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Abstract


Background/Objectives: Metabolic dysfunction-associated fatty liver disease (MAFLD), previously known as non-alcoholic fatty liver disease (NAFLD), is the most prevalent chronic liver disease worldwide, affecting approximately 25% of the global population. MAFLD represents a broad disease spectrum ranging from simple steatosis to metabolic dysfunction-associated steatohepatitis (MASH), fibrosis, cirrhosis, and hepatocellular carcinoma (HCC). The availability of experimental models that faithfully reproduce human metabolic and hepatic pathology is essential for elucidating disease mechanisms and advancing therapeutic development. This review aims to critically evaluate commonly used rodent models of MAFLD and provide guidance for model selection based on specific research objectives. Methods: A narrative, semi-systematic literature search was performed using PubMed Central, Ovid MEDLINE, and Google Scholar. Rodent models were classified according to their mode of disease induction, including diet-induced, genetically engineered, chemically or pharmacologically induced, and combination models. Models were assessed based on frequency of use, relevance to different stages of MAFLD progression, metabolic fidelity, and suitability for mechanistic studies and preclinical therapeutic evaluation. Results: Diet-induced models incorporating high fat, fructose, and cholesterol most closely recapitulate human metabolic dysfunction and are highly relevant for translational research and drug screening. Nutrient-deficient diets induce rapid steatohepatitis and fibrosis but lack key features of metabolic syndrome. Genetic models enable the targeted interrogation of specific metabolic and inflammatory pathways, whereas chemical and combination models accelerate fibrosis and HCC development. No single rodent model fully reproduces the entire spectrum of human MAFLD. Conclusions: Rodent models remain indispensable tools for MAFLD research; however, their applicability depends on alignment with the defined experimental goals. Careful selection of models based on disease stage, dominant pathogenic mechanisms, and translational intent is essential for improving reproducibility and clinical relevance. This review provides a practical framework to guide investigators in choosing appropriate preclinical models for mechanistic studies and therapeutic development in MAFLD.
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1. Introduction


Metabolic dysfunction-associated fatty liver disease (MAFLD) is a chronic liver disorder characterized by excessive hepatic fat accumulation (steatosis) in the context of metabolic dysfunction, including overweight/obesity and type 2 diabetes mellitus. The term MAFLD was introduced in 2020 [1], endorsed by a panel of experts from 22 countries, to more accurately reflect the central role of systemic metabolic dysregulation in disease pathogenesis [2,3]. MAFLD affects approximately 25% of the global adult population and is strongly associated with the dramatic rise in obesity over the past three to four decades [4]. Key contributors to its increasing prevalence include sedentary lifestyle, physical inactivity, unhealthy dietary patterns, and nutritional imbalance. We have previously discussed the various etiological factors contributing to MAFLD pathogenesis [5].



Earlier terminology, non-alcoholic fatty liver disease (NAFLD), described hepatic steatosis in the absence of significant alcohol consumption or other identifiable causes of liver disease. NAFLD represents the most prevalent liver disease worldwide and encompasses a spectrum ranging from simple steatosis to cirrhosis. The major risk factors traditionally associated with NAFLD are illustrated in Figure 1; notably, these risk factors largely overlap with those of MAFLD, with the latter placing greater emphasis on metabolic dysfunction as a defining criterion.



The global obesity epidemic has been a major driver of the rising incidence and prevalence of fatty liver disease. The adoption of the MAFLD nomenclature reflects a conceptual shift from a diagnosis of exclusion toward one grounded in positive metabolic criteria, with the aim of improving diagnostic precision, enhancing clinical care, legitimizing research practices, and facilitating therapeutic development [2]. Most individuals with MAFLD remain asymptomatic in the early stages, with clinical manifestations often emerging only as the disease progresses to steatohepatitis, fibrosis, cirrhosis, hepatocellular carcinoma (HCC), and ultimately liver failure [6].



In 2023, an alternative terminology, metabolic dysfunction-associated steatotic liver disease (MASLD), was proposed by an international consensus group [7]. MASLD is highly prevalent, particularly in the United States, affecting more than 90% of individuals with obesity, approximately 60% of those with diabetes, and up to 20% of lean individuals [8]. The economic burden of fatty liver disease is substantial: the annual cost in the United States was estimated at $103 billion in 2016, with an additional €35 billion across four major European countries (Germany, France, Italy, and the UK). The projected lifetime cost of care for U.S. patients with NASH alone reached $222 billion in 2017 [9].



According to the World Health Organization, more than 13% of the global population—exceeding 600 million individuals—suffers from obesity, with a particularly high prevalence among children and adolescents [10]. Beyond liver-related morbidity, MAFLD is increasingly recognized as a multisystem disease, with well-documented extrahepatic manifestations including cardiovascular disease (CVD) and chronic kidney disease (CKD) [11,12].



A definitive diagnosis of MAFLD or NASH traditionally requires liver biopsy. However, non-invasive diagnostic modalities, such as magnetic resonance imaging-proton density fat fraction (MRI-PDFF), magnetic resonance spectroscopy (MRS), computed tomography (CT), ultrasound (US) with controlled attenuation parameter (CAP), and elastography, are increasingly being used to assess hepatic steatosis and fibrosis [5]. Despite advances in imaging and biomarker development, accurately distinguishing disease stages and severity remains challenging [13].



NAFLD progresses to NASH when hepatic lipid accumulation triggers hepatocellular injury and inflammation. Although the precise mechanisms underlying disease progression are still being elucidated, established risk factors include obesity, diabetes, hypertension, and dyslipidemia. NASH can ultimately lead to liver fibrosis, cirrhosis, and HCC [14]. The transition from simple steatosis to NASH is typically slow and heterogeneous, often spanning up to 14 years [15]. Approximately 20% of patients exhibit rapid disease progression, likely driven by genetic susceptibility affecting pathways such as intrahepatic lipolysis, triglyceride export, mitochondrial β-oxidation, and glucokinase activity [16].



NASH pathogenesis involves complex intracellular signaling networks mediated by proinflammatory cytokines, immune cell activation, and external influences such as diet, visceral adiposity, and gut microbiota. Activation of hepatic stellate cells and inflammasome signaling pathways promotes fibrogenesis through excessive extracellular matrix deposition [17]. MASLD encompasses a broad disease spectrum, ranging from isolated steatosis to metabolic dysfunction-associated steatohepatitis (MASH), progressive fibrosis, cirrhosis, and HCC [18,19].



To elucidate disease mechanisms and identify diagnostic biomarkers and effective therapeutic strategies, the development and refinement of experimental animal models are of critical importance. It is well-recognized that existing models must be continuously optimized to more faithfully recapitulate the histopathological, metabolic, and pathophysiological features of human disease, thereby enabling progress in mechanistic understanding and therapeutic discovery [20].



Animal models have been instrumental in dissecting the biological processes underlying MAFLD and NASH, including disease initiation, progression, and therapeutic response. Rodents—particularly mice and rats—are widely used due to their genetic tractability, well-characterized metabolism, and experimental flexibility. These models have provided valuable insights into the transition from steatosis to steatohepatitis and fibrosis. Preclinical models that closely mirror human disease are essential for investigating MAFLD phenotypes that cannot be readily studied in humans due to ethical or practical constraints.



In this review, we provide a critical and integrative assessment of commonly used rodent models of MAFLD, with the objective of guiding investigators in selecting appropriate preclinical systems for mechanistic studies and therapeutic evaluation. Broadly, experimental models are categorized as diet-induced, nutrient-deficiency-induced, toxin-induced, genetically engineered, or combination models. Rather than presenting a purely descriptive overview, we emphasize a comparative analysis of model strengths, limitations, and translational relevance across disease stages, thereby enhancing the practical utility of this review for MAFLD research.



Terminology note: The nomenclature surrounding fatty liver disease has evolved substantially over the past decade. Much of the experimental literature referenced in this review predates the adoption of the terms MAFLD and MASLD and therefore uses earlier terminology such as NAFLD and NASH. To maintain clarity and conceptual consistency, we use MAFLD and MASH as the primary terms throughout this review when referring to the disease spectrum, while retaining the original terminology when directly citing historical studies, established model names, or specific dietary formulations.




2. Methods


A comprehensive literature search was conducted using PubMed Central, Ovid MEDLINE, and Google Scholar. Search terms included combinations of “non-alcoholic fatty liver disease”, “NAFLD”, “metabolic dysfunction-associated fatty liver disease”, “MAFLD”, “animal model”, and “rodent model”, with Boolean operators “AND” and “OR” used to refine the search strategy.



Peer-reviewed articles published between January 2005 and June 2025 were considered eligible for inclusion, along with relevant cross-references cited within the selected publications. From the included studies, the following information was extracted: first author, year of publication, journal, study objectives, experimental design, and principal findings. Only studies directly relevant to experimental rodent models of MAFLD/MASH were included in this review.



This review was designed as a narrative, semi-systematic synthesis rather than a formal systematic review. Model inclusion was prioritized based on (i) frequency of use in the literature; (ii) relevance to key stages of MAFLD/MASH progression, including steatosis, inflammation, fibrosis, and hepatocellular carcinoma; (iii) translational relevance to human disease; and (iv) suitability for mechanistic investigation or preclinical therapeutic evaluation. Models with limited reproducibility, insufficient phenotypic characterization, or restricted experimental applicability were deprioritized.



We acknowledge that narrative reviews are inherently subject to selection bias; however, our approach emphasizes integrative comparison and practical guidance for model selection, rather than exhaustive cataloging of all available models.




3. Pathogenesis


The pathogenesis of metabolic dysfunction-associated fatty liver disease (MAFLD) is complex and not yet fully understood. It is primarily driven by aberrant lipid metabolism, insulin resistance (IR), and the accumulation of advanced glycation end products associated with diabetes. These pathological processes likely represent tissue-specific manifestations of shared underlying metabolic disturbances [21].



Multiple metabolic, genetic, and environmental risk factors contribute to MAFLD development and disease progression, as illustrated in Figure 2.



Earlier concepts of fatty liver disease pathogenesis were based on the “two-hit” hypothesis, in which the first hit involved hepatic lipid accumulation, followed by a second hit characterized by inflammatory cytokine release, adipokine imbalance, mitochondrial dysfunction, and oxidative stress [22]. These sequential insults were thought to drive progression from NAFLD to NASH and ultimately to advanced fibrosis [22].



However, the NAFLD–NASH–hepatocellular carcinoma (HCC) continuum exhibits substantial biological heterogeneity, making it difficult to attribute disease progression to a linear sequence of events. Consequently, the “multiple-hit” hypothesis has emerged, incorporating the combined effects of insulin resistance, lipotoxicity, chronic inflammation, cytokine dysregulation, activation of innate immune pathways, and alterations in the gut microbiota.



High-carbohydrate diets enriched in fructose or sucrose are strongly associated with MAFLD development [23,24]. Sustained hyperglycemia induces endoplasmic reticulum (ER) and mitochondrial stress—collectively termed glucotoxicity. In rodent models, hepatic exposure to elevated levels of glucose, fructose, or sucrose induces insulin resistance [25,26]. This impairment is mediated by reduced insulin receptor expression and/or increased serine phosphorylation of insulin receptor substrate-1 (IRS-1), resulting in defective insulin signaling [27,28]. Chronic persistence of glucotoxicity, as observed in type 2 diabetes mellitus (T2DM), promotes oxidative stress, inflammation, and additional ER stress, thereby exacerbating hepatic injury.



Consistent with these findings, circulating cells from patients with poorly controlled T2DM exhibit evidence of ER stress and reduced nuclear factor erythroid 2-related factor 2 (Nrf2) activity, supporting a role for ER stress in diabetic complications [29]. This chronic low-grade inflammation induced by glucotoxicity contributes to insulin resistance and represents a shared pathogenic mechanism linking T2DM and MAFLD.



Hepatic lipid accumulation in MAFLD arises from increased fatty acid uptake, enhanced de novo lipogenesis, impaired mitochondrial β-oxidation, and reduced lipid export. Fatty acid-binding protein 1 (FABP1), which is predominantly expressed in the liver, facilitates hepatic lipid uptake in concert with fatty acid transport proteins (FATPs) and CD36 [30]. Elevated FATP expression has been positively correlated with hepatic steatosis in patients with MAFLD, although its precise contribution to disease progression remains incompletely defined [31].



De novo lipogenesis in the liver produces three major fatty acids—palmitate, oleate, and palmitoleate—through enzymatic pathways involving acetyl-CoA carboxylase (ACC), fatty acid synthase (FAS), and stearoyl-CoA desaturase-1 (SCD1) [32]. These fatty acids are either stored as triglycerides or exported as very-low-density lipoproteins (VLDLs) [33]. Excessive accumulation of these lipid species leads to hepatic steatosis and hypertriglyceridemia.



The liver plays a central role in systemic metabolic regulation through transcription factors such as sterol regulatory element-binding protein 1c (SREBP-1c), which governs genes involved in glucose and lipid metabolism and contributes to visceral obesity and insulin resistance [34]. Carbohydrate-responsive element-binding protein (ChREBP) is another key regulator, highly expressed in the liver, intestine, and adipose tissue. ChREBP controls lipid metabolism by regulating lipogenic enzymes and hepatokines and has been implicated in T2DM, dyslipidemia, MAFLD, and hepatocarcinogenesis [35].



Impaired mitochondrial fatty acid β-oxidation in MAFLD further contributes to disease progression by generating excess reactive oxygen species (ROS), leading to mitochondrial dysfunction, reduced insulin sensitivity, and chronic inflammation [36].



Hepatic lipid export represents another critical regulatory pathway. Apolipoprotein B100 (apoB100) and microsomal triglyceride transfer protein (MTTP) are essential for VLDL assembly and secretion. Increased dietary fat intake elevates the hepatic fatty acid levels, inducing ER stress that suppresses apoB100 secretion and exacerbates steatosis [37]. Because apoB100 synthesis is a rate-limiting step in lipid export, its insufficiency promotes lipid retention, lipotoxicity, and progression toward NASH [38].



Disruption of the gut microbiota—commonly associated with fatty liver disease, inflammatory bowel disease, obesity, T2DM, and certain malignancies—also contributes to MAFLD pathogenesis. Gut dysbiosis alters lipid and glucose metabolism and promotes hepatic inflammation. Microbial products such as lipopolysaccharides (LPSs) can activate hepatic inflammatory pathways and disrupt bile acid homeostasis, leading to increased hepatic lipid accumulation [39,40]. These observations highlight the importance of the gut–liver axis in modulating immune and metabolic responses in MAFLD.



Finally, genetic susceptibility plays a significant role in MAFLD development and progression. Polymorphisms in genes such as PNPLA3 (promoting hepatic lipid accumulation), TM6SF2 (impairing VLDL secretion), and MBOAT7 (enhancing steatosis and fibrosis) are strongly associated with increased MAFLD risk [41]. Together, genetic and epigenetic factors modulate disease severity and interindividual variability.



Importantly, the diverse pathogenic pathways implicated in MAFLD are differentially represented across experimental animal models. Diet-induced models incorporating high fat, fructose, and cholesterol best reproduce systemic insulin resistance, lipotoxicity, and gut–liver axis dysregulation. In contrast, nutrient-deficient models [e.g., methionine- and choline-deficient (MCD) and choline-deficient, L-amino acid-defined (CDAA)] preferentially recapitulate oxidative stress, inflammation, and fibrosis but fail to reflect metabolic syndrome. Genetic models enable the targeted interrogation of lipid-handling and insulin-signaling pathways, whereas chemical and combination models accelerate fibrogenesis and hepatocarcinogenesis. These mechanistic distinctions provide a conceptual framework for the rational selection of experimental models based on specific disease processes and research objectives.




4. Animal Models of Liver Disease


Several experimental models have been developed to understand the etiological, biological, pathological, and metabolic processes that drive MAFLD and its progression to MASH, fibrosis, and hepatocellular carcinoma (HCC). These models are also extremely valuable for mechanistic studies and the preclinical evaluation of therapeutic candidates. Commonly used rodent models and induction strategies are presented in Figure 3.



Among the rodent models, mice are particularly widely used because of their genetic tractability and the availability of well-characterized dietary, chemical, and transgenic approaches. Throughout this section, we use MAFLD/MASH terminology for conceptual consistency while retaining legacy NAFLD/NASH terminology when it appears in established model names or cited studies.



4.1. Diet-Induced Models


Diet-induced models are widely used to study MAFLD and MASH, utilizing dietary regimens that differ in fat type and percentage, cholesterol content, and carbohydrate source (e.g., fructose/sucrose). In general, obesogenic diets best reproduce metabolic syndrome and insulin resistance, whereas nutrient-deficiency diets accelerate steatohepatitis and fibrosis but often lack systemic metabolic features. Accordingly, diet choice should reflect the targeted disease stage and research objective (e.g., metabolic dysfunction, fibrosis progression, or drug efficacy testing).



4.1.1. High-Fat Diet (HFD) or Diet-Induced Obesity (DIO) Models


The most commonly employed DIO models involve feeding rodents a diet in which fat constitutes ≥45–60% of the total caloric intake, typically for ≥16 weeks. These diets reliably induce obesity, insulin resistance, and hepatic steatosis; however, inflammation and fibrosis are often mild and develop slowly, limiting their utility for modeling advanced MASH. With prolonged feeding (up to ~60 weeks), some models may develop progressive fibrosis, and in certain settings, HCC, but with substantial time and variability.



To enhance disease severity and reproducibility, researchers have modified dietary compositions to include cholesterol and refined sugars (fructose/sucrose/glucose), and historically, trans fats. Because diet formulations vary considerably across studies, careful reporting of macronutrient composition and units (preferably % kcal) is essential for comparability.



Several modified “Western-style” diets have been developed to better replicate human disease phenotypes:




	
Western diet (WD): typically, ~40% kcal from fat, with variable carbohydrate and cholesterol content.



	
American lifestyle-induced obesity syndrome (ALIOS) diet: 45% kcal fat with 2% trans fats, often combined with fructose in drinking water.



	
Amylin liver NASH (AMLN) diet: ~40% kcal fat (historically including 18% trans fats), 20% fructose, and 2% cholesterol.



	
Gubra-Amylin NASH (GAN) diet: a trans fat–free version of AMLN (often using palm oil), developed following restrictions on trans fats [42].








The GAN DIO-NASH model has shown strong translational relevance, reproducing histopathological, transcriptional, and metabolic signatures observed in human MASH. Consequently, GAN and AMLN-type diets are widely used in translational research and interventional studies, particularly for therapeutic target identification and preclinical drug testing [43]. Diets combining high fat and fructose are considered particularly relevant to human MASH pathophysiology [44]. Importantly, fructose co-administered with glucose may be more hepatotoxic than fructose alone, and sucrose can be a stronger inducer of hepatic inflammation, underscoring the importance of carbohydrate composition in model design.



The C57BL/6 mouse strain is frequently used due to its susceptibility to metabolic disease. In practice, diets containing ≥45% kcal fat and added cholesterol (commonly ≥0.5%) are more likely to induce steatohepatitis and fibrosis than fat alone [45]. Fructose also contributes to hepatic lipogenesis through gut dysbiosis and endotoxemia (via LPS), exacerbating liver inflammation and advancing MAFLD/MASH [46]. Long-term HFD feeding induces obesity, hyperinsulinemia, hypercholesterolemia, and steatohepatitis in mice, often following the onset of metabolic abnormalities [47]. Diets rich in saturated fatty acids (≥12%), cholesterol (2%), and fructose reproduce multiple aspects of human metabolic syndrome and liver fibrosis, providing a relevant model for progressive disease [48].



HFD-based models are essential tools for studying metabolic dysfunction and early-stage disease, as mice fed HFDs consistently develop characteristics of metabolic syndrome, including visceral adiposity, hyperlipidemia, and insulin resistance, along with variable degrees of hepatic inflammation and fibrosis [49,50]. In rat models, male Lewis, Wistar, and Sprague-Dawley (SD) rats fed an HFD for 3 weeks developed grade 3 hepatic steatosis (>66% of hepatocytes affected). Notably, strain differences can influence phenotype: Lewis rats exhibited microvesicular steatosis, hepatocellular injury, and fibrosis, whereas male SD rats showed pronounced steatosis, supporting their use for late-stage steatosis-focused studies [49]. In another study, male MS-NASH mice maintained on an HFD for 16 weeks developed increased body and liver weight, elevated serum aminotransferases, and histological evidence of macrovesicular steatosis, ballooning, lobular inflammation, and collagen deposition, closely mimicking features of human MASH [51].




4.1.2. High-Fat and High-Cholesterol Diet (HFHCh)


Dietary cholesterol plays a critical role in progression from steatosis to steatohepatitis, often acting synergistically with saturated fats to exacerbate hepatic injury. Diets enriched in both fat and cholesterol contribute to lipid dysregulation and hepatic triglyceride accumulation, thereby triggering hepatic inflammation and fibrogenesis and driving progression to MASH [45,52].



Several preclinical models have employed HFHCh diets to investigate disease pathogenesis and therapeutic interventions. One model utilized male Golden Syrian hamsters fed an HFHCh diet supplemented with 10% fructose in drinking water for 10–20 weeks. This model developed hallmark features of MASH and cardiac dysfunction, characterized through biochemical profiling, histology, and echocardiography. Administration of Elafibranor (15 mg/kg/day orally for five weeks) led to the resolution of steatohepatitis and improvement in diastolic function, demonstrating the model’s utility for evaluating cardiometabolic therapies [53].



Another widely used model involves Sprague-Dawley rats fed an HFHCh diet for up to 20 weeks, with serial sacrifice to assess disease progression. This model exhibited steatosis and inflammation beginning around weeks 4–20, with fibrosis emerging between weeks 12–20. Notably, elevated lipopolysaccharide (LPS) levels were detected after 12 weeks, implicating gut–liver axis involvement [54]. Numerous studies have shown that adding cholesterol (0.5–10%) to high-fat diets accelerates disease progression by enhancing steatosis, lobular inflammation, and hepatic fibrosis. For instance, Sprague-Dawley rats fed 2.5% cholesterol developed histological features of MASH and progressed to cirrhosis [55].



In a long-term study, an HFD composed of 88 g standard chow supplemented with 10 g lard oil and 2 g cholesterol was administered to male Sprague-Dawley rats for 48 weeks. This regimen resulted in perisinusoidal fibrosis by 24 weeks, hepatic fibrosis by 36 weeks, and severe fibrosis by 48 weeks. This stepwise trajectory closely parallels key features of human MASH progression, supporting its use for investigating mechanisms and anti-fibrotic therapies [56].




4.1.3. High-Fat, High-Fructose Diet (HFFD)


The HFFD model is widely used to study dietary drivers of MAFLD/MASH, typically incorporating fructose (commonly 10% in drinking water) alongside a high-fat diet to mimic Western dietary patterns. Excessive dietary fat and fructose promote hepatic steatosis, insulin resistance, and ER stress via multiple mechanisms, including FFA-induced lipotoxicity and the induction of proinflammatory mediators such as TNF-α, IL-6, and MCP-1 [57,58,59]. Fructose is strongly linked to oxidative stress and fibrogenesis and is considered a key dietary driver of progression beyond simple steatosis.



Experimental studies demonstrate dose- and time-dependent relationships between sugar exposure and disease severity. In Wistar rats, a 30% sucrose solution induced grade 2 steatosis within 1–6 weeks and progressed to grade 3 by 20 weeks. Higher sucrose concentrations (40–50%) over 20 weeks produced more severe NASH-like phenotypes with fibrosis [59]. These findings underscore that both dose and duration are major determinants of phenotype in sugar-driven models.



Golden Syrian hamsters fed a high-fat, high-fructose, high-cholesterol diet (HFFCD) for six weeks developed metabolic disturbances, including increased body weight, visceral adiposity, and extensive hepatic lipid accumulation. This model is well-suited to studies of early metabolic dysfunction and lipid dysregulation, as well as therapeutic testing targeting metabolic pathways [44,60].




4.1.4. High-Fat, High-Fructose, and High-Cholesterol (HFFC) Diet


The high-fat, high-fructose, and high-cholesterol (HFFC) diet is commonly used to establish animal models of metabolic syndrome [61]. This diet typically contains 40% fat, 20% fructose, and 2% cholesterol. Mice fed the HFFC diet for 34–36 weeks exhibited increased hepatic triglyceride accumulation, collagen deposition, and elevated expression of fibrosis-related genes (e.g., Col1a1, Acta2/α-SMA, and Loxl2) [61,62]. Therefore, HFFC-type diets are particularly useful for modeling progressive disease with fibrosis in the context of metabolic dysfunction.




4.1.5. Methionine- and Choline-Deficient (MCD) Diet


The MCD diet is a well-established model for inducing steatohepatitis in rodents and produces severe steatosis, inflammation, and fibrosis within approximately 4–8 weeks. The pathology arises due to impaired β-oxidation and lipoprotein synthesis, pathways in which methionine and choline are essential. Because the methionine cycle is critical for methylation and redox homeostasis, disruption of this pathway contributes to oxidative stress and liver injury [63].



Rodents fed the MCD diet exhibit reduced body weight and decreased fasting glucose and insulin levels, alongside steatosis, steatohepatitis, and fibrosis [64]. In Sprague-Dawley rats, the diet induces steatosis, lobular inflammation, and mild perisinusoidal fibrosis. A key limitation is poor metabolic fidelity, as the model does not reproduce obesity or systemic insulin resistance, and animals frequently lose weight due to reduced caloric intake [64]. Attempts to mitigate weight loss by combining MCD with HFD have generally been unsuccessful.



In mice, steatosis and inflammation can emerge within two weeks, followed by periportal fibrosis by ~10 weeks and bridging fibrosis by ~16 weeks [65]. Species, strain, and sex significantly influence the outcomes. Among the Wistar, Long-Evans, and Sprague-Dawley rats and C57BL/6 mice fed MCD for four weeks, male Wistar rats showed pronounced steatosis, whereas male C57BL/6 mice developed greater inflammation, necrosis, lipid peroxidation, and ultrastructural injury [66]. Despite its limitations, the MCD diet remains useful for mechanistic studies focusing on oxidative stress, inflammation, and fibrogenesis, but its metabolic divergence from human disease must be considered.



Additionally, although the MCD model has been used to explore gut microbiota and immune responses, the intestinal microbiota alterations induced by MCD feeding do not closely match human MAFLD-associated dysbiosis, limiting translational interpretation [67].




4.1.6. Choline-Deficient, L-Amino Acid-Defined (CDAA) Diet


The CDAA diet is widely used in pharmacological and genetic research. In this semisynthetic diet, protein is replaced with an L-amino acid mixture, and the methionine content is typically normal or only slightly reduced [68]. In female Fischer 344 rats fed CD versus CDAA diets for up to 12 weeks, CDAA induced more diffuse steatosis, increased hepatocyte death and proliferation, and greater disease severity, with potential progression toward HCC [68]. Male Wistar rats fed CDAA for 24 weeks developed cirrhosis, progressing to HCC in 54.6% by 48 weeks [69].



Feeding mice and rats a CDAA diet (e.g., 0.17% methionine) for 12 weeks produces severe steatosis with modest steatohepatitis and variable fibrosis; continued feeding can lead to progressive fibrosis and liver cancer, supporting its utility for studying transition from steatohepatitis to HCC [61,64,70].




4.1.7. Choline-Deficient, L-Amino Acid-Defined, High-Fat (CDAHFD) Diet


The CDAHFD model recapitulates key histopathological features of human MASH by combining high fat with reduced methionine. Male C57BL/6J mice fed CDAHFD (60% kcal fat, 0.1% methionine) gain weight rapidly and develop hepatic steatosis early, with hepatomegaly and significant fibrosis by approximately six weeks [71]. This model offers a practical balance between induction speed and fibrotic severity, making it useful for fibrosis-focused studies and therapeutic testing. Short-term feeding (e.g., one week) can induce steatohepatitis with mitochondrial dysfunction and severe oxidative stress without established fibrosis [72], highlighting the importance of induction duration for matching the desired disease stage.





4.2. Chemically Induced Models


Several chemicals, including diethylnitrosamine (DEN), carbon tetrachloride (CCl4), sodium nitrite, LPS, and streptozotocin (STZ), have been employed to develop experimental models of advanced MASH, fibrosis, and HCC, often by accelerating inflammatory and fibrotic pathways.



4.2.1. Diethylnitrosamine (DEN)


DEN is a potent hepatocarcinogen capable of inducing oxidative stress and DNA damage and has long been used to establish HCC models, often in conjunction with fibrogenic injury [73,74]. Dietary factors strongly influence DEN-induced tumorigenesis; for example, an HFD combined with DEN exposure impairs liver function, with DEN acting as the major driver of tumor formation. This approach provides mechanistic insight into how metabolic dysfunction can exacerbate hepatocarcinogenesis [74].



In a DEN + high-energy diet (HED) model, lipid metabolite transport to the liver activates macrophages and promotes inflammatory responses that aggravate HCC progression. C3H mice fed a diet supplemented with 5% shortening, 5% lard, and 1% cholesterol and given DEN in drinking water (30 mg/mL) for 22 weeks developed tumors with 100% incidence (survival rate 46.15%) [75].




4.2.2. Carbon Tetrachloride (CCl4)


CCl4 is a highly toxic agent that induces hepatic injury and fibrosis and is among the most widely used chemicals for experimental liver fibrosis [76,77]. When combined with obesogenic diets, CCl4 markedly accelerates progression to advanced fibrosis and HCC, improving feasibility for studying later disease stages.



In one combined dietary–chemical model, nine-week-old C57BL/6 mice were maintained on normal chow or WD with weekly intraperitoneal CCl4 for 12–24 weeks. The WD contained 21.1% fat, 41% sucrose, and 1.25% cholesterol (by weight), with a high-sugar solution (fructose and glucose). CCl4 was administered at 0.2 µL/g body weight once weekly. The combination of WD + CCl4 significantly worsened steatohepatitis, fibrosis, and tumor development [78].



Similarly, WD combined with weekly CCl4 produced F3 fibrosis within 8–12 weeks and HCC by ~24 weeks, shortening latency and strengthening utility for preclinical evaluation. In MS-NASH mice, a Western diet with fructose (WDF) combined with CCl4 (low or high dosing regimens) promoted fibrosis progression [79].




4.2.3. Sodium Nitrite (NaNO2)


Sodium nitrite has been employed to accelerate the progression of MAFLD to MASH with fibrosis. In Wistar rats, a choline-deficient high-fat diet (CDHFD) combined with intraperitoneal NaNO2 (25 mg/kg, three times weekly from week 4) induced marked steatosis and fibrosis by week 10. This model has been used for antifibrotic testing, including cilofexor and propranolol, both of which reduced fibrosis [80].




4.2.4. Lipopolysaccharides (LPS)


LPS, a Gram-negative bacterial endotoxin, has been used as a “second hit” to amplify hepatic inflammation. In C57BL/6 mice fed HFD for 12 weeks, intraperitoneal LPS (10 mg/kg) exacerbated steatosis, inflammation, and lobular necrosis, highlighting the contribution of intestinal permeability and metabolic endotoxemia to MASH pathogenesis [81].




4.2.5. Streptozotocin (STZ) Models (STAM)


STZ selectively damages pancreatic β-cells. When combined with high-fat feeding, low-dose STZ produces models that mimic diabetes-associated MASH and HCC, but the underlying mechanism can differ from human MAFLD because STZ induces insulin deficiency rather than systemic insulin resistance.



The STAM model is generated by administering STZ (200 µg, subcutaneous) to 2-day-old male C57BL/6 mice, followed by high-fat feeding from four weeks. Animals develop steatosis, MASH by ~5 weeks, fibrosis by ~10 weeks, and spontaneous HCC thereafter [82]. This model is particularly useful for studying MASH-to-HCC progression, while acknowledging mechanistic differences relative to human disease.





4.3. Genetically Modified Models


4.3.1. Leptin-Related Models (ob/ob and db/db)


Genetic alterations in leptin signaling provide classic models of obesity and diabetes.



	
ob/ob mice carry a mutation preventing leptin synthesis and develop severe obesity and insulin resistance but typically show limited spontaneous hepatic inflammation and fibrosis.



	
db/db mice lack functional leptin receptors and develop obesity, hyperglycemia, and liver injury, with phenotype severity influenced by genetic background (e.g., C57BL/6 vs. C57BLKS/J) [83].






These models are especially valuable for studying metabolic drivers of steatosis and insulin resistance; however, additional dietary or chemical insults are often required to induce robust fibrosis. A spontaneous mutation in the leptin receptor (Lepr) produces severe obesity, hyperphagia, and polydipsia, with the C57BLKS/J background exhibiting more severe phenotypes [83].




4.3.2. KK-Ay Mice


KK-Ay mice, generated by crossing diabetic KK mice with heterozygous agouti (Ay) mice, are widely used to model obesity and type 2 diabetes. When fed a NAFLD diet (40% kcal fat, 20% kcal fructose, 2% cholesterol, 0.5% cholic acid), KK-Ay mice rapidly develop obesity, insulin resistance, dyslipidemia, and steatohepatitis within 4 weeks, progressing to fibrosis by 12 weeks [84]. This model is useful for metabolic syndrome-driven MASH with relatively rapid fibrosis development.




4.3.3. Fatty Liver Shionogi (FLS) Mice


FLS mice develop genetic fatty liver and progressive steatosis without obesity or diabetes. FLS-ob/ob mice combine leptin deficiency with hepatic lipid accumulation, resulting in more severe steatohepatitis. FLS-ob/ob mice show steatosis at ~12 weeks and oxidative stress with advanced fibrosis by 24–36 weeks, progressing to cirrhosis by ~48 weeks [85]. Thus, FLS-derived strains can be used to study progressive steatohepatitis and fibrosis with defined genetic susceptibility.




4.3.4. Diamond Mice


The Diamond mouse model (C57BL/6J × 129S1/SvImJ) is used to study progression to MASH and HCC. Mice fed a high-fat diet with access to glucose and fructose develop steatosis within 4–8 weeks, steatohepatitis by 16–24 weeks, fibrosis thereafter, and spontaneous HCC by ~48 weeks [86]. This model is highly valuable for translational research because it reproduces metabolic, histological, and transcriptomic features relevant to human disease.





4.4. Immunity-Induced Models


Humanized immune system models have been developed by engrafting human immune cells into immunodeficient mice (HIL mice). When fed a high-fat, high-calorie diet for ~20 weeks, these mice exhibit steatosis, inflammation, and fibrosis, enabling the investigation of immune contributions to disease and the preclinical testing of immunomodulatory therapies [87].




4.5. Genetically Modified or Gene-Edited Models


The LDL receptor knockout (LDLR−/−) mouse is commonly used to study dyslipidemia and atherosclerosis but can develop MASH-like features under dietary stress. When fed a modified CDAA diet containing 1% cholesterol and 41% fat, LDLR−/− mice develop steatosis within one week and progress to inflammation and fibrosis by ~8 weeks. By 24–39 weeks, animals may develop hepatic hyperplasia and hepatocellular adenomas/carcinomas [88]. Accordingly, this model is useful for studying rapid progression to advanced disease in a dyslipidemic context.



Integrative model comparison



While individual rodent models reproduce selected aspects of MAFLD/MASH, no single model fully captures the entire human disease spectrum. Obesogenic diet-induced models (e.g., GAN, AMLN-type diets) provide the greatest translational relevance for metabolic dysfunction and therapeutic evaluation. Nutrient-deficient diets induce steatohepatitis and fibrosis rapidly but lack systemic metabolic fidelity. Genetic models are best suited for the mechanistic dissection of defined pathways, whereas combination models (diet + toxin/chemical) are most effective for studying advanced fibrosis and hepatocellular carcinoma within feasible experimental timeframes. Accordingly, model selection should be guided by disease stage, dominant pathogenic pathways, and experimental feasibility rather than nomenclature alone.



We summarize commonly used rodent models in Table 1 and provide a decision-aiding guide for model selection in Table 2.





5. Concluding Remarks


Although multiple rodent models of MAFLD have enhanced the understanding of disease mechanisms, no single model fully captures the heterogeneity and complexity of human MAFLD/MASH. Ideally, models should recapitulate (i) systemic metabolic dysfunction (e.g., obesity and insulin resistance), (ii) liver histopathology (steatosis, inflammation, ballooning, fibrosis), and (iii) clinically relevant progression to cirrhosis and hepatocellular carcinoma (HCC). Accordingly, model selection should be guided by the specific disease stage and research objective rather than by terminology alone.



Key considerations for model selection include the following:




	
Diet-induced models: High-fat, high-sugar, and cholesterol-enriched diets best mirror human lifestyle-related risk factors and are particularly useful for studying metabolic syndrome-associated MAFLD/MASH and for therapeutic evaluation [44,45].



	
Nutrient-deficiency diets (MCD and CDAA/CDAHFD): These diets induce rapid steatohepatitis and fibrosis but often fail to reproduce systemic metabolic abnormalities observed in human MAFLD/MASH (e.g., obesity and insulin resistance) [89].



	
Chemical “second-hit” models (e.g., CCl4, DEN, STZ, LPS): These approaches are valuable when combined with dietary stressors to accelerate fibrosis and/or HCC development, improving feasibility for late-stage studies and drug testing [78,90].



	
Humanized and immune-focused models: Humanized mice provide improved translational relevance for studying immune mechanisms, biomarker discovery, and immunomodulatory therapeutics [87,91,92].



	
Species and strain differences: Alternative species such as hamsters, which express CETP and exhibit a lipoprotein metabolism more similar to humans, may offer improved metabolic fidelity compared with standard mouse and rat strains [93,94,95,96]. Within mice, substrain differences (e.g., C57BL/6J vs. C57BL/6N) should be explicitly considered when comparing outcomes and reproducibility.








Present Status of Rodent Models



Current experimental rodent models of MAFLD/MASH rely predominantly on diet-based induction (high fat with added fructose and/or cholesterol), genetic susceptibility, chemical acceleration, or combinations. These models have been instrumental for studying early-stage steatosis, obesity, and metabolic syndrome; however, many fail to fully reproduce progressive fibrosis and hepatocellular carcinoma within practical experimental timeframes. Therefore, selecting an appropriate model based on the study aims remains critical for generating interpretable and translatable data.



At present, key focus areas in MAFLD/MASH modeling include:



(a) Choice of species and strain.



Mice and rats remain the preferred laboratory species due to low cost, short lifespan, and the availability of genetic tools. Susceptibility varies across strains; for example, C57BL/6 and A/J strains are often more susceptible than BALB/c to diet-induced metabolic dysfunction, and C57BL/6 mice are widely used due to reproducibility under high-fat/high-fructose diets with added cholesterol [64,97]. Importantly, substrain differences (C57BL/6J vs. C57BL/6N) can influence metabolic and inflammatory phenotypes and should be reported explicitly.



Wistar and Sprague-Dawley rats are commonly used, whereas Fischer 344 (F344) rats often require specific dietary challenges (e.g., CDAA diets) to develop MAFLD-like pathology. Zucker fatty rats model obesity and insulin resistance but typically require additional dietary or chemical “hits” to induce advanced steatohepatitis and fibrosis. Zucker diabetic fatty (ZDF) rats are useful for studying MAFLD in the context of type 2 diabetes [98,99].



Golden Syrian hamsters are increasingly used because their lipoprotein metabolism is closer to humans than that of mice or rats, including CETP activity, which supports translational studies of dyslipidemia and cardiometabolic disease [93,94,95,96].



(b) Dietary considerations and clinical relevance.



Diet-based approaches are increasingly emphasized because they reflect human metabolic dysregulation. High-fat, high-sugar, and cholesterol-rich diets mimic key risk factors and are generally preferred for translational studies [44,45]. For example, Western-style diets enriched in saturated fat, cholesterol, and sugars are often favored over MCD diets because MCD diets are misaligned with human dietary patterns and induce weight loss rather than obesity. Although MCD diets rapidly induce steatohepatitis and fibrosis, they do not induce metabolic syndrome and therefore have limited clinical relevance. High-fat, high-fructose (HFHF) diets reliably promote obesity and insulin resistance but may yield less severe hepatic pathology unless combined with cholesterol or longer feeding durations [64,65].



(c) Rapid progression models for advanced fibrosis and HCC.



To model advanced disease stages such as bridging fibrosis, cirrhosis, portal hypertension, and HCC within feasible timelines, investigators are increasingly using combination models. Western diet plus low-dose CCl4 accelerates fibrosis and can promote HCC development, while STZ combined with high-fat feeding can model diabetes-associated MASH progression and HCC [78,79,90]. These models are particularly useful for the preclinical testing of antifibrotic and anticancer therapeutics while recognizing that chemical injury introduces non-physiological components.



(d) Genetically predisposed and genetically modified models.



Genetic susceptibility influences disease severity, and certain strains (e.g., C57BL/6) demonstrate greater injury under cholesterol-enriched Western diets, supporting their use in progressive disease modeling [100]. Gene-edited or transgenic models enable the mechanistic interrogation of defined pathways. For example, A-ZIP/F-1 mice develop severe lipoatrophic diabetes and exhibit marked hepatic lipid accumulation [101]. Classic leptin pathway models (ob/ob and db/db) reproduce obesity and insulin resistance but frequently require additional dietary or inflammatory “hits” to develop robust steatohepatitis and fibrosis, highlighting an important distinction from human MAFLD/MASH [61].



Overall, a central challenge remains the lack of standardization across models, including variability in diet formulations, induction methods, animal strains, and outcome measures. Some models reproduce histology well, while others capture metabolic dysfunction more faithfully, and only a subset reflects both domains, contributing to limited reproducibility and incomplete clinical translation [61,97,102]. Consequently, the prevailing trend is toward clinically relevant diet-induced and combination models that incorporate key elements of human disease (e.g., fat, fructose, cholesterol, and metabolic dysfunction) while enabling the progression to fibrosis and HCC within practical timeframes.



Future Perspectives



Future development of MAFLD/MASH rodent models should be guided by defined experimental use cases rather than phenotypic breadth alone. Diet-induced models remain optimal for studying disease initiation, metabolic dysregulation, and early-stage steatosis, whereas combination and genetic models are often best suited for modeling progressive fibrosis, cirrhosis, and hepatocellular carcinoma. Humanized and gene-edited models are expected to play an increasing role in translational studies, immune mechanisms, and biomarker discovery. Multi-omics approaches and advanced in vitro systems (e.g., organoids and microphysiological platforms) will complement in vivo models by enabling mechanistic precision and scalable drug screening.



A key practical direction is the continued shift away from models that induce steatohepatitis without metabolic syndrome (e.g., MCD-only diets) toward more clinically relevant diet-based and combination strategies that better capture the metabolic and pathological complexity of human disease. Ultimately, aligning model choice with the study goal—mechanistic discovery, disease-stage modeling, or therapeutic evaluation—will be essential for improving reproducibility and translational success.
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Figure 1. Risk factors for NAFLD. 
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Figure 2. Schematic presentation of MAFLD pathogenesis and disease progression. 
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Figure 3. Overview of approaches used to generate rodent models for MAFLD/MASH studies. 
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Table 1. Summary of commonly used rodent models in MAFLD/MASH studies.
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	Model
	Species/Strain
	Induction (Diet or Intervention)
	Duration
	Key Hepatic Pathology
	Metabolic Features
	Advantages
	Limitations





	HFD
	Mouse (C57BL/6J)
	≥45% kcal fat
	≥16 weeks
	Steatosis progressing to mild fibrosis
	Obesity, insulin resistance
	Simple, reproducible, widely used
	Slow fibrosis progression



	AMLN
	Mouse (C57BL/6J)
	40% kcal fat + fructose + 2% cholesterol (w/w)
	20–30 weeks
	Steatohepatitis with fibrosis
	Obesity, insulin resistance
	Closely mimics human MASH
	Long induction period



	GAN
	Mouse (C57BL/6J)
	AMLN-type diet without trans-fat
	20–30 weeks
	Hepatocyte ballooning, fibrosis
	Strong metabolic fidelity
	Excellent clinical translatability
	High cost



	CDAHFD
	Mouse
	60% kcal fat, choline-deficient, low methionine
	6–12 weeks
	Rapid fibrosis and inflammation
	Minimal obesity
	Fast, highly reproducible
	Non-physiological metabolic profile



	MCD
	Mouse/Rat
	Methionine- and choline-deficient diet
	4–8 weeks
	Severe steatohepatitis, inflammation
	Weight loss, no insulin resistance
	Rapid NASH induction
	Poor metabolic relevance



	STAM
	Mouse
	Neonatal streptozotocin + HFD
	10–20 weeks
	NASH progression to HCC
	Insulin deficiency
	Tumor progression modeling
	Does not reflect human insulin resistance



	WD + CCl4
	Mouse
	Western diet combined with CCl4
	12–24 weeks
	Advanced fibrosis, cirrhosis, HCC
	Obesity
	Accelerated disease progression
	Hepatotoxicity



	HFD
	Rat (Wistar/SD)
	45–60% kcal fat
	12–24 weeks
	Steatosis, inflammation, fibrosis
	Obesity, insulin resistance, dyslipidemia
	Larger liver size, easier sampling
	Variable fibrosis severity



	Atherogenic diet
	Rat (SD)
	High fat + 2–2.5% cholesterol (w/w)
	12–48 weeks
	Steatohepatitis, fibrosis
	Dyslipidemia, insulin resistance
	Suitable for advanced MAFLD
	Long duration



	HSHF/High-sucrose diet
	Rat (Wistar)
	High sucrose ± fat
	14–20 weeks
	Steatosis, inflammation, fibrosis
	Obesity, metabolic dysregulation
	Diet-relevant MAFLD model
	Prolonged induction



	HFHCh
	Hamster (Golden Syrian)
	High fat + cholesterol + fructose
	12–20 weeks
	Steatohepatitis with fibrosis
	CETP expression, dyslipidemia
	Human-like lipid metabolism
	Limited genetic tools



	HFFCD
	Hamster (Golden Syrian)
	High fat, high fructose, high cholesterol
	6–16 weeks
	Steatosis, inflammation
	Obesity, dyslipidemia
	Rapid induction, human-like lipid handling
	Higher mortality risk



	NASH diet
	Hamster (Syrian)
	~40% kcal fat
	~12 months
	Progressive steatohepatitis, fibrosis
	Dyslipidemia
	Histology similar to human NASH
	Very long duration







Abbreviations: HFD, high-fat diet; AMLN, Amylin liver NASH diet; GAN, Gubra Amylin NASH diet; CDAHFD, choline-deficient amino acid-defined high-fat diet; MCD, methionine- and choline-deficient diet; STAM, streptozotocin-induced NASH model; WD, Western diet; CCl4, carbon tetrachloride; HFHCh, high-fat high-cholesterol; HFFCD, high-fat high-fructose high-cholesterol.













 





Table 2. Decision-aiding guide for selecting models by research objective.
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	Research Objective
	Recommended Models
	Preferred Species
	Rationale





	Early steatosis and insulin resistance
	HFD, HFFD
	Mouse, Rat
	Robust metabolic phenotype with early hepatic steatosis; suitable for studying MAFLD initiation



	Metabolic syndrome with MASH
	GAN, AMLN
	Mouse (primary), Hamster (lipid studies)
	Best combined metabolic and histological fidelity to human MASH



	Rapid fibrosis induction
	CDAHFD, WD + CCl4
	Mouse
	Consistent and advanced fibrosis within practical experimental timeframes



	MASH to HCC progression
	STAM, WD + CCl4, DEN-based combinations
	Mouse
	Reliable induction and acceleration of hepatocellular carcinoma



	Preclinical drug screening
	GAN, AMLN (fibrosis: CDAHFD)
	Mouse; Hamster (lipid-targeted drugs)
	High reproducibility with clinically relevant endpoints



	Mechanistic genetic studies
	ob/ob, db/db, Diamond
	Mouse
	Defined genetic alterations enabling targeted pathway interrogation



	Immune-focused studies
	Humanized immune models
	Mouse
	Enables assessment of human immune contributions and immunomodulatory therapies







Abbreviations: HFD, high-fat diet; HFFD, high-fat high-fructose diet; AMLN, Amylin liver NASH diet; GAN, Gubra Amylin NASH diet; CDAHFD, choline-deficient amino acid-defined high-fat diet; WD, Western diet; CCl4, carbon tetrachloride; STAM, streptozotocin-induced NASH model; DEN, diethylnitrosamine.
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