayed good results both in 
human and mice. Indeed, newest MRS techniques allow for the non-invasive assessment of serial 
metabolic information in patients and preclinical models by directly measure the chemical 
composition of tissues based on the signals sent by protons; the proton produce a single peak in water 
and multiple peaks in fat due to different chemical bonds between protons and adjacent atoms [95]. 
Numerous studies have shown the validity of this test in humans where it detects hepatic steatosis 
[96,114] also in mild cases with a sensitivity of 80-91% and a specificity of 80-87% [115,116]. In parallel, 
MRS was used in vivo in CD-fed C57BL/6 male mice to longitudinally characterize changes in 
intrahepatic faĴy acid and/or collagen composition from the early stage of MASLD to the more 
advanced stages of fibrosis-associated MASH, using a high resolution 9.4 T magnet and specialized 
sequences, such as stimulated echo acquisition mode (STEAM) combined with water suppression-
variable pulse powers and optimized relaxation delays (VAPOR) algorithms or dynamic contrast 
enhanced (DCE) imaging using gadolinium-hydrazide, showing a good concordance with gas 
chromatography-mass spectrometry (GC–MS) and histology [117,118]. These studies highlighted that 
monitoring lipid or collagen composition, in addition to total fat, by implementing advanced MRI 
methods in mouse models of MASLD may provide new translational insights for non-invasive risk 
stratification in patients, considering the limitations of measuring liver fat content alone in the more 
advanced stages of so-called “burned” MASH where extensive fibrosis or cirrhosis has developed. In 
the same mouse model, preclinical high-field MRI was used to evaluate the efficacy of antifibrotic 
treatment with the polyethylene glycol fibroblast growth factor 21 (PEG-FGF21v) variant on liver 
steatosis and fibrosis, with clear correlations with histology, potentially guiding future translatable 
studies [119]. Similarly, HFD-fed C57BL/6J male mice treated with a glucagon-like peptide-1 receptor 
and glucagon receptor dual agonist, were monitored via 9.4 T scanner using proton density and R2* 
values to assess hepatic fat and iron content, respectively. Multiparametric MRI was able to highlight 
a more effective reduction of both imaging biomarkers compared to mice treated with a monoagonist, 
in correlation with histologic findings [120]. In particular, these findings shed new light on the 
potential value of regulating iron homeostasis as a therapeutic strategy for MASLD. Dixon- and 
STEAM-based, proton density MRS protocols were applied on 3T scanners to non-invasively 
characterize hepatic faĴy acid changes in an HFD-fed eNOS KO mouse model, as well as for the 
assessment of treatment response to metformin. KO mice showed increased hepatic fat accumulation 
compared to control mice after 8 weeks of HFD, while metformin treatment significantly improved 
hepatic lipidomic profile compared to untreated mice [121]. Furthermore, in WD-fed female B6.Cg-
Lepob/J mice, the combination of 1H-based liver fat fraction and 19F-based inflammation 
measurements using an 11.7 T small animal imaging scanner and Kupffer cells uptake of 
perfluorocarbon demonstrated the complementary utility of longitudinal quantification of multiple 
MRI biomarkers of disease to study MASLD liver pathology [122]. In line with current trends to non-
invasively detect early stages of MASLD to improve treatment success, assessment of hepatic β-
oxidation by [D15]-octanoate metabolism analysis and deuterium detection by MRI are emerging as 
translatable imaging modalities to study the clinical course of MASLD. Interestingly, HF-fed 
C57BL/6J mice were monitored by 11 T MRI after tail vein injection of [D15]octanoate for up to 36 
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weeks, demonstrating that decreased β-oxidative efficiency in the steatotic liver could be a useful 
indicator of MASLD progression, occurring before overt structural changes such as hepatomegaly 
[123]. In summary, imaging may provide robust, non-invasive, and quantitative methods that are 
essential for the comprehensive and ethical study of hepatic steatosis progression and treatment in 
mouse models, but unfortunately, they allow a general comprehensive assessment of the liver but do 
not provide information on its microscopic characteristics, such as hepatocyte ballooning, lobular 
inflammation, Mallory bodies, and microvesicular and macrovesicular steatosis. Therefore, they 
cannot yet fully replace histological analysis of the liver obtained through sampling or biopsy, 
especially in animal models, where the assessment of histological features is a crucial step to 
understand how well the model reflects human disease. In this context a key strategy may be the use 
of complementary approaches that integrate imaging and histological analyses, in order to obtain the 
largest amount of information possible in a rapid and efficient manner. 

5. Conclusion 

Given the multifactorial and heterogeneous nature of MASLD in humans, no single animal 
model can adequately capture the full spectrum of disease manifestations. Instead, the rational 
selection of fit-for-purpose mouse models—guided by clinically relevant metabolic, histological, and 
non-invasive endpoints—is essential to address specific mechanistic and therapeutic questions. By 
focusing on the key characteristics that should guide the selection of appropriate animal models and 
by highlighting recent advances in non-invasive techniques applicable to both humans and mice, this 
review aims to help bridge the translational gap between human disease and preclinical research. 
The standardization of model selection and the harmonization of imaging protocols are expected to 
improve reproducibility, support the 3R principles, and enhance the predictive value of preclinical 
studies, ultimately accelerating the development of effective therapeutic strategies for MASLD. 

Looking forward, future research in both humans and mice is expected to increasingly rely on 
stratified, phenotype-driven approaches that integrate histology, quantitative imaging and metabolic 
profiling. In clinical seĴings, this will enable more precise patient classification and the use of non-
invasive tools to monitor disease progression and therapeutic response. In parallel, preclinical 
research is likely to expand the use of longitudinal imaging-based study designs, combined disease 
models (genetic+diet, diet+environmental factors) and humanized mouse models, including those 
incorporating human hepatocytes, immune components, or microbiota, to more faithfully 
recapitulate human-specific metabolic and inflammatory features of MASLD. Together, these 
advances will promote a more aligned, predictive, and personalized translational framework, 
ultimately improving the success of MASLD drug development and facilitating the implementation 
of multifactorial and combination-based therapeutic strategies. 
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The following abbreviations are used in this manuscript: 

IR Insulin Resistance 
MASLD Metabolic Dysfunction-Associated Steatotic Liver Disease 
NAFLD Non-Alcoholic Fatty Liver Disease 
MASH Metabolic Dysfunction-Associated Steatohepatitis  
HCC Hepatocellular carcinoma 
BMI Body Mass Index 
PNPLA3 Patatin-like Phospholipase domain-containing 3 
HSD17B13 17β-hydroxysteroid dehydrogenase-13 
GCRK Glucokinase regulatory protein gene 
MBOAT7 Membrane-Bound O-Acyltransferase domain–containing 7 
GLP-1 Glucagon-Like Peptide-1 
PPAR Peroxisome Proliferator–Activated Receptor 
HFD High Fat Diet 
MCD Methionine and/or Choline Deficient 
WD Western diet 
GEM Genetically Engineered Mouse  
KO Knock-Out 
GAN Gubra Amylin diet for non-alcoholic steatohepatitis 
TN Thermoneutrality 
NZO New Zealand Obese 
SD Standard Diet 
MAPK15 Mitogen-Activated Protein Kinase 15 
Atg7 Autophagy-related gene 7 
AKAP1 A-Kinase Anchoring Protein 1 
ACSL1 Acyl-CoA Synthetase Long-chain family member 1 
GPAT1 Glycerol-3-Phosphate Acyltransferase 1 
Ay Agouti Yellow 
DKO Cyp2a12/Cyp2c70 knock-out 
BW Body Weight 
ER Endoplasmic Reticulum 
HSC Hepatic Stellate Cells 
NAS NAFLD Activity Score 
H&E Hematoxylin & Eosin 
US UltraSound 
CT Computed Tomography 
MRI Magnetic Resonance Imaging 
HVPG Hepatic Venous Pressure Gradient 
EUS-LB Endoscopic UltraSound-guided Liver Biopsy 
FNA Fine-Needle Aspiration 
FNB Fine-Needle Biopsy 
NITs Non-Invasive Tests 
AI Artificial Intelligence 
WFUMB World Federation for Ultrasound in Medicine and Biology 
MRI-PDFF Magnetic Resonance Imaging Proton Density Fat Fraction 
MRS Magnetic Resonance Spectroscopy 
QUS Quantitative UltraSound 
STEAM Stimulated Echo Acquisition Mode 
DCE Dynamic Contrast Enhanced  
VAPOR VAriable Power radiofrequency pulses with Optimized Relaxation delays  
GC-MS Gas Chromatography-Mass Spectrometry 
PEG-FGF21v Polyethylene glycol fibroblast growth factor 21 variant 
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