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Abstract 

Metabolic Dysfunction-Associated Steatotic Liver Disease (MASLD) is the most prevalent chronic liver 

disease worldwide and represents a major clinical and socioeconomic challenge. It is associated with 

obesity, insulin resistance, type 2 diabetes, and systemic metabolic dysfunction. Although the liver is the 

central pathological organ, MASLD is increasingly recognized as a multi-organ disorder in which disease 

progression and patient outcomes are strongly influenced by extrahepatic complications. Among these, 

skeletal muscle impairment is particularly relevant, as reduced muscle mass, altered muscle quality, and 

impaired contractile performance are frequently associated with worse prognosis, metabolic 

deterioration, and progression toward more severe disease stages. However, the biological mechanisms 

through which the diseased liver contributes to skeletal muscle impairment remain difficult to dissect in 

patients and animal models, where systemic complexity limits causal interpretation. 

Current preclinical models do not adequately reproduce the human liver–skeletal muscle axis under 

controlled and physiologically relevant conditions. Conventional two-dimensional cell cultures allow 

scalable mechanistic studies but lack tissue-level architecture, extracellular matrix interactions, 

multicellular signaling, and functional readouts. Animal models capture systemic physiology but are 

limited by species-specific differences and reduced control over individual organ contributions. 

Consequently, there is a pressing need for modular, human-relevant in vitro platforms capable of 

modelling defined stages of MASLD progression and evaluating their downstream impact on skeletal 

muscle function. 

This doctoral research addresses this need through the development of a modular in vitro strategy based 

on bioengineered human three-dimensional liver and skeletal muscle tissues. First, a three-dimensional 

liver model was established by encapsulating HepaRG hepatocyte-like cells and LX-2 hepatic stellate 

cells in collagen-based hydrogels. A lipotoxic stimulus based on non-esterified fatty acids was used to 

induce a steatotic phenotype, while the subsequent addition of lipopolysaccharide generated a more 

severe MASH-like inflammatory and fibrogenic environment. This model reproduced key features of 

MASLD progression, including lipid accumulation, hepatocellular dysfunction, cell injury, inflammatory 

cytokine production, hepatic stellate cell activation, and early extracellular matrix remodeling. Combined 

NEFAs and LPS exposure exacerbated lipid accumulation, reduced albumin expression, increased AST 

and caspase-3 release, enhanced IL-6 secretion, and induced fibrogenic markers such as COL1A1, 

supporting the generation of a disease-stage-specific hepatic phenotype. 

Separately, differentiated human three-dimensional skeletal muscle tissues were generated from 

AB1079 myoblasts embedded in Matrigel–fibrin hydrogels and matured into aligned contractile tissues 

capable of responding to electrical pulse stimulation. To model liver-derived effects on muscle, skeletal 

muscle tissues were exposed to conditioned media (CM) generated by the liver constructs under control, 

steatotic, MASH-like, and inflammatory-only conditions. After optimizing CM dilution to preserve baseline 

muscle viability and function, disease-stage-specific liver-derived media were shown to impair skeletal 
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muscle performance. The CM from steatotic liver constructs reduced myotube diameter and cross-

sectional area, while MASH-like CM induced the most severe reduction in contractile force, particularly 

under high-frequency stimulation. These functional alterations were accompanied by changes in 

myogenic regulatory factors, repression of canonical atrogenes, and increased lysosomal/autophagy-

associated readouts, suggesting that liver-derived disease signals can alter skeletal muscle quality 

through mechanisms that extend beyond classical atrophy. 

Finally, this thesis explored the engineering transition from static CM transfer toward dynamic liver–

skeletal muscle communication in an organ-on-chip framework. A first-generation microfluidic device 

was designed and fabricated to connect a liver chamber, a passive serpentine diluting and mixing unit, 

and a downstream skeletal muscle chamber. Using Rhodamine B fluorescence as a liver-medium 

surrogate, the device was fluidically characterized under pressure-driven flow. The serpentine geometry 

enabled progressive mixing along the channel, and inlet pressure conditions were identified that 

reproduced the biologically required 1:50 liver-medium dilution before entry into the skeletal muscle 

chamber. Although live tissue integration was not completed within the scope of this thesis, the device 

established the fluidic foundation for future dynamic co-culture studies. 

Overall, this thesis contributes to the development of human-relevant in vitro models for systemic 

metabolic disease by integrating three-dimensional liver modelling, functional skeletal muscle 

bioengineering, inter-organ interrogation, and organ-on-chip design. The work demonstrates that 

disease-stage-specific hepatic environments generated in vitro are sufficient to impair human skeletal 

muscle structure and function, supporting the relevance of liver-derived cues in MASLD-associated 

muscle dysfunction. By adopting a modular strategy, this platform bridges reductionist cell culture 

systems and complex animal models, while providing a flexible experimental framework that can be 

expanded toward dynamic multi-organ-on-chip models, biomarker discovery, therapeutic testing, and 

more precise investigation of liver–skeletal muscle crosstalk in MASLD and MASH. 
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Chapter 1 |  General Introduction 

 

1.1 Current Understanding of Metabolic Dysfunction-Associated Steatotic 

Liver Disease (MASLD) 

1.1.1 Context and Relevance of MASLD 

The global landscape of hepatology has experienced a deep transformation over the last quarter of a 

century. As the prevalence of viral hepatitis has declined due to effective vaccination and antiviral 

therapies, liver diseases related to metabolism have emerged as the dominant public health challenge 

of our modern era. Metabolic Dysfunction-Associated Steatotic Liver Disease (MASLD), formerly known 

as Non-Alcoholic Fatty Liver Disease (NAFLD), is now the most common chronic liver condition 

worldwide, affecting more than 30% of the global population [1,2]. This shift is not only epidemiological 

but reflects a fundamental change in the etiological paradigm of liver injury, moving from infectious 

drivers to systemic metabolic dysfunction rooted in the global increase in obesity, type 2 diabetes 

mellitus (T2D), and sedentary lifestyles [1]. 

The renaming of the disease from NAFLD to MASLD, achieved in a multi-society Delphi consensus in 

2023, was a milestone in the field [3]. The previous nomenclature was defined by exclusion —diagnosis 

and classification based on what the disease is not, namely excessive alcohol consumption or viral 

infection. The issue with this former definition was that it failed to capture the positive diagnostic criteria 

that drive the disease’s pathophysiology. Furthermore, the term “fatty” was generally perceived as 

stigmatizing towards patients. The new terminology, MASLD, is defined by the presence of hepatic 

steatosis in conjunction with at least one cardiometabolic risk factor (CMRF), such as adiposity, glucose 

intolerance, or dyslipidemia [2]. This affirmative definition explicitly links hepatic health to systemic 

metabolic homeostasis, acknowledging the liver is both a victim and driver of metabolic syndrome [4]. 

The clinical relevance of MASLD extends far beyond the liver. It is increasingly recognized as a key 

indicator of systemic health, with patient outcomes often dictated not by hepatic failure, but by 

cardiovascular events and extrahepatic malignancies [1]. However, MASLD is a disease continuum, and 

for a subset of patients, the disease progresses from simple steatosis (MASL) to Metabolic Dysfunction-

Associated Steatohepatitis (MASH). MASH is characterized by a triad of steatosis, lobular inflammation, 

and hepatocellular ballooning, which collectively drive the activation of fibrogenic pathways [5]. This 

progression from simple lipid accumulation to inflammation, fibrosis, cirrhosis, and potentially 

hepatocellular carcinoma (HCC) is a central challenge of modern hepatology. MASH is rapidly becoming 

the leading indication for liver transplantation in western countries, surpassing hepatitis C and alcohol-

associated liver disease [1]. 
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Despite its prevalence and severity, the therapeutic landscape for MASLD remains largely uncertain and 

unclear. Of course, new non-invasive diagnostic tools and promising advances in drug development 

have pushed the field forward. Nevertheless, until the recent conditional approval of resmetirom on 

March 2024, a thyroid hormone receptor-β agonist, there were no FDA-approved pharmacotherapies 

for MASH [6–8]. This lack of treatment options is a direct consequence of the disease’s complexity and 

the limitations of current preclinical models to provide relevant interrogation tools to investigate MASLD. 

The decade-long progression of MASLD in humans is difficult to replicate in animals, and the intricate 

intercellular crosstalk that drives fibrosis in MASH is often lost in simplified in vitro systems [9–11]. 

Consequently, future directions in the field focus on establishing physiologically relevant, scalable, and 

human centric models of MASLD. It is not just an important academic exercise but a critical necessity 

for drug discovery and personalized medicine. 

 

1.1.2 Epidemiology of MASLD 

1.1.2.1 Global Prevalence and Regional Disparities 

The epidemiology of MASLD mirrors the trajectory of the obesity epidemic. Recent meta-analyses 

estimate the global prevalence of MASLD among adults to be 32% to 38% depending on geographical 

region, a figure that has risen by more than 50% since the 1990s [2]. This relentless increase is projected 

to continue, with forecasts suggesting that over half of the global population could be affected by 2040 

if current metabolic trends persist [1]. 

As stated before, this burden is not distributed equally across the globe. The prevalence of MASLD 

exhibits significant geographic and ethnic heterogeneity. 

 

Latin America 

This region reports the highest prevalence rate globally, exceeding 44% [1]. This is attributed to a 

combination of rapid nutritional change towards high calorie processed foods and a high frequency of 

genetic risk variants, particularly the PNPLA3 I148M allele in Hispanic populations [12,13]. 

 

Middle East and North Africa (MENA) 

This region is experiencing the fastest growth in prevalence, driven by skyrocketing rates of T2D and 

obesity. In some MENA cohorts, MASLD prevalence approaches 80% among patients with diabetes [1]. 

 

Asia 

While overall prevalence has historically been lower than in the west, Asia is seeing an increase in “lean 

MASLD” phenotype. This manifestation occurring in individuals with a normal Body Mass Index (BMI) is 
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particularly common in Asian populations and challenges the outdated assumption that MASLD is solely 

a disease of the obese [14,15]. 

 

Western Europe and North America 

These regions show high prevalence rates (25%-30%) but appear to be stabilizing in some regions, 

potentially due to improved public health awareness and the plateauing of obesity rates in certain 

subgroups [16]. 

 

1.1.2.2 Risk Factors and Comorbidities 

The epidemiology of MASLD is tightly linked to its metabolic comorbidities. The presence of these 

conditions not only increases the likelihood of developing MASLD but also accelerates the progression 

to MASH and advanced fibrosis. 

 

Table 1.1. Common risk factors strongly associated with MASLD. 

 

Risk factor Association with MASLD/MASH Prevalence 

Obesity (BMI ≥25 kg/m² 

or increased waist 

circumference) 

Strongest predictor of steatosis. 

Visceral adiposity drives lipotoxicity 

via free fatty acid flux. [17] 

70% - 75% of overweight and 

obese populations, severity-

dependent. [18] 

Type 2 Diabetes (T2D) 

(fasting glucose ≥5.6 

mmol/L or diabetes 

diagnosis) 

Shares a bidirectional relationship 

with MASLD, both increasing risk 

and prevalence of the other. [1] 

68.8% of T2D population. [19] 

Dyslipidemia (high 

triglycerides (TG) ≥1.70 

mmol/L, low high-density 

lipoprotein (HDL) ≤1.0 

mmol/L in males / ≤1.3 

mmol/L in females) 

High triglycerides reflect impaired 

hepatic lipoprotein export and 

adipose tissue insulin resistance. 

Low HDL reduces its anti-

inflammatory and hepatoprotective 

properties, exacerbating MASH. 

High TG/HDL ratio is a predictor of 

MASLD and mortality. 

Hyperlipidemia fuels hepatic de 

novo lipogenesis. [20–22] 

50% - 80% of the MASLD 

population. [5] 
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Hypertension (blood 

pressure ≥130/85 mmHg 

or antihypertensive 

therapy) 

Hypertensive MASLD patients show 

2.2-fold higher cardiac event risk 

and 1.35-fold higher hypertension 

incidence when F3-F4 fibrosis is 

present. [1] 

50% - 80% of the MASLD 

population. [5] 

Metabolic Syndrome 

(MetS) (≥3 of 5 criteria: 

central obesity, elevated 

glucose/diabetes, 

elevated TG, low HDL, 

elevated BP) 

MASLD is known as the “hepatic 

manifestation of MetS. All five 

components interact synergistically 

to drive systemic inflammation, 

oxidative stress and hepatic 

lipotoxicity. [23,24] 

MASLD in 73% of MetS 

patients; MetS in 42% of 

MASLD patients. [25,26] 

Sarcopenia and Muscle 

Wasting (low skeletal 

muscle mass and/or 

strength, assessed by 

appendicular skeletal 

muscle mass index 

[ASMI] or dual-energy X-

ray absorptiometry) 

Sarcopenia is independently 

associated with fibrosis severity. 

[27] 

43-60% in chronic MASLD; 

among MASLD patients, 43% 

exhibit sarcopenia. [28–30] 

 

1.1.2.3 Economic and Healthcare Burden 

The economic implications of the high MASLD prevalence are staggering. Economic impact arises both 

from medical costs and reductions in worker productivity [31]. In the United States alone, MASH cases 

are forecasted to increase from 11.6 million in 2020 to 19.53 million in 2039, with 18.7 million deaths 

overall. In the same period, healthcare costs associated with MASH are projected to increase from 

$3636 to $6968 per patient, and accumulated healthcare costs 2020-2039 are estimated at $1,662.35 

billion dollars [32]. Even though hospital readmissions are decreasing slightly for chronic liver disease 

(CLD) patients in the United States, readmissions of MASLD patients are growing in frequency. MASLD 

patients are at higher risk of hospital readmission, and even higher with clinical comorbidities [33]. These 

numbers are driven by the management of advanced liver diseases and the associated systemic 

complications. As the baby boomer generation ages, the prevalence of MASH-related decompensated 

cirrhosis is expected to peak, straining liver transplantation procedures and healthcare budgets [31]. 

Furthermore, as MASLD is increasingly diagnosed in younger populations [2], it is reasonable to expect 

substantial rises in indirect costs—measured in lost productivity, disability-adjusted life years (DALYs), 

and reduced quality of life. 
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1.1.3 Pathogenesis of MASLD 

Understanding the pathogenesis of MASLD is crucial for the development of effective models. It is in a 

thorough study of mechanisms that we can find powerful insights to simulate MASLD outside patients. 

Within the MASLD spectrum, the transitions from a healthy to a steatotic liver, and subsequently to a 

steatohepatitis and fibrotic state, involve a complex set of molecular events. 

 

1.1.3.1 The “Two-Hit” Hypothesis 

A previous description of the MASLD progression was termed as the “Two-Hit Hypothesis” by James 

and Day in 1998. Here, the authors proposed that while obesity and impaired lipid metabolism trigger 

fat deposition in the liver, an additional “hit” had to occur to induce inflammation and fibrosis [34], as the 

liver would otherwise remain largely non-inflammatory. 

 

 

Figure 1.1. The “two-hit” hypothesis of NAFLD/NASH. 

Schematic representation of the historical understanding of NAFLD/NASH pathogenesis. In this concept, obesity-driven 

insulin resistance first promotes hepatic triglyceride accumulation (simple steatosis) without substantial inflammation, 

which is then exacerbated by a second hit characterized by oxidative stress and inflammatory signaling that drives 

progression to steatohepatitis and fibrosis. 

 

In this framework, obesity and insulin resistance are viewed as primary drivers of increased FFA flux to 

the liver, leading to a steatotic, relatively non-inflammatory state that is sensitized to further injury. The 

ensuing “second hit” comprises inflammatory mediators, ROS production, and mitochondrial 

dysfunction, which together promote progression from simple steatosis to steatohepatitis and fibrosis. 

Importantly, this model assumes that triglyceride accumulation is required for NASH development, 

whereas later work has shown that hepatocellular lipotoxicity can also result from impaired handling of 

other lipid types, including diacylglycerols, ceramides, and acylcarnitines. 

 

1.1.3.2 The Multiple Parallel Hits Hypothesis 

The pathogenesis of MASLD is incompletely understood to this day, as more complex and intricate 

phenomena are increasingly recognized. Despite the proposition of the two-hit nature of the disease 

was generally accepted for quite a long time, recent research shows that a more nuanced “Multiple 

Parallel Hits Hypothesis” better describes the pathogenesis of MASLD [35]. This new paradigm posits 
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that numerous insults act simultaneously to drive the disease. This updated concept reframes MASLD 

as a systems disease in which hepatic lipotoxicity, adipose tissue inflammation, gut dysbiosis, innate 

immune activation, and additional genetic/epigenetic factors act concurrently and actively interact. The 

liver is a central node for this interaction network, as it is responsible for the handling of multiple 

metabolites. 

 

 

Figure 1.2. Schematic representation of the Multiple Parallel Hits hypothesis of MASLD pathogenesis 

In this framework, obesity, lifestyle factors, adipose tissue inflammation, gut dysbiosis, skeletal muscle dysfunction, and 

genetic or epigenetic susceptibility interact concurrently to promote hepatic steatosis and lipotoxic stress, which, together 

with innate and adaptive immune activation, culminate in chronic inflammation, fibrogenesis, and progression to MASH 

and cirrhosis. 

 

In Figure 1.2, the liver is depicted as a central metabolic hub that integrates numerous internal and 

external stimuli. Physical inactivity and a hypercaloric diet—hallmarks of modern lifestyles and common 

in individuals with MetS—drive obesity and insulin resistance, which in turn promote excess release of 

FFAs from dysfunctional adipose tissue and overload hepatic lipid-handling capacity. Within 

hepatocytes, ER stress and mitochondrial dysfunction contribute to the generation and downstream 

toxicity of lipotoxic lipid species. Genetic variants that affect lipid trafficking and storage further increase 

susceptibility to MASLD and to adverse extrahepatic manifestations of metabolic dysfunction. These 

processes are frequently accompanied by gut dysbiosis, characterized by increased intestinal 

permeability and translocation of bacterial products such as lipopolysaccharide (LPS) to the portal 

circulation, thereby amplifying inflammatory signaling in the liver. Additional environmental determinants, 

including food quality and broader lifestyle context, modulate this network of hits and collectively shape 

the risk and severity of MASLD [23,36–38]. 
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1.1.3.3 Progressive Nature of MASLD 

Currently, MASLD is understood as a disease spectrum with its stage-specific drivers and biological 

features. Steatosis marks the initial hallmark of MASLD at a histological level. It is defined as lipid 

accumulation exceeding 5% of hepatocytes. This process primarily results from increased free fatty acid 

(FFA) uptake from adipose tissue lipolysis (60%), enhanced hepatic de novo lipogenesis (26%), and 

reduced export of triglyceride-rich lipoproteins. Insulin resistance and hyperinsulinemia drive these 

metabolic alterations by stimulating lipogenic gene expression and suppressing fatty acid oxidation [39–

41]. 

The progression to MASH is characterized by the emergence of lobular inflammation, hepatocellular 

ballooning—the rounding and size increase due to lipid overload—and perisinusoidal fibrosis. This 

transition involves activation of innate immune pathways, with non-parenchymal cell populations like 

hepatic stellate cells (HSCs), Kupffer cells and circulating macrophages playing central roles [42,43]. 

Mitochondrial dysfunction becomes increasingly prominent during MASH progression, with peridroplet 

mitochondria showing higher bioenergetic activity than cytoplasmic mitochondria in early disease stages 

[44]. Oxidative stress and lipid peroxidation damage mitochondrial respiratory chain enzymes, leading 

to ATP depletion and activation of pro-inflammatory signaling cascades. 

Pro-inflammatory cascades along with other biochemical stimuli can induce a fibrogenic phenotype in 

the liver. Fibrosis represents one of the most significant predictors of long-term outcomes in MASLD 

patients [45–47]. The fibrotic process involves activation of hepatic stellate cells by inflammatory 

cytokines (TNF-α, IL-1β, IL-6) and transforming growth factor-β (TGF-β) signaling pathways [48–50]. 

Advanced fibrosis correlates strongly with adipose tissue inflammation, as demonstrated by 

transcriptomic studies showing increased inflammatory gene expression in visceral adipose tissue of 

patients with MASH compared to simple steatosis [51,52]. 
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Figure 1.3. Overview of the MASLD progression. 

Principal pathogenic drivers at each stage (red arrows), the corresponding opportunities for disease reversal and 

therapeutic intervention (blue arrows), and key stage-specific clinical and biological features are depicted. Adapted from 

Younossi et al., 2025 [1]. 

 

The systemic nature of MASLD progression is a great contributor to the complexity of its study. The 

progression of MASLD involves bidirectional communication between the liver, adipose tissue, and 

gastrointestinal tract [53]. Adipose tissue inflammation releases pro-inflammatory cytokines and 

adipokines that exacerbate hepatic inflammation and insulin resistance. Gut microbiota dysbiosis 

contributes to disease progression through increased intestinal permeability, bacterial translocation, and 

production of hepatotoxic metabolites such as trimethylamine N-oxide (TMAO) [54,55]. These systemic 

interactions support the conceptual framework of MASLD as a multi-organ metabolic disorder rather 

than an isolated hepatic condition. 

In the following sections, the most important events and drivers of MASLD are described in detail. 

 

1.1.3.4 Metabolic Overload and Steatosis 

The initiating event in MASLD is the accumulation of intrahepatic triglycerides. This is defined as 

steatosis when it exceeds 5% of liver weight [3]. This abnormal accumulation arises from impaired 

balance of lipid acquisition and disposal. This neutral triglyceride accumulation coexists with a shift 

towards lipotoxic lipid species and organelle stress that predispose the patient to progress to MASH and 

develop fibrosis. The cellular stress caused by lipotoxicity can further exacerbate lipid accumulation 

[4,56]. The key players of steatosis are introduced below. 
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Insulin Resistance and Adipose Tissue Dysfunction 

Insulin resistance (IR) occurs when insulin receptor signaling through receptor substrates (IRS-1/2), 

phosphoinositide 3-kinase (PI3K), and Akt is blunted by chronic nutrient excess, lipotoxic lipids, 

inflammatory cytokines, and endoplasmic reticulum (ER)/oxidative stress, which promote inhibitory 

phosphorylation and degradation of IRS proteins, uncoupling the receptor activation from metabolic 

responses [57–59]. This translates into impaired glucose uptake in muscle, failure to suppress hepatic 

gluconeogenesis, and the loss of insulin’s antilipolytic action in adipose tissue [60]. In MASLD and 

particularly in MASH, systemic IR is almost universal and is tightly linked to visceral adiposity, along with 

other CMRFs. It is becoming clear that adipose tissue IR is an early event that amplifies hepatic lipid 

overload. 

Dysfunctional adipose tissue is characterized by adipocyte hypertrophy and hypoxia, macrophage 

infiltration, low-grade inflammation—with increased release of TNF-α, IL-6 and chemokines, all of which 

promote the inhibitory IRS-1 serine phosphorylation and impaired PI3K-Akt signaling discussed earlier. 

As a result, insulin—that acts as a break on fat breakdown— fails to regulate lipases, allowing unchecked 

lipolysis. These non-esterified fatty acids (NEFAs) from adipose tissue flow into circulation, finally 

reaching the liver [61]. 

Circulating NEFAs, largely bound to albumin, are taken up by the liver via protein-mediated transport 

systems, such as fatty acid transport proteins (FATPs) —specifically FATP2 and FATP5 have been 

identified in the liver [4,39,62,63], rendering them available for esterification and storage as triglycerides 

in hepatocytes. Isotope tracer studies in human fatty liver disease have demonstrated that roughly 60% 

of intrahepatic triglycerides derive from circulating NEFAs released from adipose tissue, with additional 

contributions from dietary fat and de novo lipogenesis, underscoring the dominant role of adipose-

derived lipid in driving hepatic steatosis [64]. The resulting intrahepatic accumulation of triglycerides and 

lipotoxic lipid species further impairs hepatic insulin signaling and promotes inflammatory and fibrogenic 

responses, establishing a vicious cycle between adipose tissue dysfunction, systemic insulin resistance, 

and progression from MASLD to MASH. Consistent with this pathophysiological axis, experimental 

models of hepatic steatosis commonly use NEFAs—alone or in mixtures that recapitulate circulating 

fatty acid profiles—to induce hepatocellular triglyceride accumulation and lipotoxic stress, and NEFAs 

overexposure remains the cornerstone for modelling pathogenic hepatic lipid build-up in vitro and in vivo. 

 

De Novo Lipogenesis (DNL) 

DNL is a key pathway for energy storage occurring in the liver. In this metabolic process, excess dietary 

carbohydrates are converted into new FAs and stored as triglycerides in lipid droplets. Hepatic DNL is 

now recognized as a driver of steatosis in MASLD and its progression to MASH. It does not act in 

isolation but is integrated with increased FA influx from adipose tissue, impaired mitochondrial oxidation 

and altered VLDL export, as summarized comprehensively by Carli et al. [61] in the following Figure 1.4. 
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Figure 1.4. Hepatic de novo lipogenesis and lipid trafficking in MASLD and MASH. 

Schematic representation of how nutrient excess and insulin resistance converge on hepatocytes to drive DNL and 

steatosis. In IR adipose tissue, uncontrolled lipolysis increases circulating FFAs and glycerol, which are taken up by the 

liver via fatty‑acid transporters such as CD36 and FATP, expanding the intrahepatic FFA pool. Concurrently, dietary 

carbohydrates and hyperinsulinemia activate the lipogenic transcription factors ChREBP and SREBP‑1c, respectively, 

enhancing DNL‑derived palmitate synthesis. Newly formed fatty acids are re‑esterified into triacylglycerols (TAGs) and 

stored in lipid droplets. Excess DNL also promotes the generation of lipotoxic species such as DAGs and ceramides, 

which further impair insulin signaling and contribute to hepatocellular injury and inflammation characteristic of MASH. To 

alleviate lipid overload, TAGs are packaged into large, TAG‑rich very‑low‑density lipoprotein (VLDL) particles and 

secreted. Adapted from Carli et al. [61]. 

 

In healthy individuals, DNL contributes only around 5% of hepatic TGs of the intrahepatic triglyceride 

pool, as most hepatic FAs derive from diet and tissue lipolysis. However, under caloric excess and IR 

resistance, DNL flux increases disproportionately to about 26% of hepatic TGs, a hallmark metabolic 

change in early MASLD. Key cytoplasmic enzymes in this pathway include ATP-citrate lyase (ACLY), 

which generates acetyl-CoA from mitochondrial citrate, acetyl-CoA carboxylase (ACC), which converts 

acetyl-CoA into malonyl-CoA, and fatty acid synthase (FAS), which elongates malonyl-CoA to palmitate; 

all three are upregulated at the mRNA and protein level in MASLD livers and correlate with steatosis 

severity [65,66]. 

Hyperinsulinemia positively regulates the lipogenic transcription factor Sterol Regulatory Element-

Binding Protein 1c (SREBP-1c) [67,68], which induces expression of ACC, FAS and other enzymes 

involved in fatty acid and TAG synthesis. In parallel, post‑prandial hyperglycemia and increased flux of 

glucose and fructose into hepatocytes activate Carbohydrate Response Element-Binding Protein 

(ChREBP), which further stimulates expression of glycolytic and lipogenic genes, thereby reinforcing 

DNL. The Carli et al. figure captures this dual hormonal–nutrient control by showing dietary sugars and 

insulin converging on SREBP‑1c and ChREBP, which together amplify the conversion of 

carbohydrate‑derived acetyl‑CoA into fatty acids and TGs. 
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At the same time, a tracer study showed that amino acids are not merely oxidized but represent a major 

carbon source for hepatic lipogenesis in overnutrition and obesity, supplying the tricarboxylic‑acid cycle 

and, via reductive carboxylation, fueling DNL. Under conditions of excess energy, this routing of 

amino‑acid carbon into DNL further increases palmitate and TAG synthesis even when carbohydrate 

intake is controlled, highlighting another driver of steatosis and highlighting the relevance of dietary 

control in MASLD [69]. 

 

Dietary Intake 

The remaining lipid burden comes from dietary chylomicron remnants. These are large circulating lipid-

rich lipoprotein particles that transport dietary fats to skeletal muscle and adipose tissue, after which 

their cholesterol- and triglyceride-enriched remnants are cleared by the liver, directly contributing to 

intrahepatic triglyceride accumulation and lipotoxic stress [70]. In the setting of chronic overnutrition, this 

continuous flux of remnant particles, together with increased uptake of non-esterified fatty acids from 

insulin‑resistant adipose tissue and de novo lipogenesis from excess carbohydrates, drives the hepatic 

fat overload that characterizes MASLD. 

The Western diet, commonly rich in saturated fats, cholesterol, and refined sugars but poor in fiber and 

omega‑3 fatty acids, is a key driver of this lipid overload. High intakes of saturated and trans fatty acids 

favor steatosis by increasing chylomicron production, altering membrane lipid composition, and 

exacerbating systemic and hepatic insulin resistance, while combined high-fat and high-fructose feeding 

produces more severe steatosis and metabolic dysfunction than either nutrient excess alone. In contrast, 

dietary patterns enriched in mono- and omega‑3 polyunsaturated fatty acids, such as the Mediterranean 

diet, are associated with lower hepatic fat content and improved metabolic profiles, underscoring that 

the quality of dietary fat is as important as its quantity in MASLD pathogenesis [71,72]. 

Though there is still debate on whether fructose is particularly steatogenic, it is taken up by hepatocytes 

independently of insulin and rapidly channels into triose phosphates and acetyl‑CoA, thereby bypassing 

key glycolytic control points and strongly stimulating de novo lipogenesis, triglyceride synthesis, and 

VLDL overproduction [73,74]. Beyond providing substrate, chronic exposure to high‑fructose or 

high‑fat/high‑fructose diets in experimental models downregulates protective sirtuin pathways such as 

SIRT1 and activates stress and inflammatory signaling, including NF‑κB, thereby coupling lipogenesis 

to oxidative stress, hepatocellular injury, and inflammatory responses typical of MASH [75]. The recent 

observations of fructose implication in the onset of steatosis are prompting current recommendations to 

restrict their intake in MASLD [73]. 

Energy excess and its distribution also play a central role in the development of steatosis. Hypercaloric 

diets rich in refined carbohydrates, fructose, and ultra-processed foods promote weight gain and 

abdominal adiposity, increasing the flux of fatty acids from dysfunctional, insulin‑resistant adipose tissue 

to the liver and amplifying adipokine imbalance and low‑grade systemic inflammation [76,77]. In parallel, 

Western dietary habits alter the gut microbiota and impair intestinal barrier function, enhancing the portal 
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delivery of PAMPs such as LPS, which activate hepatic innate immune receptors and synergize with 

lipid overload to drive progression from simple steatosis to steatohepatitis and fibrosis [78,79]. This axis 

is reflected in the use of LPS in vitro to recapitulate MASH and fibrosis. Emerging data also point at 

common food additives in ultra‑processed products as additional disruptors of intestinal homeostasis 

and the gut–liver axis, further linking modern dietary habits to MASLD [80]. 

Finally, diet acts through a set of factors that connect liver, adipose tissue, muscle, and gut. By shaping 

glycemic and insulinemic profiles, circulating lipid species, bile acid signaling, hormones, and microbiota-

derived metabolites, Western diets modulate hepatocyte metabolism and the activation of Kupffer cells 

and HSCs, thereby influencing both steatosis and fibrogenesis. At the same time, insufficient protein 

intake and poor diet quality contribute to sarcopenia and sarcopenic obesity, reducing the skeletal 

muscle’s capacity to dispose of glucose and lipids, worsening IR, and indirectly enhancing hepatic fat 

accumulation—an axis of special relevance when considering the bidirectional relationship between liver 

and skeletal muscle in MASLD and MASH. Therefore, high-fructose, high-fat Western-style diets are 

widely used in diet-induced models of steatotic liver disease, as they recapitulate the multi-hit dietary 

environment that initiates steatosis and promotes transition to MASH in humans [15,71,81]. 

 

1.1.3.5 Lipotoxicity 

The liver employs the accumulation of TG as a very effective protective mechanism. This way, 

hepatocytes hold on to potentially toxic FAs in lipid droplets. However, when the huge FA influx and DNL 

overwhelm the hepatocyte’s lipid handling capacity, several molecular mechanisms orchestrate 

lipotoxicity [82]. Lipotoxicity refers to the set of adverse effects of accumulated toxic lipids and 

overwhelmed lipid handling in hepatocytes. It comprises a variety of events, such as endoplasmic 

reticulum (ER) stress, oxidative stress, apoptosis, inflammation, and autophagy, making them hallmarks 

of MASLD progression (Figure 1.5) [83]. 

 

ER Stress 

The ER ensures the folding and quality control of nascent proteins regardless of their subcellular 

destination. As the translation occurs in the cytoplasm, a topogenic signal sequence in the synthesized 

protein is recognized by the signal recognition particle (SRP) [84], which initiates its recruitment to the 

ER membrane along with the translational complex. Translation continues there or is further transported 

into the ER lumen, depending on the nature of the translated protein. If misfolding occurs, proteins 

remain in the ER lumen or enter ER-associated degradation, so preventing the secretion of anomalous 

proteins [85]. 
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Figure 1.5. Potential drivers of hepatic lipid accumulation and its progression to lipotoxicity. 

Genetic, lifestyle, and metabolic factors promote triglyceride and other lipid species deposition in hepatocytes, leading to 

lipotoxic stress. This lipotoxicity elicits oxidative stress–related signaling and intercellular communication via extracellular 

vesicles or diffusible mediators, ultimately triggering regulated cell death pathways and fostering the transition from simple 

steatosis to hepatic inflammation and fibrosis. 

 

Tight quality control is placed by the ER to prevent accumulation of misfolded peptides. However, ER 

stress happens when cells fail to degrade unfolded/misfolded proteins, increase chaperone activity or 

inhibit translation of new proteins. These compensatory mechanisms are known as the Unfolded Protein 

Response (UPR), and are mediated by basally inactive specialized sensor enzymes, which activate in 

the presence of misfolded proteins. 

Lipid biosynthesis is another crucial function of the ER [86]. Both smooth and rough ER membranes 

contain enzymes for lipid biosynthesis. In hepatocytes, smooth ER is especially abundant and 

synthesizes almost all lipid subclasses, including cholesterol, TG, lipid droplets, phospholipids and 

sphingolipids [82]. 

Some saturated fatty acids (SFA) such as palmitic acid (PA) can directly induce lipotoxicity, while 

monosaturated free FAs like oleic acid in low concentrations have protective effects against SFA toxicity. 

The overload of SFA may also disrupt the ER membrane’s fluidity and protein folding capacity, activating 

the UPR [87]. Downstream effects of UPR activation include the inhibition of insulin signaling and 

apoptosis, a hallmark of MASLD [88–90]. 
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1.1.3.6 Mitochondrial Dysfunction and Oxidative Stress 

Mitochondria play a key role in MASLD pathogenesis. Initially, hepatocytes adapt to a high lipid load by 

upregulating lipid β‑oxidation and the tricarboxylic acid (TCA) cycle to use excess fuel, leading to 

increased oxygen consumption and ATP production. This hypermetabolic state is a hallmark of early 

steatosis and can temporarily limit lipotoxicity by oxidizing surplus fatty acids [91]. As lipid overload 

persists, however, mitochondrial membrane composition and electron transport chain (ETC) complex 

organization become altered, and oxidative phosphorylation efficiency declines despite maintained or 

even increased respiratory flux, promoting electron leakage. With increasing lipid loads, the adaptive 

mitochondrial response collapses, and the sustained high flux of electrons through the ETC leads to 

electron leakage and the formation of superoxide anions and other reactive oxygen species (ROS). 

These species oxidize cardiolipin and other phospholipids, increase the permeability of mitochondrial 

membranes, and impair mitochondrial quality control mechanisms such as mitophagy, leading to the 

accumulation of dysfunctional mitochondria [38,92]. 

 

 

Figure 1.6. Mitochondrial adaptation and dysfunction in MASLD–MASH. 

Elevated lipolysis in IR adipose tissue increases FFA flux to the liver, where they are taken up by hepatocytes and 

esterified into TGs or directed to mitochondrial β‑oxidation. In early MASLD, increased FFA delivery enhances β‑oxidation 

and TCA cycle activity, putting the mitochondrial respiratory chain in a hypermetabolic state that initially helps dispose of 

excess lipid. With persistent FFA oversupply, mitochondrial β‑oxidation and TCA flux overload the ETC, causing electron 

leak and excessive ROS generation, which in turn promotes lipid peroxidation, mitochondrial DNA damage, and impaired 

mitophagy. These changes, together with ongoing hepatocyte and intrahepatic lipolysis, trigger NLRP3 inflammasome 

activation, inflammatory cytokine release, hepatocyte death, and stellate‑cell‑mediated fibrogenesis, driving progression 

from simple steatosis to steatohepatitis with fibrosis. Sunny N. et al. [92] 

 

In a healthy state, FFAs released from adipose tissue during fasting are delivered to the liver, activated 

to acyl‑CoAs, and transported into mitochondria via CPT1 to undergo β‑oxidation, producing acetyl‑CoA, 
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NADH, and FADH₂ for ATP generation. In MASLD, adipose insulin resistance increases basal lipolysis 

and circulating FFA flux, so that a larger fraction of hepatic lipid derives from adipose tissue and must 

be handled by mitochondrial β‑oxidation. 

Early in disease, hepatic β‑oxidation is upregulated as an adaptive response and contributes to the 

hypermetabolic phenotype, increasing oxygen consumption and partly limiting triglyceride accumulation. 

However, when FFA supply chronically exceeds the oxidative capacity of the respiratory chain, 

components of the oxidative machinery—ETC complexes, β‑oxidation enzymes and mtDNA—are 

damaged. This leads to β‑oxidation becoming functionally uncoupled from efficient ATP production, 

leading to accumulation of incompletely oxidized intermediates, increased acylcarnitines, and enhanced 

ROS generation at mitochondrial complexes. This β‑oxidation‑driven oxidative stress promotes lipid 

peroxidation, mtDNA damage, and mitochondrial dysfunction, thereby linking excessive FFA flux and 

mitochondrial fat oxidation to hepatocellular injury and the transition from MASLD to inflammatory MASH 

[92,93]. 

Acetyl‑CoA generated by β‑oxidation enters the TCA cycle, where sequential enzymatic steps generate 

NADH and FADH₂ that fuel the mitochondrial respiratory chain to produce ATP. In MASLD, increased 

delivery of acetyl‑CoA from β‑oxidation, enhanced glycolysis and recharge intermediates for the TCA 

cycle (anaplerotic flux), amplify the cycle activity, which has been demonstrated by metabolic flux and 

metabolomics studies in obese individuals and experimental steatosis [92]. 

Increased TCA enhances reducing‑equivalent supply to the electron transport chain, favoring a high 

proton motive force and promoting electron leak and ROS formation when respiratory capacity or 

complex integrity is compromised. Persistent ROS generation from an overfueled TCA–ETC axis impairs 

mitochondrial enzymes, alters respiratory complex organization, and further decreases oxidative 

phosphorylation efficiency, creating a vicious cycle of oxidative stress and energy failure. In this way, 

upregulation of the TCA cycle and respiratory chain in the setting of chronic FFA oversupply directly 

couples mitochondrial metabolism to oxidative damage, inflammatory signaling, and fibrogenic 

progression in MASLD–MASH [92,94,95]. 

ROS wreak intracellular havoc through multiple mechanisms. ROS attack polyunsaturated fatty acids 

(PUFAs) in cell membranes, generating toxic aldehydes like 4-hydroxynonenal (4-HNE) and 

malondialdehyde (MDA) [96], which bind with proteins and nucleic acids, disrupt membrane integrity, 

and amplify lipotoxic stress in hepatocytes. Mitochondrial DNA (mtDNA), located close to the ETC and 

relatively poorly protected by histones, is particularly susceptible to oxidative damage; accumulation of 

mtDNA mutations and deletions further impair ETC function, decreases ATP production, and feeds back 

to increase ROS generation [38]. In parallel, defective mitochondrial dynamics and quality control, 

imbalanced fission–fusion, and impaired mitophagy favor the persistence of damaged mitochondria and 

sensitize hepatocytes to apoptotic and necroptotic cell death, providing damage-associated molecular 

patterns that activate non-parenchymal cells and promote fibrogenesis. 
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Moreover, ROS are potent activators of the NLRP3 inflammasome, both in hepatocytes and 

liver-resident immune cells. Oxidative stress and lipid peroxidation products facilitate NLRP3 activation 

via pathways involving mitochondrial ROS, oxidized mitochondrial lipids such as cardiolipin, and 

ROS/TXNIP signaling, leading to the cleavage of pro-caspase-1 and the maturation of pro-inflammatory 

cytokines IL-1β and IL-18 [97,98]. These cytokines amplify hepatic inflammation, recruit and activate 

myeloid cells, and stimulate HSCs, thereby coupling mitochondrial ROS and inflammasome activation 

to the transition from simple steatosis to steatohepatitis [99]. 

 

1.1.3.7 The Inflammatory Cascade 

Inflammation is the event that drives the progression from simple steatosis to MASH. This very complex 

response involves crosstalk between parenchymal and non-parenchymal cells in the liver, including 

hepatocytes, liver sinusoidal endothelial cells (LSECs), Kupffer cells (KCs), recruited monocyte-derived 

macrophages, and HSCs. Central to this response are the potent milieu of pro-inflammatory cytokines, 

chemokines, and pattern-recognition mechanisms that originate and amplify both inflammation and 

fibrogenesis. 

 

1.1.3.7.1 Cellular Heterogeneity and Macrophage Recruitment 

The liver harbors a population of resident macrophages known as Kupffer cells (KCs), not to be confused 

with macrophages recruited by a pro-inflammatory environment. Under homeostatic conditions, KCs 

maintain tissue integrity through the expression of immunoregulatory mediators; however, under chronic 

metabolic stress, the liver is progressively infiltrated by monocyte-derived macrophages, which 

significantly amplify the inflammatory environment through pattern recognition receptors (PRRs) and 

production of TNF-α, IL-1β, IL-6, and chemokines such as CCL2 and IL-8 (CXCL8) [100,101]. In parallel, 

HSCs also express several PRRs, including TLR2 and TLR4, directly responding to damage-associated 

molecular patterns (DAMPs) and pathogen-associated molecular patterns (PAMPs). HSCs can 

upregulate cytokines, chemokines, adhesion molecules and other ECM genes to enforce inflammation 

and cell recruitment, along with matrix deposition [102–105]. 

 

1.1.3.7.2 Signal Transduction: DAMPs and PAMPs 

The activation of the innate immunity in MASLD is activated by DAMPs and PAMPs through a dual-

signal mechanism involving both endogenous and exogenous ligands and converging in PRR-driven 

pathways such as NF-κB, MAPKs and the NLRP3 inflammasome [106,107]. 
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Damage-Associated Molecular Patterns (DAMPs) 

Lipotoxic injury to hepatocytes, mitochondrial dysfunction and cell death trigger the release or exposure 

of intracellular components, including apoptotic hepatocyte DNA, High Mobility Group Box 1 (HMGB1), 

free fatty acids (FFAs), mtDNA, ATP, S100 proteins, oxidized lipids and apoptotic bodies. These DAMPs 

are recognized by PRRs expressed on KCs, monocyte‑derived macrophages and HSCs, notably TLR2, 

TLR4 and TLR9. Purinergic receptors such as the ionic channel P2X7, and cytosolic sensors that 

assemble the NLRP3 inflammasome are also involved in inflammation, cell proliferation and apoptosis 

of liver cell populations. Engagement of these receptors activates MyD88‑ and TRIF‑dependent 

signaling, NF‑κB and MAPKs, as well as NLRP3‑caspase‑1, promoting transcription of pro‑inflammatory 

cytokines (TNF, IL‑1β, IL‑6, IL‑18), chemokines like CCL2 and pro‑fibrogenic mediators like TGF‑β and 

PDGF. These signaling molecules together drive immune cell recruitment, HSC activation, and ECM 

deposition [104,108–113]. 

 

Pathogen-Associated Molecular Patterns (PAMPs) 

In the context of obesity and Metabolic Syndrome (MetS), a compromised intestinal barrier —also known 

as "leaky gut"—and dysbiosis allow the translocation of LPS, bacterial CpG DNA, flagellin and other 

gut‑derived PAMPs into portal circulation [114]. These microbial products are sensed by PRRs 

expressed on KCs, recruited macrophages, HSCs and other non‑parenchymal cells, notably TLR4 for 

LPS, TLR2 for peptidoglycan, TLR5 for flagellin, and TLR9 for bacterial and mtDNA. The downstream 

effects of the receptor activation include NF‑κB, IRF and MAPK signaling, which leads to production of 

pro‑inflammatory cytokines and chemokines, ROS generation, and further NLRP3 inflammasome 

activation, thereby promoting monocyte recruitment, neutrophil influx, polarization of inflammatory 

macrophage subsets and sensitization of HSCs to TGF‑β‑driven fibrogenesis [115,116]. 

 

The downstream activation of NF-κB and JNK signaling pathways culminates in the robust secretion of 

pro-inflammatory cytokines, including TNF-α, IL-1β, IL-6, and IL-8 (CXCL8). This sustained inflammatory 

milieu creates a self-perpetuating cycle of hepatocyte death and stellate cell activation. If left unchecked, 

this chronic state drives the progression from simple steatosis toward advanced fibrosis, cirrhosis, and 

ultimately, hepatocellular carcinoma (HCC). 

 

1.1.3.8 Hepatic Fibrosis: Hallmark of Progression 

Chronic hepatic injury and persistent inflammatory signaling culminate in the excessive accumulation of 

collagen and extracellular matrix (ECM) components, a process defined as fibrosis. If unresolved, this 

progressive scarring compromises the liver's structural architecture and fundamental metabolic 

functions, facilitating the transition toward cirrhosis and significantly elevating the risk of hepatocellular 

carcinoma (HCC). 
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The Central Role of Hepatic Stellate Cells  

HSCs are the primary cellular effectors of hepatic fibrogenesis. In the healthy liver, these cells reside in 

the space of Disse as quiescent, vitamin A-storing pericytes, comprising approximately 10% of the total 

resident liver population. However, in response to fibrogenic cytokines released by activated Kupffer 

cells and apoptotic hepatocytes, HSCs undergo a profound phenotypic trans-differentiation into 

myofibroblast-like cells. This activated state is characterized by increased proliferation, contractility, and 

the secretion of pro-inflammatory and chemotactic mediators, making them the principal source of 

pathological ECM deposition [117]. 

 

 

Figure 1.7. Phenotypes and functions of HSCs in healthy and diseased liver. 

Injury drives transition from a quiescent to an activated state, in which HSCs display a variety of phenotypes, including 

proliferation, contractility, fibrogenesis, altered ECM degradation, chemotaxis, and inflammatory signaling. Tsuchida and 

Friedman, 2017. [117] 

 

Cytokine Signaling and Mechanotransduction in Fibrosis 

The activation and persistence of the myofibroblast phenotype are driven by a complex milieu of soluble 

factors. 
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Table 1.2. Factors perpetuating pro-fibrotic signaling during MASLD progression [117–119]. 

 

Signaling 

Category 

Specific 

Mediator 

Downstream 

Pathways 

Effect on Fibrosis Progression 

Fibrogenic TGFβ SMAD 2/3 

phosphorylation 

Direct transcriptional upregulation of Type 

I and III collagens, essential for 

myofibroblast transition. 

Mitogenic PDGF PI3K/Akt and 

MAPK/ERK 

Drives the proliferation and migration of 

activated HSCs to sites of hepatic injury. 

Angiogenic VEGF VEGFR signaling Promotes pathological angiogenesis, 

which provides structural support for 

expanding fibrotic tissue. 

Mechanical Matrix 

Stiffness 

YAP/TAZ & Wnt/β-

catenin 

Triggers a self-perpetuating loop where 

the stiffened ECM maintains HSC 

activation independently of cytokines. 

Inflammatory Chemokines CCR2 signaling Recruit monocyte-derived macrophages, 

which provide additional TGFβ and PDGF 

for HSCs. 

 

The complex molecular interplay and mechanosensitive features of the cell populations implicated in 

MASLD development pose a need to fine-tune the physical microenvironment of in vitro models to 

accurately interrogate disease dynamics. 

 

1.1.4 The Diagnostic Challenges in MASLD 

The study of MASLD is uniquely challenging due to its heterogeneity and chronicity. Unlike monogenic 

diseases, MASLD is a complex trait resulting from the interaction of polygenic risk scores and diverse 

environmental factors and exposures. Moreover, the field is transitioning from a biopsy-centered focus 

based on the former NAFLD exclusion criteria to a positive definition of MASLD, aligned with CMRFs. 

Non-invasive tools that can reliably distinguish disease- and fibrosis stages are being developed and 

still insufficient [120,121]. Clinically, most patients are asymptomatic and are identified incidentally 

through abnormal liver enzymes or imaging, which has poor sensitivity for early fibrosis and cannot 

differentiate MASH from mild steatosis. Biopsies are prone to bias, as they present inter-observer 

variability, while scoring steatosis, ballooning, inflammation, and fibrosis also rely on imaging-based 

data. 
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1.1.4.1 Phenotypic and Genotypic Heterogeneity 

The onset and progression of MASLD are deeply heterogeneous. Patients with similar histological 

features, and even those classified within the same disease stage, may have reached that point through 

substantially different pathophysiological trajectories. In some individuals, disease development may be 

strongly influenced by genetic predisposition, including the common PNPLA3 I148M variant, or by 

altered hepatic metabolic processes such as impaired de novo lipogenesis (DNL). In others, MASLD 

may be driven predominantly by visceral adiposity, systemic insulin resistance, and broader 

cardiometabolic dysfunction [122,123]. This diversity is further illustrated by the so-called “lean MASLD” 

phenotype, in which individuals present with a normal BMI but still display visceral fat accumulation, 

metabolic dysfunction, and clinically relevant liver disease. This cohort challenges the traditional view of 

MASLD as a condition primarily associated with obesity and suggests the existence of distinct disease 

drivers that remain incompletely understood [124]. 

This phenotypic heterogeneity complicates both the study and clinical management of MASLD. Histology 

remains central for disease staging, but similar microscopic patterns may conceal divergent upstream 

mechanisms and different risks of progression. As a result, two patients with comparable steatosis, 

inflammation, or fibrosis may differ substantially in their metabolic background, genetic susceptibility, 

inflammatory profile, and likelihood of developing advanced liver disease or extrahepatic complications. 

Genetic variation contributes significantly to this variability. Common variants in genes such as PNPLA3, 

TM6SF2, MBOAT7, GCKR, and HSD17B13 have been associated with differences in hepatic fat 

accumulation, inflammatory activity, fibrogenesis, and disease severity [125–127]. Consequently, 

individuals exposed to similar dietary, environmental, or metabolic risk factors may display markedly 

different histological outcomes and clinical trajectories. 

These findings indicate that MASLD should be interpreted as a biologically heterogeneous continuum in 

which multiple combinations of genetic, metabolic, inflammatory, and environmental factors can 

converge on overlapping histological phenotypes. Therefore, traditional obesity-centric or histology-only 

interpretations risk oversimplifying the disease and may fail to capture the mechanistic diversity that 

underlies patient-to-patient variability in progression, prognosis, and therapeutic response. 

 

1.1.4.2 Biomarkers in MASLD 

There has been intense effort to develop non-invasive methods and novel biomarkers that can identify 

patients with steatohepatitis and significant fibrosis. Additionally, such methods should monitor disease 

dynamics over time. Simple serum-based indices such as Fibrosis-4 index (FIB-4), NAFLD Fibrosis 

Score (NFS), and Aspartate aminotransferase-to-platelet ratio index (APRI) are widely used as first tools 

to exclude advanced fibrosis in primary care settings because they are inexpensive and consist of 

routinely available laboratory parameters, although they show modest specificity and perform poorly in 

younger patients or those with borderline values [128]. 
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More specialized tests exist at the expense of better access to medical care infrastructures, including 

the Enhanced Liver Fibrosis (ELF) score and composite panels on blood samples such as FibroTest, 

FibroMeter, Hepascore—the latter three measuring different biomarker sets to determine fibrotic grade 

and predicting cirrhosis—, and newer MASLD-specific panels. These improve the discrimination of 

significant and advanced fibrosis but are expensive and not universally available. Imaging biomarkers—

vibration-controlled transient elastography (VCTE), shear-wave elastography, and magnetic resonance 

elastography (MRE)—have transformed non-invasive staging of fibrosis and steatosis while being used 

to counteract the underperformance of more simple tests. However, they still have gaps and are less 

accurate for intermediate fibrosis stages [129]. 

Histology samples from percutaneous liver biopsy remain the formal gold standard for diagnosing MASH 

and staging fibrosis, as they are required for regulatory approval of many pharmacological agents. 

However, biopsy is invasive, associated with bleeding and pain, difficult to repeat in longitudinal studies, 

and hampered by sampling error and inter-reader variability, prompting the search for non-invasive 

surrogate endpoints and composite outcome measures [130]. For all these reasons, current guideline-

endorsed diagnostic pathways typically use a stepwise combination of non-invasive tests. Meta-

analyses suggest that FIB-4 has the best performance among simple scores for detecting any fibrosis 

and cirrhosis, while more complex panels such as ELF or FibroMeter outperform simple scores for 

advanced fibrosis, particularly when combined with elastography [130]. 

Emerging biomarkers include metabolomic and lipidomic signatures, proteomic panels, circulating 

microRNAs, cell-free DNA, and disease mechanism–related multi-marker scores that show higher 

accuracy than legacy scores for staging fibrosis or detecting at-risk MASH in high-risk populations. Novel 

composite scores integrating metabolomics (like OWLiver/MASEF panels) with elastography and routine 

labs can achieve one-step non-invasive identification of MASH and significant fibrosis in patients with 

T2D and MASLD, but they require further external validation and standardization before widespread 

adoption [131,132]. 

 

1.1.5 A Multisystemic Disorder: Extrahepatic implications of MASLD 

Although primarily a hepatic pathology, MASLD is increasingly recognized as the hepatic manifestation 

of a systemic metabolic collapse. The liver serves as a central hub, where metabolic dysfunction 

reverberates across the adipose tissue, skeletal muscle, and the cardiovascular system through complex 

endocrine and paracrine signaling. 

 

1.1.5.1 Cardiovascular Disease and Systemic Inflammation 

Cardiovascular disease (CVD) remains the leading cause of mortality among patients with MASLD [133]. 

The inflamed liver acts as a source of systemic pro-inflammatory cytokines and pro-atherogenic lipids. 
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This systemic overflow promotes vascular inflammation, endothelial dysfunction, and plaque instability, 

establishing MASLD as an independent risk factor for atherosclerosis [5,134,135]. 

 

1.1.5.2 Sarcopenia 

A critical component of MASLD pathogenesis is the bidirectional crosstalk known as the muscle-liver 

axis. Sarcopenia—the loss of skeletal muscle mass and function—is highly prevalent in MASLD patients, 

even in non-cirrhotic stages. This relationship is synergistic: muscle loss exacerbates insulin resistance 

and hepatic lipid accumulation, while hepatic inflammation promotes muscle wasting, further 

accelerating fibrotic progression [136]. 

 

1.2 The Skeletal Muscle: Functions and Implications 

Skeletal muscle is one of the largest and most dynamic organs in the human body, representing 

approximately 40% of total body mass and a major proportion of whole-body protein reserves. Although 

traditionally viewed as the organ responsible for voluntary movement, posture, and breathing, skeletal 

muscle also has essential metabolic and endocrine functions. It acts as a major reservoir of amino acids, 

contributes substantially to whole-body energy expenditure, and plays a central role in glucose and lipid 

handling. Because of this dual mechanical and metabolic role, skeletal muscle is highly sensitive to 

systemic disturbances, including inflammation, nutrient imbalance, insulin resistance, altered endocrine 

signaling, and metabolic stress associated with chronic diseases [137–139]. 

At its core, skeletal muscle is a highly organized tissue in which mechanical, electrical, metabolic, and 

biochemical processes are integrated. Force production depends on molecular interactions within 

sarcomeres, but a good muscle performance also requires appropriate fiber architecture, extracellular 

matrix organization, membrane excitability, calcium handling, mitochondrial ATP production, and 

efficient force transmission. This multiscale organization is important when studying muscle impairment, 

because weakness or reduced contractile output may arise not only from loss of muscle mass, but also 

from defects in muscle quality. This includes altered sarcomeric organization, impaired excitation–

contraction coupling, disrupted protein balance, metabolic dysfunction, or inefficient transmission of 

force [140]. 

 

1.2.1 Organization and Tissue Architecture 

Anatomically, skeletal muscles are composed of bundles of long, multinucleated muscle fibers organized 

into fascicles and embedded within a hierarchical connective tissue network. Individual myofibers are 

surrounded by the endomysium, fascicles by the perimysium, and the whole muscle by the epimysium. 

This ECM contains fibrillar collagens, laminins, proteoglycans, and other proteins providing structural 

support and providing mechanical connection between the contractile apparatus. As in other organs, the 
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skeletal muscle ECM also contributes to mechanotransduction, tissue stiffness, and repair after injury. 

Therefore, changes in ECM composition, fibrosis, tissue stiffness, or cell–matrix coupling can 

compromise functional output [141,142]. 

 

 

Figure 1.8. Organization of the skeletal muscle 

Adapted from Fernández-Costa et al. [142] 

 

Although engineered skeletal muscle tissues do not reproduce the complete anatomical hierarchy of 

native muscle, this native organization provides the biological rationale for designing in vitro platforms 

that promote myotube alignment, matrix-supported tension, and measurable contractile output. In this 

thesis, this principle is particularly relevant because the muscle model relies on three-dimensional 

hydrogel-based constructs anchored between flexible posts, allowing tissue compaction, alignment, and 

quantitative assessment of force generation. 

 

1.2.2 Molecular Basis of Force Generation 

The fundamental contractile unit of skeletal muscle is the sarcomere; a repeating structure composed 

primarily of thick myosin filaments and thin actin filaments organized into a highly ordered lattice. During 

contraction, myosin-II heads cyclically bind to actin, perform a power stroke, detach, and reattach in an 

ATP-dependent process known as cross-bridge cycling. This interaction produces sliding of actin and 

myosin filaments relative to one another, shortening the sarcomere and generating force. Calcium ions 

regulate this process through the troponin–tropomyosin complex: when cytosolic calcium rises, calcium 

binds to troponin C, tropomyosin shifts away from myosin-binding sites on actin, and cross-bridge cycling 

proceeds [138,139]. 
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Figure 1.9. Structure of the sarcomere in skeletal muscle. 

Created in BioRender. Fernández Costa, J. (2026) https://BioRender.com/6y7l62g 

 

Sarcomere function also depends on structural proteins that preserve alignment and elasticity. Titin 

contributes to passive tension and centers myosin filaments within the sarcomere, while nebulin 

contributes to thin filament stability. These proteins help maintain the mechanical integrity of the 

contractile apparatus during repeated cycles of contraction and relaxation. Because sarcomeres are 

highly ordered structures, even subtle disturbances in their organization, protein composition, or 

energetic support can reduce force output. This is particularly important in disease models where 

functional impairment may occur without dramatic changes in myotube size [140]. 

At the subcellular level, sarcomeres are mechanically connected to the sarcolemma, nucleus, and 

extracellular matrix through cytoskeletal and membrane-associated complexes. Disruption of 

cytoskeletal organization or force transmission can therefore produce muscle weakness that is 

disproportionate to the apparent structural loss [140]. For this reason, contractile function becomes an 

essential readout in skeletal muscle models, as it captures tissue performance more directly than 

morphology alone. 
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Figure 1.10. Sliding movement of sarcomeric proteins during skeletal muscle contraction. 

Created in BioRender. (2026). https://BioRender.com/1op51cq 

 

 

1.2.3 Fiber Types and Specialization 

Human skeletal muscles contain heterogeneous fiber populations that differ in contractile speed, fatigue 

resistance, myosin heavy chain expression, mitochondrial content, and metabolic profile. Classical 

classifications distinguish type I slow-twitch oxidative fibers, which express β/slow myosin heavy chain 

and are adapted for sustained, fatigue-resistant activity, from type II fast-twitch fibers, which are 

generally specialized for more rapid and powerful contractions. Type II fibers can be further subdivided 

into more oxidative type IIa fibers and more glycolytic type IIx fibers. These categories are not rigid, and 

many human muscles contain hybrid fibers expressing more than one myosin heavy chain isoform 

[143,144]. 
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Figure 1.11. Fiber types stained with anti-myosin antibodies in a section of vastus lateralis muscle of a young 
adult. 

Type 1, 2A, and 2X fibers are labeled. Fiber outlines are visualized by anti-laminin staining (white) [145]. 

 

Fiber-type composition is important because it influences both mechanical performance and metabolic 

function. Muscles enriched in oxidative fibers tend to display high mitochondrial density, greater 

capillarization, improved fatigue resistance, and enhanced lipid oxidation. In contrast, muscles enriched 

in fast glycolytic fibers generate higher peak power but fatigue more rapidly and rely more heavily on 

glycolysis and phosphocreatine for ATP supply. This specialization links muscle function to systemic 

metabolism, because skeletal muscle is a major site of insulin-stimulated glucose uptake and contributes 

substantially to lipid utilization, especially during sustained activity [141,144,146]. 

Skeletal muscle fibers are also highly plastic. Nutrient availability, inflammation, and metabolic stress 

among other factors can induce fiber phenotype shifts, mitochondrial capacity, and contractile protein 

expression. Endurance-type stimuli tend to promote oxidative remodeling and mitochondrial biogenesis, 

whereas resistance loading promotes hypertrophy and increased myofibrillar content. Conversely, 

unloading, denervation, chronic inflammation, and metabolic disease can induce atrophy, altered 

oxidative capacity, fiber-type shifts, and reduced contractile performance [141]. In the context of MASLD 

and MASH, this plasticity is highly relevant because liver-derived inflammatory and metabolic mediators 

may alter muscle phenotype and function even in the absence of direct injury. 

In vitro skeletal muscle models do not fully reproduce the fiber-type diversity, vascularization, 

innervation, or loading history of native human muscle. However, they can preserve key features of 

myogenic differentiation, myotube alignment, sarcomeric organization, and contractile responsiveness. 

Markers such as MYH7 can therefore provide useful information about differentiation-associated or 

contractile phenotype changes, particularly when interpreted alongside functional measurements. 
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1.2.4 Excitation-Contraction Coupling and Electrical Stimulation 

Skeletal muscle contraction is triggered by membrane depolarization and coordinated calcium release. 

In vivo, this process begins at the neuromuscular junction (NMJ), where acetylcholine from motor 

neurons activates acetylcholine receptors (AChR) on the muscle fiber membrane. The resulting action 

potential propagates along the sarcolemma and into the transverse tubule system, where voltage-

sensitive dihydropyridine receptors (DHPRs) interact with ryanodine receptor 1 (RyR1) channels in the 

sarcoplasmic reticulum. This interaction triggers calcium release into the cytosol, enabling calcium 

binding to troponin C and activation of actin–myosin cross-bridge cycling. Relaxation occurs when 

calcium is sequestered back into the sarcoplasmic reticulum by SERCA pumps [138]. 

 

 

Figure 1.12. Basic structure of the NMJ and how acetylcholine binding to its receptors leads to muscle 
contraction and depolarization. 

Created in BioRender. (2026). https://BioRender.com/yknuvfn 

 

Defects in membrane excitability, calcium release, calcium reuptake, or contractile protein 

responsiveness can reduce force production without necessarily causing immediate loss of muscle 

mass. This is clinically relevant because several muscle diseases and systemic conditions are 

characterized by weakness or fatigability that cannot be fully explained by fiber atrophy alone. Altered 

calcium handling, mitochondrial dysfunction, oxidative stress, and inflammatory signaling can all 
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interfere with the efficiency of excitation–contraction coupling and thereby impair contractile performance 

[140]. 

 

1.2.5 Energy Metabolism and Muscle Plasticity 

Skeletal muscle has high and variable energy demands. ATP is required for actin–myosin cross-bridge 

cycling, calcium reuptake by SERCA pumps, ion homeostasis, biosynthesis, and tissue maintenance. 

Depending on the intensity and duration of activity, ATP is supplied by a variety of pathways. The 

balance between these systems varies among fiber types and adapts in response to training, disuse, 

nutritional status, and disease [140]. 

Because of its large mass and metabolic flexibility, skeletal muscle is an important contributor to 

systemic glucose and lipid homeostasis. In response to insulin and contractile activity, skeletal muscle 

increases glucose uptake and glycogen synthesis. During fasting or prolonged activity, it can increase 

fatty acid oxidation and contribute to the regulation of circulating lipid levels. Skeletal muscle also 

releases myokines and metabolites that communicate with other organs, placing it within a broader inter-

organ network that includes liver, adipose tissue, and pancreas, among the most relevant to this 

introduction [137,147]. 

 

 

Figure 1.13. Skeletal muscle as a metabolic organ and its interactions with the systemic metabolic milieu. 

Created in BioRender. (2026). https://BioRender.com/louw59g 
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Metabolic diseases can disrupt this balance. Insulin resistance, ectopic lipid accumulation, chronic low-

grade inflammation, mitochondrial stress, and altered nutrient signaling can reduce muscle oxidative 

capacity, impair anabolic responses, and promote weakness or wasting [137]. In MASLD, these 

processes are particularly relevant because liver dysfunction is closely linked to systemic metabolic 

imbalance. The diseased liver may influence skeletal muscle through altered secretion of cytokines, 

hepatokines, lipids, metabolites, extracellular vesicles, or other soluble mediators [1,148]. Therefore, 

studying skeletal muscle impairment in MASLD requires models capable of assessing not only cell 

survival or morphology, but also functional performance and stress-associated molecular remodeling. 

 

1.2.6 Protein Turnover, Atrophy, and Autophagy-Lysosome Homeostasis 

Skeletal muscle size and quality are maintained through a dynamic balance between protein synthesis, 

protein degradation, organelle turnover, and repair mechanisms. Under healthy conditions, anabolic 

pathways such as IGF-1–PI3K–Akt–mTOR signaling promote protein synthesis and growth, whereas 

catabolic systems remove damaged or unnecessary proteins and organelles. These catabolic systems 

include the ubiquitin–proteasome pathway, the autophagy–lysosome system, calcium-dependent 

proteases, and caspase-related pathways. Rather than being detrimental, these mechanisms are 

essential for maintaining tissue quality; problems arise when degradation is excessive, insufficient, or 

activated improperly [137]. 

Muscle atrophy is commonly associated with activation of the ubiquitin–proteasome system. Two widely 

studied muscle-specific E3 ubiquitin ligases are atrogin-1, encoded by gene FBXO32, and MuRF1, 

encoded by gene TRIM63. These genes are frequently induced in experimental models of denervation, 

fasting, disuse, cachexia, and glucocorticoid exposure, where they contribute to degradation of 

myofibrillar and regulatory proteins. Their expression is often controlled by Foxo transcription factors, 

which respond to reduced Akt signaling, inflammation, oxidative stress, and nutrient deprivation. For this 

reason, FBXO32 and TRIM63 are commonly used as molecular markers of canonical muscle atrophy 

[149,150]. 
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Figure 1.14. Molecular regulation of protein balance in skeletal muscle in response to systemic glucose, amino 
acids, insulin/growth factors, and inflammatory signals. 

Adapted from [151]. Created in BioRender, (2026). https://BioRender.com/imiayhy 

 

The autophagy–lysosome system is another essential regulator of skeletal muscle homeostasis. 

Autophagy contributes to the degradation of damaged proteins, protein aggregates, dysfunctional 

mitochondria, and other cellular components. During macroautophagy, cytoplasmic material is engulfed 

by autophagosomes, which subsequently fuse with lysosomes for degradation. LC3B lipidation and 

recruitment to autophagosomal membranes are commonly used to identify autophagosome 

accumulation, while acidotropic dyes label acidic lysosomal and autolysosomal compartments [149,152]. 

These markers provide useful information about autophagy–lysosomal remodeling, but they must be 

interpreted together with further markers that better resolve the specific alterations in these pathways in 

the context of disease. In this work, these markers are used to evaluate whether MASLD-derived 

conditioned media (CM) alter proteostasis features in mature skeletal muscle tissues. 

 

1.2.7 Myogenic Maturation 

Skeletal muscle formation and repair depend on tightly regulated myogenic programs. During 

development, myogenic progenitors are specified and progressively commit to the skeletal muscle 

lineage through the coordinated activity of transcription factors including Pax3, Pax7, MYF5, MYOD1, 

MYOG, and MYF6. MYF5 and MYOD1 are generally associated with myogenic commitment and lineage 

progression, while MYOG and MYF6 participate in differentiation, fusion, and maturation of myotubes. 
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These transcription factors regulate the expression of structural, contractile, and fusion-related genes 

required to generate functional muscle fibers [153–155]. 

In adult skeletal muscle, growth and repair are supported by satellite cells, a resident stem cell population 

located between the sarcolemma and basal lamina. In homeostatic conditions, satellite cells remain 

largely quiescent and are characterized by expression of Pax7. Upon injury, stress, or disease-

associated cues, they become activated, proliferate, and generate myogenic progenitors that 

differentiate and fuse with damaged fibers and can also form new myofibers. This regenerative response 

is regulated by transcriptional programs and external signals from the surrounding niche, including 

immune cells, fibro-adipogenic progenitors (FAP), endothelial cells, ECM components, growth factors, 

cytokines, and metabolic cues [156,157]. 

 

 

Figure 1.15. Transcription factors involved in skeletal muscle differentiation. 

Schematic representation of the sequential activation of transcription factors that regulate skeletal muscle lineage 

commitment and terminal differentiation. PAX3/PAX7-positive progenitor cells give rise to PAX7-expressing satellite cells. 

Upon activation, satellite myogenic cells upregulate MYF5, initiating the myogenic program and promoting MYOD1 

expression as cells progress toward the myoblast stage. Terminal differentiation is associated with activation of MYOG 

and MEF2, together with the progressive downregulation of MYF5 and, subsequently, MYOD1. MYF6 expression is 

induced later during differentiation, after the initial MYOG-associated differentiation phase, contributing to 

myotube/myofiber maturation. Adapted from Fernández-Costa et al. [142] 

 

Chronic inflammation, ageing, metabolic disease, fibrosis, and fatty infiltration can impair the 

regenerative environment. These conditions may reduce satellite cell function and alter myogenic 

transcriptional programs [140]. For this reason, myogenic regulatory factors are frequently studied in 

muscle disease and wasting contexts. However, interpretation depends strongly on the model and 

experimental design. The skeletal muscle constructs used here are exposed to liver-derived CM after a 



General Introduction 

32 

 

period of in vitro differentiation, with the aim of assessing how an already formed human muscle tissue 

responds to a MASLD- or MASH-like hepatic secretome. Therefore, changes in myogenic regulatory 

factors are interpreted as alterations in the transcriptional state of mature muscle constructs, including 

differentiation-associated or stress-associated remodeling. 

 

1.3 The Liver-Muscle Axis: Sarcopenia and Muscle Wasting 

Sarcopenia is defined as a progressive and generalized skeletal muscle disorder characterized by loss 

of muscle strength and mass, with associated risk of physical disability, poor quality of life, and mortality 

[158–161]. Contemporary diagnostic frameworks emphasize low muscle strength as the primary 

criterion, with low muscle quality and impaired physical performance used to confirm severity [160]. 

Muscle wasting is a broader term that encompasses sarcopenia as well as disease‑related muscle loss 

in conditions such as cancer, chronic heart failure, chronic obstructive pulmonary disease, and chronic 

liver disease. Myosteatosis, in contrast, refers to pathological fat infiltration within skeletal muscle—both 

intracellular lipids and intermuscular adipose tissue—that impairs contractile efficiency and is now 

recognized as an independent predictor of adverse outcomes in several chronic diseases, including 

NAFLD/MASLD [161–163]. 

 

 

Figure 1.16. Phenotypic changes in sarcopenia and its associated risk factors. 

A) Healthy amount of skeletal muscle mass. B) Decrease in muscle fiber size in sarcopenic skeletal muscle. C) Most 

relevant risk factors of sarcopenia are highlighted in bold. Initially thought a disease associated with aging alone, 

increasing evidence frames sarcopenia within systemic conditions frequently observed in MASLD, like abdominal obesity, 

poor diet, inflammation, and genetic predisposition. Created in BioRender, (2026) https://BioRender.com/6p0t6q8 
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In chronic liver disease, sarcopenia is highly prevalent and strongly associated with complications and 

post‑transplant outcomes. Mechanistically, cirrhosis‑associated sarcopenia reflects a convergence of 

reduced protein synthesis, increased proteolysis—including autophagy‑mediated protein breakdown—, 

hyperammonemia‑induced upregulation of myostatin, anabolic resistance to nutrition and exercise, and 

mitochondrial dysfunction, among other factors. While much of this work has focused on advanced 

cirrhosis, increasing attention is now directed towards muscle alterations earlier in the MASLD–MASH 

spectrum, where metabolic stress predominates and implications are greatly understudied [28,164,165]. 

Recent meta‑analyses and large cohort studies confirm that sarcopenia and myosteatosis are common 

and clinically relevant in MASLD. A 2024 systematic review and meta‑analysis including 29 studies and 

over 63,000 patients reported a pooled sarcopenia prevalence of 23.5% in MASLD, with sarcopenia 

associated with more than two‑fold increased odds of MASLD and a 59% higher hazard of all‑cause 

mortality [166]. Observational studies consistently show that sarcopenia and sarcopenic obesity are 

linked to more advanced fibrosis and worse prognosis in NAFLD/MASLD, even after adjusting for 

traditional metabolic risk factors. Importantly, myosteatosis appears to be particularly relevant: in a 

biopsy‑proven NAFLD cohort, severe myosteatosis—but not reduced muscle mass—was significantly 

associated with early steatohepatitis, more severe lobular inflammation and ballooning, and accelerated 

fibrosis progression over a median 29‑month follow‑up [162]. Other studies using CT‑based muscular 

quality indices similarly found that sarcopenia combined with myosteatosis confers the highest risk of 

NAFLD and adverse metabolic outcomes, especially in non‑obese individuals [163]. 

 

 

Figure 1.17. Common features of MASLD and sarcopenia. 

Sarcopenia commonly coexists with advanced MASLD/MASH and is associated with poorer clinical outcomes, including 

adverse post-transplant outcomes in patients with advanced liver disease. MASLD and sarcopenia share chronic low-

grade inflammation, insulin resistance, and, in advanced liver disease, hyperammonemia, which contribute to a 

bidirectional liver–muscle axis. 
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Collectively, these data support the concept that MASLD is frequently accompanied by quantitative and 

qualitative muscle abnormalities, ranging from reduced muscle mass and strength to fatty infiltration and 

impaired physical function. Sarcopenia and myosteatosis appear to be both a consequence and a driver 

of MASLD progression, participating in bidirectional pathophysiological loops that link hepatic steatosis, 

insulin resistance, and systemic low‑grade inflammation to muscle dysfunction and vice versa. 

 

1.3.1 Mechanistic Links between MASLD and Skeletal Muscle 

The mechanistic crosstalk between MASLD liver and skeletal muscle organokine networks, shared 

metabolic perturbations, and chronic inflammation form a “liver–muscle axis” [137,167]. Insulin 

resistance is a central common denominator because in MASLD, hepatic insulin resistance promotes 

increased gluconeogenesis and VLDL secretion, while muscle insulin resistance reduces glucose 

uptake, together driving hyperglycemia, compensatory hyperinsulinemia, and redistribution of lipid flux 

towards both liver and muscle. Myosteatosis also impairs insulin signaling and excitation–contraction 

coupling, thereby linking hepatic and muscular steatosis as parallel manifestations of systemic metabolic 

overload [167–170]. 

At the endocrine level, hepatokines secreted by steatotic and inflamed liver—such as FGF21, fetuin‑A, 

and others—influence muscular glucose uptake, insulin sensitivity, mitochondrial function, and fatty‑acid 

oxidation. For example, FGF21 is often elevated in MASLD and acts on skeletal muscle to enhance 

glucose uptake and fatty‑acid oxidation, potentially as a compensatory response to metabolic stress, 

whereas fetuin‑A promotes insulin resistance and inflammation in muscle and adipose tissue [171,172]. 

Conversely, myokines such as IL‑6, myostatin, FGF21 from muscle, and others can modulate hepatic 

gluconeogenesis, lipogenesis, and inflammation, reinforcing the bidirectional nature of liver–muscle 

communication. Chronic alterations in this hepatokine–myokine network in MASLD are thought to 

contribute to both hepatic disease progression and muscle wasting, although the relative contribution of 

individual factors remains to be fully delineated [172–175]. 

Insights from chronic liver disease and cirrhosis further inform MASLD‑related mechanisms. 

Hyperammonemia, for instance, induces myostatin expression in skeletal muscle, suppresses mTORC1 

signaling, enhances autophagy, and impairs mitochondrial function, collectively driving muscle wasting 

[176–179]. Even though hyperammonemia is less pronounced in early MASLD than in decompensated 

cirrhosis, similar pathways of impaired protein synthesis, increased autophagy‑mediated proteolysis, 

and mitochondrial dysfunction have been described in metabolic liver disease and may operate at 

subclinical levels in MASLD‑associated muscle wasting. Low‑grade systemic inflammation, 

characterized by elevated IL‑6, TNF‑α, and other cytokines, further contributes to anabolic resistance in 

muscle, reduced satellite cell function, and activation of catabolic pathways, while simultaneously 

promoting hepatic inflammation and fibrogenesis [180,181]. 

Finally, there is mounting evidence that myosteatosis itself feeds back on the liver. Fat‑infiltrated muscle 

exhibits altered myokine secretion and reduced oxidative capacity, favoring insulin resistance and 
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increased NEFAs flux, which in turn exacerbate hepatic lipotoxicity and steatohepatitis [180,182]. 

Systems biology analyses highlight that MASLD and its systemic complications arise from the integrated 

behavior of multiple organ networks, including liver, muscle, adipose tissue, gut, and brain, rather than 

from a single organ in isolation [183]. In this context, human‑relevant experimental platforms capable of 

isolating and interrogating liver–muscle crosstalk—such as the modular 3D liver–skeletal muscle system 

developed in this thesis—are essential for dissecting the causal contribution of MASLD‑derived secreted 

factors to muscle dysfunction and for identifying actionable points of intervention along the liver–muscle 

axis. 

Rather than reducing liver–muscle communication to the study of individual hepatokines, myokines, or 

isolated soluble mediators, this thesis adopts a broader strategy based on the generation of biologically 

faithful and disease stage-specific liver CM. In this framework, liver constructs exposed to defined 

MASLD-relevant stimuli are used to produce CM that captures a more integrated secretory profile of 

each pathological state, including the combined effects of metabolic stress, inflammatory signaling, and 

fibrogenic activation. These liver-derived media can then be applied to differentiated and functional 

skeletal muscle microtissues to assess how stage-specific hepatic dysfunction affects muscle 

performance and phenotype in vitro. The analysis therefore focuses not only on candidate molecular 

mediators, but also on downstream functional and structural outcomes, including contractility, force 

generation, myotube size, myogenic regulatory factor expression, and histological alterations. This 

approach positions the modular platform developed in this thesis as a versatile tool to interrogate multiple 

dimensions of liver–muscle crosstalk in MASLD, while preserving the flexibility to incorporate additional 

organ modules and more complex inter-organ communication networks in future studies. 

 

1.4 Rationale of this Work: Modular In vitro Study of Liver-Muscle Crosstalk 

Despite substantial progress in understanding MASLD as a systemic metabolic disorder, current 

experimental platforms remain limited in their ability to reproduce disease progression and its 

extrahepatic consequences under controlled, human-relevant conditions. Conventional in vitro liver 

models can capture selected features of steatosis, inflammation, or fibrogenesis, but they rarely preserve 

the modularity needed to interrogate how stage-specific hepatic dysfunction affects distal tissues. 

Conversely, animal models and clinical studies capture systemic complexity but offer limited 

experimental control over individual organ contributions and are not ideally suited to isolate the causal 

impact of liver-derived signals on skeletal muscle function. This creates a clear methodological gap, as 

there is a need for a human, modular platform capable of modeling progressive MASLD-like phenotypes 

and evaluating their downstream effects on skeletal muscle using functional, structural, and molecular 

readouts with physiological relevance. 

To address this challenge, this thesis presents two complementary and validated tissue-engineered 

models: a three-dimensional liver model and a three-dimensional skeletal muscle model. Each tissue is 

first established and characterized, ensuring that the liver model reliably reproduces key features of 
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MASLD progression and that the skeletal muscle model exhibits the structural organization and 

contractile functionality required to act as a physiologically relevant target tissue. By building each 

module independently, it becomes possible to define the contribution of each tissue with greater 

precision and to create a flexible platform that can later be adapted, expanded, or integrated with 

additional organ systems. 

These models are combined through a modular inter-organ communication strategy. The liver model is 

used to generate CM representing different stages of disease progression, thereby capturing the 

complex mixture of soluble factors released by healthy or diseased hepatic tissue. These CM serve as 

integrated representations of the hepatic secretome and are transferred to the skeletal muscle model, 

allowing the effects of liver-derived signals to be studied without bias towards any specific mediator 

involved. In this way, the platform enables the investigation of how progressive hepatic dysfunction 

influences skeletal muscle biology while maintaining experimental control over both the source and the 

target tissue. 

Using this framework, the effects of liver-derived signals on skeletal muscle can be evaluated through 

functional, structural, and molecular endpoints, including force generation, myotube morphology, 

myogenic regulation, and tissue remodeling. The modular platform also establishes the foundation for 

future dynamic integration into an organ-on-chip system, where liver and muscle tissues could be 

connected under controlled flow conditions to better reproduce physiological inter-organ communication. 

The rationale, development, and validation of these experimental modules are presented in the following 

chapters, particularly Chapter 4 for the liver model, Chapter 5 for the skeletal muscle response, and 

Chapter 6 for the first step toward organ-on-chip integration. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Chapter 2 |  Hypothesis and Objectives 

 

 

 

 

MASLD is a progressive systemic disorder in which hepatic lipid accumulation, inflammatory signaling, 

and fibrogenic remodeling interact with extrahepatic organs. Although the liver is the central pathological 

site, disease progression and clinical outcome are strongly influenced by multi-organ metabolic 

dysfunction. Among these extrahepatic manifestations, skeletal muscle impairment is particularly 

relevant, as reduced muscle mass, altered muscle quality, and impaired contractile performance are 

associated with worse prognosis and may contribute to the progression of systemic metabolic 

dysfunction. 

Current experimental approaches are limited in their capacity to reproduce this inter-organ complexity 

under controlled conditions. Conventional two-dimensional liver and muscle cultures allow mechanistic 

studies and scalable assays, but they do not adequately reproduce the three-dimensional architecture, 

matrix-mediated signaling, multicellular interactions, or functional tissue-level readouts required to study 

MASLD-associated liver–muscle crosstalk. Animal models capture systemic physiology, but their 

interpretation is constrained by species-specific differences, limited experimental control over individual 

organ contributions, and difficulty in isolating the causal role of liver-derived signals on skeletal muscle 

dysfunction. Therefore, there is a need for modular human-relevant in vitro platforms that can reproduce 

defined stages of MASLD progression and allow their downstream impact on functional skeletal muscle 

tissues to be evaluated. 

The hypothesis of this thesis is that human three-dimensional liver constructs combining metabolically 

competent hepatic cells and HSCs can recapitulate stage-specific features of MASLD progression, 

including steatosis, inflammatory activation, hepatocellular injury, and early fibrogenic remodeling. 

Moreover, the CM generated by these liver constructs will contain disease-stage-specific secreted 

factors capable of inducing measurable functional, structural, and molecular alterations in differentiated 

three-dimensional skeletal muscle tissues. Finally, the modular integration of these tissue models into a 

controlled organ-on-chip framework will provide a flexible platform to interrogate liver–muscle crosstalk 

in MASLD and to support future incorporation of additional organ modules or therapeutic interventions. 

Following this rationale, the central hypothesis of this thesis is that a modular human in vitro strategy 

can be used to model MASLD-associated liver–skeletal muscle crosstalk by first establishing 

independently validated three-dimensional liver and skeletal muscle modules, then connecting them 

through liver-derived CM, and finally translating this static communication paradigm toward a dynamic 

organ-on-chip framework. This hypothesis is presented in three parts. 
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Hepatic module: Human three-dimensional liver constructs combining metabolically competent 

hepatocyte-like cells and hepatic stellate cells can recapitulate stage-specific features of MASLD 

progression under controlled in vitro conditions. Specifically, exposure to defined lipotoxic and 

inflammatory stimuli reproduces key features of progressive liver dysfunction, including steatosis, 

inflammatory activation, hepatocellular injury, hepatic stellate cell activation, and early fibrogenic 

remodeling. 

Skeletal muscle module: CM generated by these stage-specific liver constructs contain integrated 

hepatic signals sufficient to induce measurable alterations in differentiated three-dimensional skeletal 

muscle tissues. These signals induce stage-dependent functional, structural, and molecular changes in 

healthy skeletal muscle, including alterations in contractile force generation, myotube morphology, 

myogenic regulation, and tissue remodeling. 

Organ-on-chip framework: Translating the static liver–muscle communication paradigm into a 

pressure-driven microfluidic architecture with controlled dilution and mixing will the fluidic basis for future 

dynamic interrogation of liver–muscle crosstalk, support future integration of the liver and muscle 

modules into a dynamic multi-organ platform. 

According to this hypothesis, the main objective of this thesis is to develop and characterize a modular 

in vitro platform based on human three-dimensional liver and skeletal muscle tissues to model 

MASLD/MASH-associated liver–muscle crosstalk and evaluate the impact of liver-derived disease-

stage-specific signals on skeletal muscle function and phenotype. 

 

The specific objectives are the following: 

1. To establish and validate a human three-dimensional liver model capable of reproducing key 

features of MASLD progression under controlled in vitro conditions. This objective includes the 

calibration of a non-esterified fatty acid stimulus to induce hepatic steatosis, the incorporation 

of hepatic stellate cells to enable multicellular crosstalk, and the use of lipopolysaccharide as 

an inflammatory amplifier to generate a MASH-like phenotype. 

2. To characterize the stage-specific hepatic phenotypes generated in the three-dimensional liver 

constructs. This includes the assessment of lipid accumulation, hepatocyte identity and injury, 

hepatic stellate cell activation, inflammatory and fibrogenic secreted factors, and extracellular 

matrix remodeling in control, steatotic, MASH-like, and inflammation-only conditions. 

3. To generate differentiated and functional three-dimensional skeletal muscle tissues suitable for 

the study of MASLD-associated muscle dysfunction in vitro. This objective includes the 

fabrication of aligned human skeletal muscle microtissues, their maturation into contractile 

tissues, and their functional assessment by electrical pulse stimulation. 

4. To determine whether CM derived from MASLD-like liver constructs are sufficient to impair 

skeletal muscle function and phenotype. This includes the optimization of CM exposure 
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conditions and the evaluation of skeletal muscle contractility, force generation, myotube 

morphology, myogenic regulatory factor expression, and histological or subcellular changes 

after exposure to disease-stage-specific liver-derived media. 

5. To develop a modular experimental framework for liver–muscle crosstalk studies that can be 

further adapted to dynamic organ-on-chip integration. This objective includes establishing the 

conceptual and technical basis for controlled medium exchange, automated inter-organ 

communication, and future incorporation of additional tissue modules, biosensors, or 

therapeutic interventions. 

Altogether, this thesis aims to provide a human-relevant and modular in vitro strategy to study how 

progressive hepatic dysfunction in MASLD can influence skeletal muscle performance. Rather than 

focusing on isolated soluble mediators, this work uses biologically generated, stage-specific liver CM as 

integrated hepatic signals and tests their downstream effects in functional skeletal muscle tissues. This 

approach is intended to bridge the gap between reductionist cell culture systems and complex animal 

models, while providing a platform that can be expanded toward more advanced multi-organ models of 

metabolic disease. 
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Chapter 3 |   Materials and Methods 

 

 

 

 

This chapter describes the experimental pipeline used to establish the three-dimensional liver and 

skeletal muscle modules, to generate MASLD-like hepatic phenotypes, and to quantify liver–muscle 

communication. It is organized into: (i) cell sources and culture conditions; (ii) preliminary 2D assays for 

lipid-challenge optimization; (iii) fabrication, disease induction, and phenotypic characterization of 3D 

liver constructs; (iv) fabrication and maturation of 3D skeletal muscle tissues; (v) static liver–muscle 

communication experiments with liver-conditioned media; (vi) shared structural and molecular 

characterization methods; (vii) organ-on-chip device fabrication and fluidic characterization; and (viii) 

statistical analysis, reagents, probes, and gene expression assays. 

 

3.1 Cell sources and culture conditions 

3.1.1 Immortalized hepatic cells (HepaRG™) 

To model hepatocyte-like metabolic responses relevant to MASLD in a controlled in vitro setting, 

HepaRG™ cells were used due to their stable hepatic phenotype and suitability for metabolic challenges. 

HepaRG™ cells (HPRGC10, Thermo Fisher Scientific, Waltham, MA, USA) were cultured in hepatocyte 

growth medium (HGM) consisting of William’s E Medium + GlutaMAX™ supplement (Gibco, Grand 

Island, NY, USA), 10% fetal bovine serum (FBS, 10270-106, Gibco), 1% penicillin-streptomycin (10,000 

U mL⁻¹, 15140-122, Thermo Fisher Scientific), 5 µg mL⁻¹ human insulin (I2643, Sigma-Aldrich, St. Louis, 

MO, USA), and 50 µM hydrocortisone 21-hemisuccinate sodium salt (H4881, Sigma-Aldrich). Cells were 

maintained at 37°C in a humidified atmosphere with 5% CO₂. Subculturing was carried out by 

trypsinization following supplier instructions. 

3.1.2 Hepatic stellate cells (LX-2) 

To incorporate stromal/pro-fibrotic signaling capacity in liver constructs and enable transition toward 

steatohepatitis-like phenotypes, LX-2 hepatic stellate cells were used as a human HSC model. LX-2 

cells (SCC064, Merck, Darmstadt, Germany) were cultured in DMEM with GlutaMAX™, 4.5 g/L D-

glucose, without sodium pyruvate (61965-026, Gibco), supplemented with 1% penicillin-streptomycin 

(10,000 U mL⁻¹, 15140-122, Thermo Fisher Scientific). For trypsin deactivation and routine growth, 10% 

and 2% FBS (10270-106, Thermo Fisher Scientific) were used, respectively, as indicated in supplier 

guidelines. 
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3.1.3 Human myoblasts (AB1079) 

To study distal skeletal muscle responses to liver-derived cues, human primary myoblasts were 

expanded and differentiated into 3D bioengineered skeletal muscle tissues. The AB1079 human 

myoblast line (male, 38 years; quadriceps) was provided by Dr. Eduard Gallardo (Hospital de Sant Pau, 

Barcelona, Spain). Cells were expanded in skeletal muscle cell growth medium (SkM GM; C23060, 

Promocell, Heidelberg, Germany) supplemented with SupplementMix (Promocell), 10% FBS (10270-

106, Thermo Fisher Scientific), and 1% penicillin-streptomycin (10,000 U mL⁻¹, 15140-122, Thermo 

Fisher Scientific). Differentiation was carried out in DMEM with GlutaMAX™, 4.5 g/L D-glucose, without 

sodium pyruvate (61965-026, Gibco), supplemented with 1% KnockOut Serum Replacement (KO-SR; 

10828028, Thermo Fisher Scientific), 1% penicillin-streptomycin-glutamine (PSG; 10378-016, Gibco), 

and insulin-transferrin-selenium-ethanolamine (ITS-X; 51500-056, Gibco), referred to as SkM DM. 

 

3.2 Preparation of lipotoxic and inflammatory stimuli 

3.2.1 Preparation of non-esterified fatty acids 

To recapitulate lipotoxic stress typical of MASLD, palmitate/oleate NEFAs were formulated using 

albumin as a physiological carrier to facilitate cellular uptake. Palmitic acid (PA; P0500, Sigma-Aldrich, 

St. Louis, MO, USA) was dissolved in 2-propanol (131090.1212, PanReac AppliChem, ITW Reagents, 

Darmstadt, Germany) to 400 mM. Oleic acid (OA; O1008, Sigma-Aldrich) was diluted in 2-propanol to 

400 mM. Solutions were aliquoted and stored at −20°C. PA and OA were mixed at a 2:1 volume ratio to 

generate a concentrated PA/OA mixture. The mixture was diluted 1:100 in 1% bovine serum albumin 

(BSA), fatty acid-free (A8806, Sigma-Aldrich) in PBS 1X to obtain a NEFAs–BSA formulation (NEFAs 

stock) with a NEFAs/BSA molar ratio of 4:1. Aliquots were stored at −20°C. 

3.2.2 High lipid regime for HepaRG in 2D 

To establish a rapid 2D lipotoxicity paradigm for assay optimization and comparison with 3D liver 

constructs, HepaRG™ cells were challenged with a defined PA/OA mixture under serum-free conditions. 

HepaRG™ cells were seeded in tissue culture-treated 96-well plates at 5.0 × 10⁴ cells cm⁻² and 

maintained for 24 h in HGM (37°C, 5% CO₂). Medium was then replaced by serum-free medium (SFM) 

composed of William’s E Medium (GlutaMAX™) supplemented with HepaRG™ Induction Medium 

Supplement (5X; Gibco, HPRG740). Cells were adapted for 24 h in SFM prior to induction. Cells were 

then treated with 400 µM PA/OA (2:1) NEFAs mixture, prepared as above and diluted in SFM, and 

incubated for 24, 48, or 72 h before endpoint assays. 
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3.3 Preliminary 2D assays for lipid-challenge optimization 

 

3.3.1 Cell culture staining 

3.3.1.1 Oil Red O staining 

To visualize neutral lipid droplets in 2D HepaRG samples under high-lipid challenge, Oil Red O staining 

was used as a lipid-soluble dye-based readout commonly applied in liver histology and cell models of 

steatosis. Cells were washed three times with PBS 1X (5 min each) and fixed with 200 µL neutral 

buffered formalin solution 10% (HT501128, Sigma-Aldrich) for 15 min. After two washes with ultrapure 

water (5 min each), cells were rinsed with 60% (v/v) 2-propanol and stained with freshly prepared Oil 

Red O solution (3:2 dilution in ultrapure water; O1391, Sigma-Aldrich) for 15 min. Excess dye was 

removed by repeated washing with ultrapure water until the supernatant was clear. Nuclei were 

counterstained with Harris Modified Hematoxylin Solution (HHS16, Sigma-Aldrich) for 1 min, followed 

by extensive washing. Samples were maintained in ultrapure water for imaging. 

 

3.3.2 Metabolic activity/viability and lysosomal activity assays 

To quantify global metabolic activity and lysosome-dependent uptake capacity under lipid challenge—

two complementary readouts frequently altered in lipotoxicity—MTS and Neutral Red assays were 

performed at multiple timepoints. 

3.3.2.1 MTS assay 

At 24, 48, and 72 h after lipid challenge, medium was removed and cells were washed three times with 

PBS 1X for 5 min. Wells were filled with 100 µL fresh SFM plus 20 µL CellTiter 96® AQueous One 

Solution reagent (G3580, Promega, Madison, WI, USA) and incubated for 2 h (37°C, 5% CO₂). 

Absorbance at 490 nm was measured using a SPARK microplate reader (Tecan, Männedorf, 

Switzerland) after shaking for 5 s (1 mm amplitude, 1440 rpm). Reagent-only wells (no cells) were used 

as blanks for background correction. 

3.3.2.2 Neutral Red assay 

Neutral Red (NR) uptake was used as a functional proxy for lysosomal/acidic compartment activity. A 

1000X NR stock was prepared by dissolving NR powder (N4638, Sigma-Aldrich) at 4 mg mL⁻¹ in PBS 

1X. One day prior to each timepoint, a 1X NR working solution was prepared by diluting the stock in PBS 

1X and incubating overnight at 37°C. At 24, 48, and 72 h after lipid challenge, the working solution was 

centrifuged (1000 RCF, 5 min) and filtered through a 0.22 µm membrane to remove crystals. Medium 

was removed and cells were washed three times with PBS 1X for 5 min. Wells were incubated with 

warm, crystal-free NR working solution (2 h, 37°C, 5% CO₂). Dye solution was discarded, wells were 

washed twice with PBS 1X, and cells were de-stained with 200 µL de-staining solution (50% v/v ethanol 

96%, 49% v/v ultrapure H₂O, 1% v/v glacial acetic acid). Absorbance was measured at 540 nm using a 
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SPARK microplate reader after shaking for 5 s (1 mm amplitude, 1440 rpm). Reagent-only wells were 

included as blanks. 

 

3.4 Three-dimensional liver module 

3.4.1 Fabrication of 3D liver constructs 

To model the liver–muscle axis in vitro with controlled cellular composition and matrix mechanics, 

HepaRG™ hepatocyte-like cells and LX-2 HSCs were co-encapsulated in collagen-based hydrogels that 

support hepatic function while enabling stromal activation upon inflammatory cues. Collagen type I-

based hydrogels were fabricated using the PhotoCol with LAP kit (5170, Advanced BioMatrix, Carlsbad, 

CA, USA). HepaRG™ and LX-2 were trypsinized, counted per supplier instructions, and combined at a 

2:1 ratio (HepaRG™: LX-2). On ice, an encapsulation pre-mix was prepared by sequentially adding 

neutralizing solution (5205, Advanced BioMatrix), NaOH 1 M (S2770, Sigma-Aldrich), reconstituted 

collagen solution 5 mg mL⁻¹ (5198, Advanced BioMatrix), and LAP solution 17 mg mL⁻¹ (5269, Advanced 

BioMatrix) in William’s E Medium, protected from light. The HepaRG™/LX-2 suspension in HGM was 

added and briefly homogenized. Final cell density was 1.5 × 10⁷ cells mL⁻¹. Thirty-microliter drops were 

pipetted into cell culture-treated 24-well plates, avoiding bubble formation. Thermal gelation was 

performed at 37°C for 10 min, followed by UV exposure for 30 s in a UVP Crosslinker (CL-1000, Analytik 

Jena, Jena, Germany) pre-heated for 30 s. After polymerization (visual change in opacity/color), wells 

were filled with HGM and incubated at 37°C, 5% CO₂. 

3.4.2 Recapitulation of steatosis and steatohepatitis in 3D livers 

To mimic progressive MASLD-to-MASH trajectories in a single construct format, two sequential media 

formulations were used: NEFAs to induce steatosis-like lipotoxicity, followed by NEFAs plus LPS to 

promote inflammatory/HSC-activating cues consistent with steatohepatitis-like phenotypes. NEFAs 

treatment medium was prepared by diluting the NEFAs stock 1:100 in SFM. NEFAs+LPS medium was 

prepared by diluting the NEFAs stock 1:100 in SFM and adding LPS to 0.1 µg mL⁻¹ (L8274, Sigma-

Aldrich). A carrier control was prepared by diluting BSA in SFM to match the molar concentration present 

in treatment media; SFM alone served as an untreated control. All constructs were transitioned to SFM 

for 3 days. Constructs were then incubated for 4 days in their respective treatment medium (control, 

carrier control, or NEFAs) at 37°C, 5% CO₂. On day 4, media were renewed; only the steatohepatitis 

group formulation was switched to NEFAs+LPS. Constructs were maintained for 3 additional days until 

the final timepoint. 

3.4.3 AdipoRed™ staining and quantitative analysis 

To quantify intracellular neutral lipid content in live 3D liver constructs without fixation-induced artifacts, 

AdipoRed™ staining was performed and analyzed by standardized projection and segmentation 

workflows. AdipoRed™ Assay Reagent (PT-7009, Lonza Bioscience, Basel, Switzerland) was diluted to 
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3% (v/v) in Live Cell Imaging Solution 1X (A14291DJ, Invitrogen, Carlsbad, CA, USA). Five constructs 

per condition were washed three times with sterile PBS 1X and transferred to µ-Slides (80826, Ibidi, 

Gräfelfing, Germany) containing diluted AdipoRed™ solution plus 0.1% Hoechst 33342 (H3570, Thermo 

Fisher Scientific). After incubation (30 min, 37°C, 5% CO₂), Z-stacks (0.81 µm step) were acquired using 

a Zeiss LSM 800 confocal microscope with a 20X objective (NA = 0.8) and pinhole 1 Airy unit under 

appropriate incubation conditions. Fiji/ImageJ (DOI: 10.1038/nmeth.2019) was used for processing: Z-

stacks were converted to sum projections using a fixed slice number (15 slices). A custom ImageJ macro 

performed Gaussian background subtraction, thresholding, and mask generation. Mean gray values and 

areas of segmented lipid droplets and nuclei were quantified, and area-based lipid readouts were 

normalized to nuclei number. 

3.4.4 LIVE/DEAD staining and quantitative analysis 

To assess the viability of cell-laden hydrogels under experimental conditions, LIVE/DEAD staining was 

performed and imaged by confocal microscopy. Constructs were washed three times with PBS 1X under 

agitation and incubated in a dye solution containing 2 µM calcein AM, 4 µM ethidium homodimer-1, and 

0.1% Hoechst (LIVE/DEAD™ Viability/Cytotoxicity Kit, L3224, Invitrogen) for 25 min (37°C, 5% CO₂). 

Samples were imaged on a Zeiss LSM 800 using a 10X objective (NA = 0.3) and pinhole 1 AU. Image 

analysis was performed in Fiji/ImageJ. 

3.4.5 Picro Sirius Red Staining 

To evaluate collagen deposition and organization as a readout of ECM remodeling during MASH-like 

progression, Picro Sirius Red staining was performed on liver cryosections. Sections were hydrated in 

distilled water, incubated with Picro Sirius Red solution for 1 h, rinsed twice in 0.5% acetic acid, and 

rinsed once in absolute ethanol. Two additional ethanol changes were performed to fully dehydrate 

sections. Slides were mounted using Organo/Limonene Mount™ (O8015, Sigma-Aldrich). Brightfield 

and polarized imaging were performed on a Leica DMRB upright microscope equipped with a color 

camera. 

3.4.6 Albumin, AST, PINP, and PIIINP measurements 

To benchmark liver function and damage (albumin, AST) and quantify soluble collagen propeptides 

reflecting ECM remodeling (PINP, PIIINP), liver supernatants were analyzed using clinical-grade 

platforms. Frozen 3D liver supernatants were measured at Hospital Clínic (Barcelona, Spain). Albumin 

(CPS_000014) and AST (CPS_000040) were measured using a Cobas c 311/501 analyzer as previously 

reported [184]. PINP and PIIINP were quantified using an IDS-iSYS automated immunoassay analyzer 

with enzymatic assay-based cartridges. 

3.4.7 Cytokine measurements 

To quantify inflammatory and remodeling-associated soluble mediators underpinning liver phenotype 

progression and potential muscle effects, multiplex bead-based immunoassays were performed on 
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clarified supernatants. Supernatants were collected, centrifuged at 1000 RCF for 5 min, aliquoted, and 

stored at −80°C. Samples were thawed on ice on the day of assay. Cytokines were quantified using 

custom ProcartaPlex magnetic bead panels (Thermo Fisher Scientific): 3-plex (human IL-6, IL-1β, TNF-

α; PPX-03-MXKA6FD) and 4-plex (human Caspase-3, CRP, IL-8, PDGF-BB; PPX-04-MXMFZDP), 

following manufacturer instructions. Standards were reconstituted and serially diluted in SFM (8-point 

curve), with SFM as blank. Fifty microliters of mixed magnetic capture beads were added per well. After 

washing with a handheld magnetic plate washer, 50 µL of standards/controls/samples (duplicates) were 

incubated for 2 h at room temperature on a plate shaker (600 rpm), protected from light. After two 

washes, 25 µL biotinylated detection antibody mix was incubated for 30 min (room temperature, 

shaking). After two washes, 50 µL streptavidin-PE was incubated for 30 min (room temperature, shaking; 

light-protected). Beads were washed twice, resuspended in 120 µL reading buffer, and acquired on a 

Luminex MAGPIX. Median fluorescence intensity (MFI) values were fit to 5-parameter logistic (5-PL) 

curves using xPONENT and ProcartaPlex Analysis App software, and analyte concentrations were 

verified to fall within each assay’s dynamic range. 

 

3.5 Three-dimensional skeletal muscle module 

3.5.1 Fabrication of PDMS casting molds 

To generate standardized 3D skeletal muscle tissues suitable for force readouts, PDMS molds 

incorporating flexible pillars were fabricated to enable tissue self-organization and pillar-deflection-based 

functional assessment (Figure 5.3). PDMS casting molds were fabricated as described previously [185]. 

Briefly, 3D-printed master molds were used to generate negative molds, which were silanized with 

trichloro(1H,1H,2H,2H-perfluorooctyl)-silane (PFOTS). Final PDMS casting molds consisted of a 

rectangular pool to be filled with a biomaterial and cell mix, with two anchoring posts, around which the 

tissues will compact (Figure 5.3). PDMS molds were prepared by casting PDMS prepolymer at a 10:1 

ratio, curing at 80°C, and thoroughly washing after demolding and punching. 

3.5.2 Fabrication and maturation of 3D bioengineered skeletal muscle tissues 

To evaluate skeletal muscle functional and catabolic responses to liver-derived signals, human 

myoblasts were engineered into 3D aligned tissues in pillar-based PDMS molds, enabling both 

phenotypic readouts and contractility quantification. Tissues were fabricated as described elsewhere 

[186,187]. Briefly, PDMS molds were cleaned by sequential sonication in water with detergent, 2-

propanol, and Milli-Q water, followed by UV sterilization for 15 min. To reduce PDMS-associated 

adhesion, molds were treated with 1% (w/v) Pluronic® F-127 (Sigma-Aldrich) in cold PBS (100 µL per 

well) for 2 h at 4°C and rinsed with sterile PBS. AB1079 myoblasts were trypsinized, resuspended in 

SkM GM, and encapsulated at 2.5 × 10⁷ cells mL⁻¹ in a hydrogel consisting of 30% (v/v) Matrigel® 

Growth Factor Reduced (356231, Corning, NY, USA), 4 mg mL⁻¹ fibrinogen (F3879, Sigma-Aldrich), and 

2 U mL⁻¹ thrombin (T6884, Sigma-Aldrich). Pre-cooled reagents were used to prevent premature 
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Matrigel polymerization. The mixture was carefully pipetted and distributed between PDMS pillars and 

polymerized for 30 min at 37°C. SkM GM supplemented with 1 mg mL⁻¹ 6-aminocaproic acid (ACA; 

A2504, Sigma-Aldrich) was added to prevent fibrin degradation. Temperature-driven polymerization 

promotes 3D tissue compaction around the posts, which was visually monitored to assess alignment 

and tension development. After 48 h, cultures were switched to SkM DM containing 1 mg mL⁻¹ ACA. 

Half-medium changes were performed every other day until the treatment stage. 

 

3.6 Static liver–muscle communication experiments 

3.6.1 Treatment of skeletal muscle tissues with conditioned media from 3D livers 

To test liver-to-muscle communication in a controlled and scalable manner, skeletal muscle tissues were 

exposed to liver CM generated from defined liver phenotypes. On day 16 of differentiation, half of the 

SkM DM volume was replaced with 2X concentrated CM media such that a final 1X CM concentration 

was achieved after mixing with the remaining half-volume. Because preliminary experiments indicated 

toxicity of liver cell culture media, multiple dilutions were evaluated; a final ratio corresponding to 1:50 

liver components in SkM DM was selected to minimize functional perturbation unrelated to disease cues. 

CM were pooled by mixing equal volumes from five liver biological replicates per condition, and the 

pooled CM was used to treat all skeletal muscle biological replicates. 

3.6.2 Functional assessment of 3D skeletal muscle tissues 

To quantify muscle function as a clinically relevant endpoint (contractile output), engineered tissues were 

electrically stimulated, and force was derived from pillar deflection using beam theory. After treatment, 

differentiated skeletal muscle tissues were stimulated using a custom 24-well EPS platform containing 

two graphite electrodes per well connected to a pulse generator (Multifunction Generator WF1974, NF 

Corporation) [188]. The platform was placed in the XL S1 incubation chamber of a Zeiss Axio Observer 

Z1/7 microscope (37°C, 5% CO₂). Tissues were maintained in fresh DM/ACA during stimulation. Twitch 

and tetanic contractions were induced using square-wave pulses for 10 s at 1 V mm⁻¹ field strength, 1 

ms pulse width, and 1–50 Hz with 10% duty cycle. Time series were acquired for 140 s (1 ms exposure 

time, 82.3 fps) focusing on the top edge of pillars using a 10X objective. Whole tissue brightfield images 

were acquired using a 2.5X objective. 

Pillar displacements were quantified in Fiji/ImageJ [189] by tracking pillar-edge intersections along a 

user-defined perpendicular line. Forces were computed using Euler–Bernoulli beam bending theory 

based on PDMS Young’s modulus (1.6 MPa), pillar geometry, tissue attachment height, measurement 

height, and measured displacement. Forces were normalized to tissue cross-sectional areas (CSA) to 

obtain specific force. 
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3.6.3 Histological assessment of skeletal muscle tissues 

3.6.3.1 LysoTracker™ staining 

To quantify acidic compartments (lysosomes/late endosomes) in skeletal muscle tissues following liver-

conditioned treatment—an axis relevant to autophagy–lysosome remodeling and muscle wasting—

LysoTracker™ staining was combined with myotube segmentation and particle-based quantification. 

Live skeletal muscle tissues were washed with PBS 1X and incubated with 1 µM LysoTracker™ Red 

DND-99 (L7528, Invitrogen) for 30 min at 37°C. Tissues were washed three times with PBS 1X and fixed 

with 10% formalin (Sigma-Aldrich) for 30 min at room temperature. After three PBS washes, tissues 

were stored at 4°C until cryosectioning (as above). LysoTracker-prestained cryosections were stained 

with rabbit anti-dystrophin (ab15277, Abcam, Cambridge, UK) followed by donkey anti-rabbit 

AlexaFluor™ 647. Nuclei were stained using VECTASHIELD® PLUS with DAPI (H-2000, VectorLabs). 

Imaging was performed on a Zeiss LSM 800 using a 40X oil objective (NA = 1.4) and pinhole 1 AU. 

Acidic compartments were quantified using a custom ImageJ macro applying sequential background 

subtraction, convolution filtering, thresholding, and mask generation; particles between 0.1 and 5.0 µm² 

were analyzed. Segmentation accuracy was verified by overlaying masks on original images. Total 

particle counts were normalized to myotube area obtained using Cellpose 3 on dystrophin channels 

[190]. Feret diameters were extracted using the LabelsToRois plugin [191]. Five biological replicates per 

condition were analyzed in technical triplicates. 

3.6.3.2 LC3B immunostaining 

To assess autophagy-related structures in skeletal muscle tissues under liver-derived conditions, LC3B 

immunostaining was performed on cryosections using methanol permeabilization to enhance signal-to-

background for punctate structures. A published protocol was followed with modifications [192]. 

Cryosections were permeabilized in 100% methanol for 15 min at −20°C and blocked in PBS 1X 

containing 0.5% BSA and 1% normal goat serum (S-1000, VectorLabs) for 1 h at room temperature. 

Sections were incubated overnight at 4°C with rabbit anti-LC3B (ab51520, Abcam) in blocking buffer. 

Sections were then incubated with goat anti-rabbit AlexaFluor™ 568 (A-11036, Thermo Fisher Scientific) 

for 2 h. PBS 1X washes were performed between steps and prior to nuclei counterstaining. Slides were 

mounted using VECTASHIELD® PLUS with DAPI (H-2000), coverslipped, and sealed for imaging. 

 

3.7 Structural and molecular characterization 

3.7.1 Cryosectioning 

To enable spatially resolved histology and immunostaining across 3D constructs, tissues were 

cryoprotected and sectioned at a thickness compatible with confocal imaging and quantitative analysis. 

Constructs were washed three times with sterile PBS 1X (5 min each) and fixed in 10% formalin 

(HT501128, Sigma-Aldrich) for 30 min at room temperature. After three PBS washes (5 min each), 

tissues were incubated in 30% (w/v) sucrose in PBS 1X for 48 h at 4°C. Constructs were embedded in 
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OCT (P0091, Sigma-Aldrich) in Cryomolds® (VWR) and snap-frozen in pre-cooled isopentane chilled in 

liquid nitrogen. Blocks were stored at −20°C. Sections (20 µm) were cut using a Leica CM1860 cryostat 

and collected on SuperFrost Plus™ slides (11950657, Thermo Fisher Scientific), then stored at −20°C 

until staining. 

3.7.2 Standard immunofluorescence staining 

To phenotype liver and muscle tissues at the protein level (e.g., structural markers, stress pathways, 

ECM-associated markers), cryosections were immunostained using permeabilization and blocking 

conditions compatible with multi-channel confocal imaging. Sections were permeabilized with PBST 

(PBS 1X + 0.1% Triton X-100) for 15 min at room temperature, washed three times with PBS 1X (5 min 

each), and blocked with blocking solution (sc-516214, Santa Cruz Biotechnology, Dallas, TX, USA) for 

1 h at room temperature. Primary antibodies (Table 3.1) were diluted in blocking buffer and applied 

overnight at 4°C. After three PBS washes (5 min each), sections were incubated with fluorescent 

secondary antibodies (Table S1) ± additional probes (Table 3.1) for 45–60 min at room temperature 

protected from light. Sections were washed three times with PBST (5 min each). Nuclei were 

counterstained with DAPI (Thermo Fisher Scientific; 15 min) or using VECTASHIELD® PLUS with DAPI 

(H-2000, VectorLabs, CA, USA). Slides were mounted with antifade medium, coverslipped, and sealed 

for imaging. 

3.7.3 Gene expression analysis by real-time qPCR 

To quantify transcriptional programs linked to steatosis/inflammation/fibrosis in liver constructs and 

atrophy/catabolism/autophagy in skeletal muscle tissues, RT-qPCR was performed on whole-tissue 

lysates using probe-based detection and validated reference genes. Whole 3D liver and skeletal muscle 

tissues were homogenized in 1 mL QIAzol using a TissueLyser (50 Hz, 8 min) with stainless steel beads 

under RNase-free conditions. RNA was purified with the miRNeasy Micro Kit (Qiagen) per manufacturer 

instructions. RNA concentration and purity were verified by Nanodrop; samples meeting quality criteria 

were stored at −80°C. Genomic DNA digestion and reverse transcription were performed using 

QuantiTect Reverse Transcription Kit (Qiagen, 205311) using 1 µg RNA input. qRT-PCR was performed 

using TaqMan probes (Table 3.2) and TaqMan® Fast Advanced Master Mix (Thermo Fisher Scientific, 

4444557). ACTB was used as the endogenous control for liver tissues; for skeletal muscle, the geometric 

mean of RPLP0 and B2M was used after stability verification across conditions. Reactions were run in 

technical triplicates with five biological replicates per group, including no-amplification controls per probe. 

Relative expression was calculated by the ΔΔCt method normalized to reference genes and control 

group. 
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3.8 Organ-on-chip device fabrication and fluidic characterization 

3.8.1 Organ-on-chip device design 

To establish the technical basis for future dynamic liver–skeletal muscle co-culture experiments, a first-

generation organ-on-chip (OoC) device was designed to connect a liver chamber, a passive diluting–

mixing unit, and a skeletal muscle chamber within a single pressure-driven microfluidic circuit (Figure 

6.1). The design was guided by the static CM experiments, in which a final 1:50 dilution of liver-derived 

medium in skeletal muscle differentiation medium was identified as compatible with downstream skeletal 

muscle exposure. Therefore, the main fluidic requirement of the device was to dilute the liver-derived 

stream to an approximate liver-medium fraction of 0.02 before entry into the skeletal muscle chamber. 

The device was designed using AutoCAD and contained three replicates of the same microfluidic circuit 

per chip. Each replicate included a liver chamber positioned upstream of a serpentine diluting–mixing 

region and a downstream skeletal muscle chamber. The liver chamber was designed to host a 3D liver 

construct, while the skeletal muscle chamber was designed to accommodate a 3D skeletal muscle 

tissue. The microfluidic layer had a constant channel and chamber height of 100 µm. The liver chamber 

had a diameter of 3 mm, and the skeletal muscle chamber had a diameter of 8 mm. The liver outlet 

channel was 10 µm wide, while two skeletal muscle medium channels of 250 µm width merged with the 

liver outlet stream before entering the serpentine mixing region. The main mixing channel had a width 

of 510 µm and consisted of repeated upper and lower loops arranged in a serpentine configuration. 

Serpentine geometry was selected as a passive mixing strategy to increase the path length and 

residence time available for diffusion after the convergence of the liver- and muscle-medium streams. 

This configuration was intended to promote progressive homogenization of the diluted liver-derived 

stream before the mixture reached the skeletal muscle chamber. 

3.8.2 Fabrication and assembly of the microfluidic device 

To fabricate the OoC device, a photolithographic master mold was generated on a 5-inch silicon wafer. 

The wafer was dehydrated at 200°C for 15 min and treated with oxygen plasma for 30 s to improve 

photoresist adhesion. A SU-8 2010 interlayer was then spin-coated onto the wafer at 500 rpm for 10 s 

followed by 3000 rpm for 60 s. The wafer was soft-baked at 95°C for 6 min, flood-exposed to UV light at 

140 mJ cm⁻² without a photomask, left to rest for 10 min, and post-exposure baked at 65°C for 1 min 

and 95°C for 3 min. 

The structural layer was fabricated using SU-8 2100. The photoresist was spin-coated twice using a two-

step program of 500 rpm followed by 3500 rpm to obtain a final height of approximately 100 µm. The 

coated wafer was soft-baked at 65°C for 5 min and 95°C for 20 min. The microfluidic pattern was 

transferred by UV exposure through an acetate photomask at 300 mJ cm⁻². After a 10 min resting period, 

the wafer was baked at 65°C for 5 min and 95°C for 20 min. The wafer was developed in propylene 

glycol monomethyl ether acetate for 15 min to remove unexposed SU-8, rinsed with isopropanol, and 
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dried with nitrogen gas. The final mold was silanized in a vacuum chamber for at least 1 h to allow PDMS 

demolding. 

PDMS prepolymer was prepared by mixing base and curing agent at a 10:1 ratio. The mixture was 

poured over the silicon master, degassed, and cured for 4 h at 65°C. After curing, the PDMS layer was 

demolded and cleaned before assembly. The final device consisted of three layers: a standard 

microscope glass slide as the bottom optical layer, the patterned PDMS layer containing the microfluidic 

channels and chambers, and a PMMA top layer used as the interface for external connectors. The PDMS 

layer was bonded to the glass substrate by plasma treatment and connected to the PMMA layer using 

double-sided adhesive tape with a thickness of 170 µm to reduce leakage at the connector interface. 

3.8.3 Rhodamine B calibration for fluorescence-based dilution analysis 

To enable fluorescence-based visualization and quantification of the liver-medium surrogate, 

Rhodamine B was used as a fluorescent tracer. A calibration experiment was performed to identify a 

working concentration within the linear fluorescence range, avoiding signal saturation and self-

quenching. Rhodamine B solutions were prepared in Milli-Q water at concentrations ranging from 4 × 

10⁻⁴ to 4 mg mL⁻¹ and transferred to a 96-well plate. Calibration samples were imaged by fluorescence 

microscopy using identical acquisition settings. Images were analyzed in Fiji/ImageJ [189] by measuring 

the average pixel intensity in each well. Fluorescence intensity values were plotted as a function of 

Rhodamine B concentration to identify the concentration range in which intensity remained proportional 

to concentration. Based on this calibration, a final working concentration of 6 × 10⁻³ mg mL⁻¹ Rhodamine 

B in Milli-Q water was selected for the fluidic characterization experiments. 

3.8.4 Pressure-driven flow setup 

To characterize the fluidic behavior of the device, the chip was connected to a pressure-driven flow 

system. Milli-Q water was used as a substitute for skeletal muscle medium, and Rhodamine B diluted in 

Milli-Q water was used as a fluorescent surrogate for liver-derived medium. This configuration allowed 

the liver-derived stream to be visualized after merging with the non-fluorescent muscle-medium 

surrogate. 

The skeletal muscle medium inlet was maintained at a fixed pressure during the characterization 

experiments, while the pressure applied to the liver inlet was varied across the tested conditions. Liver 

inlet pressures ranging from 150 to 500 mbar were explored across the experimental series. For each 

pressure condition, fluorescence microscopy images were acquired at defined locations along the 

device, including the initial merging region, positions along the serpentine mixing unit, the final location 

immediately before the skeletal muscle chamber, and the liver and skeletal muscle chambers used for 

dilution analysis. Fluorescence images were acquired using a 10X microscope objective. Acquisition 

settings were kept constant within each experimental series to allow comparison between locations and 

pressure conditions. Images were exported for subsequent quantification in Fiji/ImageJ [189] and custom 

Python scripts. 
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3.8.5 Mixing efficiency analysis 

To quantify mixing efficiency along the serpentine region, fluorescence intensity profiles were extracted 

across the channel width at defined locations after the convergence of the liver- and muscle-medium 

surrogate streams. For each location, a cross-sectional line was drawn perpendicular to the direction of 

flow, and fluorescence intensity was plotted as a function of channel width. The intensity profiles were 

fitted using Gaussian functions. The standard deviation obtained from each Gaussian fit was used as 

an indicator of profile broadening across the channel. Mixing efficiency was then calculated using a 

mixing index, γ, according to the following equation: 

 

𝛾 = 1 −
𝜎𝑚𝑖𝑛

𝜎
 (3.1) 

 

Where 𝛾 is the mixing index, 𝜎𝑚𝑖𝑛 is the standard deviation of the unmixed reference profile, and 𝜎 is the 

standard deviation of the fluorescence profile at a given downstream location. Mixing-index values were 

plotted as a function of position along the serpentine channel for each liver inlet pressure condition. 

3.8.6 Dilution analysis 

To determine whether the device reproduced the 1:50 dilution required for skeletal muscle exposure, 

fluorescence intensity was compared between the liver chamber and the skeletal muscle chamber under 

different liver inlet pressure conditions. Because Rhodamine B was used within a concentration range 

where fluorescence intensity was approximately proportional to concentration, the fluorescence signal 

was used as a surrogate for Rhodamine B concentration and, therefore, for the relative contribution of 

the liver-medium surrogate to the final mixture. 

Regions of interest were defined in the liver and skeletal muscle chambers using Fiji/ImageJ [189]. Mean 

fluorescence intensity was extracted from each region of interest, and the decrease in fluorescence 

signal between the liver chamber and skeletal muscle chamber was used to estimate dilution 

performance. The target dilution corresponded to a liver-medium fraction of 0.02, equivalent to the 1:50 

dilution previously optimized in static skeletal muscle CM experiments. Dilution values were plotted 

against liver inlet pressure to identify the operating conditions closest to this target. 

 

3.9 Statistical analysis 

All statistical analyses and graphing were performed in GraphPad Prism 10 (GraphPad Software, San 

Diego, CA, USA). Normality was assessed using Shapiro–Wilk. Outliers were identified using the ROUT 

method (Q = 1%) and excluded when justified. For normally distributed datasets, multi-group 

comparisons were performed by one-way ANOVA with Tukey’s or Dunnett’s post hoc tests as 

appropriate. For non-normal datasets, data were transformed when suitable; otherwise, Kruskal–Wallis 
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with Dunn’s multiple comparisons was used. Data are presented as mean ± SEM unless stated 

otherwise. Biological replicate numbers are reported in figure legends (technical replicates indicated per 

assay). Significance was set at p < 0.05, with exact p-values and test details reported in text or figure 

legends. 

 

3.10 Reagents, probes, and gene expression assays 

3.10.1 Antibodies and cellular probes 

 

Table 3.1. Antibodies and cellular probes employed throughout experimental work. 

 

Antibody or probe Target Supplier data Dilution 

Rabbit anti-Dystrophin IgG antibody Dystrophin ab15277, Abcam 1:200 

Anti-LC3B antibody from rabbit LC3B ab51520, Abcam  

Albumin Polyclonal Antibody from rabbit Albumin (ALB) 
PA5-85166, 

Invitrogen 
1:200 

Anti-Vimentin Antibody from mouse Vimentin 
V2258, Sigma-

Aldrich 
1:200 

Anti-Vimentin Antibody from mouse Vimentin 
MAB1681, 

Sigma-Aldrich 
1:200 

Anti-α-Smooth Muscle Actin Antibody from 

mouse 
ACTA2 

A2547, Sigma-

Aldrich 
1:200 

Anti-ACTN2 Antibody from mouse ACTN2 
A7811, Sigma-

Aldrich 
1:200 

Alexa Fluor 594 Phalloidin F-actin 
A12381, 

Invitrogen 
1:400 

Rhodamine-Phalloidin F-actin R415, Invitrogen 1:400 

Donkey anti-rabbit IgG (H+L), Alexa Fluor 

647 

Rabbit IgG 

(secondary) 

A31573, 

Invitrogen 
1:200 

Goat anti-rabbit IgG (H+L), Alexa Fluor 568 
Rabbit IgG 

(secondary) 

A-11036, 

Invitrogen 
1:200 
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Alexa Fluor 488 goat anti-rabbit IgG (H+L), 

highly cross-adsorbed 

Rabbit IgG 

(secondary) 

A-11034, 

Invitrogen 
1:200 

Goat anti-mouse IgG (H+L), Alexa Fluor 

Plus 647, highly cross-adsorbed 

Mouse IgG 

(secondary) 

A32728, 

Invitrogen 
1:200 

Goat anti-mouse IgG (H+L), Alexa Fluor 

Plus 647, highly cross-adsorbed 

Mouse IgG 

(secondary) 

A32728, 

Invitrogen 
1:200 

Goat anti-mouse IgG (H+L), Alexa Fluor 

Plus 647, highly cross-adsorbed 

Mouse IgG 

(secondary) 

A32728, 

Invitrogen 
1:200 

Alexa Fluor 488 goat anti-mouse IgG 
Mouse IgG 

(secondary) 

A-11001, 

Invitrogen 
1:200 

 

3.10.2 Gene expression assays 

 

Table 3.2. Reagents for gene expression experiments. 

Gene name (aliases) TaqMan assay ID Supplier 

ALB (Albumin) Hs00609411_m1, FAM Thermo Fisher Scientific 

CPS1 (Carbamoyl-phosphate synthase 1) Hs00157048_m1, FAM Thermo Fisher Scientific 

OTC (Ornithine transcarbamylase) Hs00166892_m1, FAM Thermo Fisher Scientific 

ACTB (β-actin) Hs01060665_g1, FAM Thermo Fisher Scientific 

HNF4A (Hepatocyte nuclear factor 4 

alpha) 
Hs00230853_m1, FAM Thermo Fisher Scientific 

CYP3A4 (Cytochrome P450 family 3 

subfamily A member 4) 
Hs00604506_m1, FAM Thermo Fisher Scientific 

COL13A1 (Collagen type XIII alpha 1 

chain) 
Hs01103890_m1, FAM Thermo Fisher Scientific 

MYOG (Myogenin) Hs01072232_m1, FAM Thermo Fisher Scientific 

MYF5 (Myogenic factor 5) Hs00271574_m1, FAM Thermo Fisher Scientific 

MYF6 (Myogenic factor 6, MRF4) Hs00231165_m1, FAM Thermo Fisher Scientific 

MYH7 (Myosin he vy ch in 7, β-MHC) Hs01110632_m1, FAM Thermo Fisher Scientific 

MYOD1 (Myogenic differentiation 1) Hs00159528_m1, FAM Thermo Fisher Scientific 
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TRIM63 (Tripartite motif containing 63, 

MuRF1) 
Hs00822397_m1, FAM Thermo Fisher Scientific 

FBXO32 (F-box protein 32, Atrogin-1) Hs01041408_m1, FAM Thermo Fisher Scientific 

GAPDH (Glyceraldehyde-3-phosphate 

dehydrogenase) 
Hs02786624_g1, VIC Thermo Fisher Scientific 

B2M (Beta-2-microglobulin) Hs00187842_m1, VIC Thermo Fisher Scientific 

RPLP0 (Ribosomal protein lateral stalk 

subunit P0, also known as 36B4) 
Hs00420895_gH, VIC Thermo Fisher Scientific 
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Chapter 4 |   Bioengineered Liver Module 

 

 

 

 

4.1 Chapter rationale and modeling framework 

The MASLD field has advanced through the combined use of clinical studies, animal models, 

conventional in vitro systems, and emerging organ-on-chip technologies. Each of these strategies 

contributes distinct information. While clinical studies define disease phenotypes and therapeutic 

endpoints in patients, animal models provide access to systemic physiology and time-resolved tissue 

analysis. More recently, in vitro models allow finely controlled interrogation of cellular mechanisms and 

microphysiological systems offer a route toward dynamic, human-relevant multi-organ modeling. 

However, none of these approaches alone fully addresses the experimental needs of this thesis. Clinical 

and animal studies capture systemic complexity but provide limited control over individual organ 

contributions, whereas reductionist in vitro systems often lack the three-dimensional architecture, 

multicellular interactions, extracellular matrix context, and modularity required to model progressive 

MASLD and its downstream extrahepatic effects. 

In this context, the development of a modular human in vitro platform based on three-dimensional liver 

constructs is particularly valuable. By combining metabolically competent hepatocyte-like cells with 

HSCs in a collagen-based microenvironment, the liver module developed in this chapter is designed to 

recapitulate key features of MASLD progression, including steatosis, lipotoxic stress, inflammatory 

activation, hepatocellular injury, and early fibrogenic remodeling. Importantly, the model is conceived as 

the hepatic component of a broader modular strategy to study liver–skeletal muscle crosstalk. The stage-

specific CM generated by these liver constructs provide integrated hepatic signals that can be later 

transferred to functional three-dimensional skeletal muscle tissues, while the same modular logic 

establishes the basis for future integration into a dynamic organ-on-chip framework. 

4.2 Aims and scope 

The introductory section of this chapter does not repeat the biological background of MASLD presented 

in Chapter 1. Instead, it focuses on the practical experimental strategies currently used to study MASLD 

and MASH, with emphasis on their respective strengths and limitations as modeling platforms. For this 

reason, the following sections are organized around four major approaches: clinical studies, animal 

models, in vitro models, and organ-on-chip systems. This structure is intended to identify the 

methodological gap that motivates the experimental work presented in this chapter, which is the lack of 
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a human-relevant, mechanistically controlled, three-dimensional, and modular liver model that can 

reproduce defined features of MASLD progression while remaining compatible with downstream liver–

muscle communication studies. 

Accordingly, the aim of this chapter is to present, characterize, and validate a three-dimensional human 

liver model capable of generating stage-specific MASLD-like phenotypes under controlled in vitro 

conditions. The chapter first situates this model within the broader landscape of MASLD modeling 

strategies, then describes the experimental development of the liver construct, the preparation of 

lipotoxic and inflammatory stimuli, and the assessment of disease-relevant endpoints including lipid 

accumulation, hepatocellular dysfunction and injury, inflammatory mediator release, hepatic stellate cell 

activation, and extracellular matrix remodeling. Together, these elements establish the liver module as 

the first experimental component of the modular liver–skeletal muscle platform developed in this thesis. 

 

4.3 Introduction: Preclinical Modelling Strategies for Metabolic 

Dysfunction-Associated Steatotic Liver Disease 

4.3.1 Clinical Studies 

Clinical studies are golds standards to define the phenotypes of a disease and for validating therapeutic 

targets. In MASLD, they employ observational cohorts, prospective studies, and randomized controlled 

trials (RCTs) designed to study disease burden, identify prognostic factors, and test potential 

interventions. Large epidemiological cohorts and registry-based studies define prevalence, incidence, 

and mortality, while biopsy-based cohorts allow matching of histological features to clinical outcomes 

and validation of non-invasive diagnostic tools. Interventional trials—like pharmacological and lifestyle 

RCTs—assess effects on histological endpoints, non-invasive biomarkers, and clinical outcomes such 

as regression, transplantation, and mortality. For the scope of this thesis work, relevant outputs from 

MASLD clinical research include testing of potential interventions, biomarker identification, stratification 

features that correlate with disease severity, and identification of fibrosis stages as the primary 

histological predictor of liver-related outcomes. 

The very recent MAESTRO-NASH and ESSENCE trials exemplify how late-phase MASLD-MASH trials 

are now designed and what they aim to deliver. In MAESTRO-NASH, adults with biopsy-confirmed 

MASH and F1b–F3 fibrosis were randomized to once-daily resmetirom or placebo. After 52 weeks, 

resmetirom achieved resolution of steatohepatitis without fibrosis worsening (26–30% vs 10% with 

placebo) and ≥1-stage fibrosis improvement without worsening of necro inflammatory activity (24–26% 

vs 14% with placebo). It also showed meaningful reductions in LDL-cholesterol, which led to the first 

drug approval specific to MASH [193]. The ongoing phase 3 ESSENCE trial tests a GLP‑1 receptor 

agonist strategy in patients with biopsy-proven MASH and F2–F3 fibrosis, randomizing them to once-

weekly semaglutide 2.4 mg or placebo, with primary endpoints of MASH resolution and fibrosis 

improvement assessed on repeat biopsy after 72 weeks of treatment [194]. Together, these studies 
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illustrate how MASLD-MASH drug development integrates biopsy-based histological endpoints, weight 

loss, lipid lowering, and long-term outcome modeling to move from mechanism to tangible clinical benefit 

for a population that previously had no approved pharmacotherapy. 

Clinical studies provide direct evidence in the target species, capturing the full complexity of human 

physiology, including multi-organ crosstalk, microbiome effects, and comorbidity patterns. They enable 

long-term follow-up over years or even decades, allowing quantification of progression rates, and 

evaluation of interventions on clinically meaningful hard endpoints that cannot be modeled faithfully in 

animals or in vitro. Large-scale cohorts can include thousands of patients across diverse ethnicities and 

healthcare systems, enabling the study of sub-phenotypes such as lean MASLD or sarcopenic MASLD. 

Nevertheless, clinical studies are time-consuming and costly, often requiring years to recruit, take 

biopsies, treat, and follow patients to capture histological change or clinical events, which delays 

feedback to basic research and drug development. The reliance on liver biopsy for definitive diagnosis 

and trial endpoints leads to high screen failure rates, limits inclusion of patients unwilling or unable to 

undergo biopsy and introduces sampling and inter-reader variability that can dilute treatment effects. 

Moreover, clinical studies are largely correlative, and they are not suited to dissecting molecular 

pathways or testing causal roles of individual genes or molecular circuits in isolation. Furthermore, even 

clinical trials are not designed to account for some extrahepatic outcomes. 

 

4.3.2 Animal Models 

Animal models, primarily in rodents, aim to reproduce selected aspects of human MASLD through 

genetic manipulation, dietary interventions, or with toxins, thereby enabling controlled interrogation of 

disease mechanisms and preclinical testing of candidate therapies. These models are used to study the 

sequence from steatosis to steatohepatitis, fibrosis, and sometimes hepatocarcinogenesis, as well as to 

evaluate systemic metabolic perturbations and multi-organ interactions under experimental conditions 

that are not feasible in humans. 

Dietary excess models like high-fat (HFD), high-fat–high-fructose (HFHF), and high-cholesterol (HCD) 

allow the replication of obesity, insulin resistance, and dyslipidemia, whereas nutrient-deficient 

(methionine–choline-deficient) and toxin-augmented models (commonly CCl₄) are used to accelerate 

inflammation and fibrosis. Genetic models with a deficiency or gene knockout (for instance leptin- or 

leptin-receptor–deficient mice, or strains with altered lipid metabolism) help study the contribution of 

specific pathways to steatosis and steatohepatitis [195,196]. 

Animal studies provide access to whole organs and tissues for detailed histological, transcriptomic, 

proteomic, and metabolomic analyses across disease stages, enabling mechanistic links between 

cellular pathways and histological or biochemical phenotypes. They have been instrumental in defining 

the roles of TLR4-mediated innate immune activation, ER stress, mitochondrial dysfunction, lipotoxic 

species, and hepatic stellate cell activation in MASH pathogenesis, and in testing pharmacological 

modulation of these pathways in vivo [197]. Since animals can be sacrificed at predefined time points, 
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investigators construct time-resolved trajectories of steatosis, inflammation, and fibrosis that are difficult 

to obtain from human clinical biopsies. Animal models also allow systematic evaluation of lifestyle 

interventions—mainly diet and exercise— along with dose–response and drug interaction studies, under 

rigorously controlled environmental conditions. 

Relative to clinical trials, rodent studies are faster and less expensive, compressing decades of human 

disease into months while still capturing milestones such as steatohepatitis and bridging fibrosis. They 

enable invasive sampling and organ harvesting that would be impossible or unethical in humans. From 

a scope perspective, animals can be bred or engineered to carry specific mutations or reporter 

constructs, allowing precise testing of gene responses and enabling cell lineage tracing, in vivo imaging, 

and functional genomics screens. The ability to standardize diet and housing conditions reduces 

environmental noise and increases statistical power for detecting mechanistic effects. 

Despite the advantages, no current animal model fully recapitulates the human MASLD phenotype, 

especially the combination of metabolic syndrome, heterogeneous histological patterns, and long-term 

cardiovascular and malignant outcomes. Nutrient-deficient models such as MCD diets rapidly induce 

severe steatohepatitis and fibrosis but paradoxically cause weight loss and improved insulin sensitivity, 

which is opposite to the typical human MASLD phenotype. Diet-induced models reproduce obesity and 

insulin resistance but often develop only mild fibrosis even after prolonged feeding and show resistance 

to hepatocellular ballooning and advanced necroinflammation [197–199]. Behind these observations lay 

numerous species differences in lipoprotein handling, bile acid composition, immune system, and 

xenobiotic metabolism, which frequently yield drugs that show efficacy in rodents but fail in human trials. 

Finally, maintaining large cohorts of specialized mice on complex diets in barrier facilities is costly, and 

the ethical imperative to reduce animal use (3R principle) motivates the development of complementary 

human-based experimental systems. 

 

4.3.3 In vitro Models 

Liver models in vitro provide a controllable, scalable platform for mechanistic dissection and drug 

screening, complementing data from in vivo experiments and enabling high-content measurements even 

at single-cell resolution. They range from simple 2D monocultures of liver cell types to 3D spheroids or 

organoids. More sophisticated liver-on-chip systems that incorporate flow, zonation, and multi-organ 

interactions are also included in these approaches in vitro. 

 

4.3.3.1 2D in vitro models 

2D models in MASLD typically consist of hepatocyte cell lines (commonly HepG2 and Huh7), 

differentiated human hepatic cell lines (notably HepaRG), or primary hepatocytes cultured as 

monolayers on rigid plastic or coated surfaces that enhance cell adhesion [200–202]. They are 

sometimes in co-culture with non-parenchymal cells such as macrophages using membrane separation 
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systems. Steatosis is induced by exposure to free fatty acid mixtures—often PA and OA—, high glucose, 

lipogenic media, or methionine–choline-deficient conditions. 

2D systems are inexpensive, technically straightforward, and readily miniaturized into 96-/384-well 

formats, making them well suited to high-throughput screening of large compound libraries. They allow 

precise control of extracellular conditions, with chemically defined media and culture substrate stiffness 

among the most relevant, and enable easy imaging, biochemical assays, and omics readouts. However, 

primary human hepatocytes rapidly dedifferentiate in 2D, losing key functions such as CYP450 activity 

and albumin secretion within days, while immortalized cell lines display cancer-like metabolic wiring 

especially glycolytic bias and altered urea cycle that diverges from healthy hepatocytes in vivo [200,203]. 

Often overlooked, the stiffness of tissue-culture plastic lies in the realm of GPa, while the soft healthy 

liver microenvironment is around 2–12 kPa. This consistently activates HSCs and fails to model 

mechanotransduction in MASLD progression [204,205]. Moreover, classical 2D monocultures lack 

spatial gradients, native-like intercellular interactions, and the full set of non-parenchymal cells, limiting 

their capacity to recapitulate complex liver architecture and MASLD features such as zonated lipotoxicity, 

multicellular inflammatory loops, and ECM remodeling. 

 

4.3.3.2 3D in vitro models 

Unlike their conventional monolayer counterparts, 3D liver models include spheroids and organoids 

formed by self-aggregated hepatocytes often co-cultured with HSCs, ECs, and macrophages, as well 

as scaffold-based constructs in natural or synthetic hydrogels based on collagen, gelatin, and alginate 

matrices that provide a tunable ECM. Human induced pluripotent stem cells (iPSCs) liver organoids and 

multi-lineage spheroids are increasingly used to model chronic liver injury, fibrosis, and genetic 

susceptibility to MASLD. 

In this configuration, 3D architecture improves intercellular and cell–matrix interactions of biochemical 

and physical nature, promoting more stable hepatocyte polarization, grouping for bile canaliculi 

formation, and long-term maintenance of metabolic and synthetic functions compared with 2D 

monolayers [204,206]. Hydrogels can be engineered to match physiological or fibrotic liver stiffness, 

allowing experimental interrogation of mechanosensitive pathways during fibrosis progression [205]. 

Multiple cell types can also be incorporated into 3D systems. Besides hepatocytes, HSCs, Kupffer cells, 

and LECs help better recapitulate the inflammatory and fibrogenic crosstalk characteristic of MASH and 

support more physiologically relevant responses to candidate drugs. 

Despite their many benefits, 3D models demand technical expertise in biology, tissue engineering and 

biomaterial science to establish and standardize. Spatially, diffusion limitations are common issues that 

can lead to hypoxic or necrotic cores in large constructs, which complicate phenotype characterization. 

As significantly more cell numbers are needed to fabricate these constructs, imaging and high-content 

analysis are more challenging than in 2D. In organoids and hydrogel-based systems, batch-to-batch 

variability originated during differentiation periods or due to hydrogel composition can affect 
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reproducibility and throughput. Additionally, many 3D models still lack full representation of the complex 

sinusoidal niche and extrahepatic organ interactions that shape MASLD pathophysiology in vivo. 

 

 

Figure 4.1. Comparison of two-dimensional and three-dimensional in vitro strategies for MASLD modeling. 

Schematic summary of the main advantages and limitations of 2D and 3D in vitro liver models used to study MASLD 

progression. Conventional 2D cultures provide lower-complexity and experimentally accessible systems, but they are 

limited by rapid decline of hepatocyte function, forced cellular organization, non-physiological substrate stiffness that can 

promote hepatic stellate cell activation, and reduced predictive capacity. In contrast, 3D in vitro models better support 

cell–cell and cell–matrix interactions, allow controlled activation of HSCs upon treatment, and enable modeling of 

progressive disease phenotypes. However, these systems require higher cell numbers and greater technical complexity 

than 2D cultures. Created in BioRender. (2026). https://BioRender.com/3w9jpp1 

 

4.3.3.3 Organ-on-chip models 

Liver-on-chip and related microphysiological systems (MPS) incorporate liver cells in microfluidic 

devices under perfusion, often in layered or compartmentalized settings that try to reproduce structural 

features of the liver, including oxygen and nutrient gradients. These platforms range from liver-only chips 

focusing on steatosis or fibrosis to interconnected multi-organ systems like gut–liver or adipose–liver 

chips that model inter-organ crosstalk in MASLD [207,208]. 

Relevant examples include devices that generate hepatic zonation using gradient generators or dual-

channel flows, multi-channel systems with co-cultured hepatocytes, stellate cells, Kupffer cells, and 

endothelial cells to model steatohepatitis, and microphysiological platforms such as Liver-Chip® by 

Emulate Inc. and OrganoPlate LiverTox™ by Mimetas for high-content toxicity and disease studies. 

Recent integrated gut–liver-on-chip platforms have successfully recapitulated FFA-induced MASLD 

initiation and progression, highlighting the contribution of the gut [209–212]. 
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Figure 4.2. Representative architecture of a commercial liver-on-chip platform. 

Liver-Chip developed by Emulate Inc., showing a two-channel microfluidic configuration separated by a porous 

membrane. The upper parenchymal channel contains species-specific hepatocytes embedded within an extracellular 

matrix and co-cultured with HSCs and KCs, while the lower vascular channel is lined with liver sinusoidal ECs. This 

compartmentalized architecture enables controlled perfusion, parenchymal–vascular communication, and multicellular 

modeling of liver physiology and disease-relevant responses. Adapted from the Emulate Liver-Chip Technical Note, July 

2020. 

 

Organ-on-chip (OoC) models maintain liver-specific functions for extended periods under dynamic flow, 

support zonation, and allow real-time monitoring of oxygen consumption, metabolic fluxes, and secreted 

cytokines, thereby providing a highly human-relevant environment to study MASLD pathophysiology and 

drug responses [208]. They can also reproduce steatosis, lipotoxic cell death, inflammatory cytokine 

secretion, stellate cell activation, and fibrogenesis. Moreover, they have been successfully used to 

evaluate candidate therapeutics such as pioglitazone, obeticholic acid, elafibranor, and others in a 

human context [213–215]. Commercial organ-on-chip providers now offer standardized liver-on-chip 

systems and services specifically designed towards MASLD drug discovery, which facilitates broader 

adoption in preclinical pipelines. 

Despite their promising performance, liver-on-chip systems are relatively low-throughput compared with 

simple 2D assays, require bulky, specialized microfluidic equipment and expertise, and remain 

expensive on a sample basis, limiting their use for compound screening. Commonly used device 

materials are being constantly improved to date due to small molecule absorption or permeability—with 

PDMS as the hallmark example—, which can potentially confound pharmacokinetics and dose–

response relationships. Since research laboratories specialized in OoC tend to develop each their own 

approach, standardization across field is still limited, and there is no consensus yet on which readouts 

or configurations will best predict clinical efficacy in MASLD. This author thinks these models currently 

complement rather than replace traditional animal studies and clinical trials. 
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4.4 Results 

4.4.1 Strategy for model induction 

4.4.1.1 2D Optimization 

To ensure a robust transition into a three-dimensional environment, it was first necessary to calibrate 

the lipotoxic stimulus in a controlled 2D setting, using hepatocyte-like cells only. We selected the 

HepaRG cell line as our parenchymal foundation because, unlike other immortalized lines, they retain a 

highly differentiated human hepatocyte-like phenotype and demonstrate a well-documented 

responsiveness to both metabolic and inflammatory stressors [200]. 

Our initial engineering goal was to identify a concentration of NEFAs that could reliably induce steatosis 

without triggering immediate cell death. NEFAs were prepared at three increasing concentrations and 

diluted in SFM. HepaRG cells were cultured in 2D at equal cell density of 5.0 × 10⁴ cells cm⁻² and 

maintained in hepatocyte growth medium (HGM) for 24 hours. After the adaptation time, the medium 

was replaced with SFM for additional 24 hours before lipid challenge. This strategy was chosen to make 

HepaRG preserve the differentiated hepatocyte-like features over proliferation. Since the NEFAs 

formulation contains albumin protein as a lipid carrier, this serum-free approach is ideal to account for 

the effect of albumin and consider it a true, absolute, and vehicle control. The lipid challenge was initiated 

by incubating HepaRG in 2D in increasing concentrations of the 2:1 PA/OA NEFAs mix —namely 40 

µM, 100 µM, and 400 µM— for 24, 48 or 72 hours (Figure 4.3). 

 

 

Figure 4.3. Experimental timeline for the characterization of steatosis in response to lipid load. 

Three concentrations of 2:1 PA/OA NEFAs mix were used: 40, 100, 400 µM. 

 

Metabolic Response and Lysosomal Activity 

We monitored metabolic activity/viability and lysosomal activity by MTS and Neutral Red assays. 

Hepatocytes under high lipid load exhibit high metabolism that in sustained regimes becomes a driver 

of damage. Lysosome homeostasis is impaired in steatosis and progression to MASH. 

In the MTS assay, metabolically active cells reduce the MTS tetrazolium salt into a colored formazan 

product, making the Abs490 signal directly proportional to the metabolic activity of the live cell sample. 
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Neutral Red assay, on the other hand, employs a cationic dye that penetrates cells and accumulates in 

lysosomes of viable cells, making Abs540 directly proportional to lysosomal activity of viable cells. 

 

 

Figure 4.4. Validation of lipid internalization by HepaRG cells in 2D culture. 

A) Metabolic activity measured by MTS assay at 24, 48, and 72 h following exposure to NEFAs (n=3). B) Lysosomal 

activity assessed by Neutral Red assay at 24, 48, and 72 h after NEFAs treatment (n=3). 

 

The exposure to increasing NEFAs concentrations (PA/OA 2:1, 40 µM, 100 µM, and 400 µM) elicited a 

time- and dose-dependent increase in metabolic activity. Interestingly, the two lowest concentrations did 

not trigger significant changes in metabolism or lysosomal activity. However, at 400 µM NEFAs, we 

observed an 81% increase in MTS signal (p=0.03) and a 34.6% increase in Neutral Red uptake from 24 

h to 72 h. Even though the trend of Neutral Red uptake was clear, it did not reach statistical significance 

(Figure 4.4). 

 

Lipid Internalization 

MASLD starts with the onset of hepatic steatosis, defined as the excess lipid accumulation in 

hepatocytes, inside structures called lipid droplets (LDs). After the lipid challenge, HepaRG samples in 

2D were fixed and stained with Oil Red O dye, a common stain in hepatology for the observation of LDs 

in histology samples. 

The metabolic surge we observed after the treatment with the highest concentration of NEFAs (400 µM) 

corresponded with histological lipid accumulation. While lower dose of NEFAs (40 µM) was histologically 

indistinguishable from vehicle controls, the 400 µM treatment yielded robust lipid droplet formation, as 

visualized by Oil Red O staining. The middle concentration (100 µM) yielded low lipid accumulation, far 

from the robust overload observed in clinical diagnosis criteria of hepatic steatosis. Moreover, some 

replicate experiments failed to demonstrate consistent observations for this moderate concentration 

(Figure 4.5). 

 

A   
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Figure 4.5. Histological validation of lipid internalization by HepaRG cells in 2D culture. 

Representative brightfield images showing intracellular lipid droplets in HepaRG cells stained with Oil Red O and 

counterstained with Harris-modified hematoxylin. Scale bar = 100 µm. 

 

These observations in 2D HepaRG cells established that at least 72 hours incubation under 400 µM 

NEFAs were required to drive a steatotic phenotype, providing the baseline for the more complex 3D 

constructs. 

 

4.4.2 Fabrication of 3D Liver Constructs and Structural Stability 

Transitioning to 3D allowed us to incorporate the multicellular crosstalk essential for modelling disease 

progression. To better capture the nuances of MASLD, we chose to use co-culture models in 3D. This 

way, liver parenchymal cells were encapsulated in presence of HSCs, key drivers of disease progression 

that react to a variety of cues from damaged hepatocytes [117]. We encapsulated HepaRG and LX-2—

a human hepatic stellate cell line— at a 2:1 ratio within a methacrylated collagen type I-based hydrogel. 

This proportion ensures sufficient hepatocyte number while providing enough stellate cells to model the 

inflammatory and fibrotic hallmarks of MASH. 

The experimental timeline was designed to encapsulate cell mix in HGM, followed by an adaptation 

period in SFM. After allowing cells to adapt, steatosis was induced in the 3D constructs. Then, we 

stimulated HSCs with LPS to induce activated phenotype along with its characteristic signaling. Unlike 

HepaRG in 2D, HepaRG in 3D needed longer exposure to the NEFAs 400 µM formulation to achieve 

distinguishable differences in lipid internalization. Therefore, incubation under high lipid regime was 
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extended to 96 hours (4 days). Next, HSC stimulation with LPS was carried out by renewing media 

containing NEFAs 400 µM and adding LPS 0.1 µg mL⁻¹. The timeline for 3D constructs is described in 

Figure 4.6. 

 

 

Figure 4.6. Fabrication and disease-induction timeline of the 3D MASLD/MASH liver model. 

Schematic representation of the experimental workflow used to generate 3D liver constructs and induce progressive 

MASLD-like phenotypes in vitro. HepaRG and LX-2 cells were co-encapsulated in a collagen methacrylate/LAP hydrogel 

and maintained in hepatocyte growth conditions before transition to SFM. After adaptation, constructs were exposed to 

400 µM NEFAs to induce a steatotic lipid hit. At day 4, selected constructs were further stimulated with 400 µM NEFAs 

plus 0.1 µg/mL LPS to promote inflammatory activation of HSCs and generate a MASH-like phenotype. Final analysis was 

performed on day 7 to assess lipid accumulation, hepatocellular injury, HSC activation, and extracellular matrix 

remodeling. Created in BioRender. (2026) https://BioRender.com/gd5e7hk 

 

Structural Integrity 

Biomaterial stability is key for 3D tissue constructs, as it supports a variety of biological, biochemical, 

and physical interactions between encapsulated cells. Size shrinkage can be a sign of the hydrogel 

components losing structure or undergoing biochemical changes. Since the 3D constructs presented in 

this work are thought to support many types of readouts at the evaluated timepoints, size and tissue 

clarity was monitored throughout the experimental timeline. The constructs demonstrated excellent 

structural stability throughout the 11-day experimental timeline. Brightfield microscopy confirmed a 

homogeneous cell distribution across the hydrogel matrix, with no evident signs of compaction or 

degradation (Figure 4.7). Even though some cells escaped the hydrogel matrix 24 hours after fabrication, 

the whole constructs were transferred to a new culture plate with each change of medium to avoid any 

contribution of the escaping cells in monolayers to the readouts. 
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Figure 4.7. Macroscopic appearance of 3D liver constructs at different timepoints, evaluated by brightfield 
microscopy to assess hydrogel integrity. 

A) Representative image of a freshly fabricated construct and its cell distribution. Scale bar = 50 µm. B) Representative 

image at day 0 (before incubation under high lipid regime). Scale bar = 1000 µm. C) Representative image on day 7 (final 

timepoint). Scale bar = 1000 µm. 

 

4.4.3 Phenotypic Preservation 

A preserved hepatocyte-like phenotype is crucial to replicating steatosis and the metabolic changes 

elicited by lipid overload. Before initiating disease induction, we confirmed that the 3D environment 

supported hepatocyte identity. Albumin protein is expressed in hepatocytes and is a common marker of 

hepatocyte health and differentiated state. Immunofluorescence was performed after the adaptation 

period in SFM (day 0) and at the end of experiment. Immunofluorescence revealed albumin-positive 

clusters on day 0 and in control constructs at day 7, demonstrating that the encapsulation process and 

the hydrogel environment did not impair the cells' differentiated state and albumin synthetic capabilities 

(Figure 4.8). 
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Figure 4.8. Assessment of phenotypic preservation in 3D liver constructs by confocal microscopy. 

Representative images of albumin-positive hepatocytes and vimentin-expressing HSCs. A) Day 0. B) Day 7. Scale bars = 

100 µm. Created with BioRender. (2026). https://BioRender.com/gd5e7hk 

 

4.4.4 Steatosis and The Synergistic Transition to MASH 

Under steatosis, excess lipids are compartmentalized in LDs, triggering hepatocyte ballooning. At the 

final timepoint, brightfield microscopy revealed subcellular structures resembling lipid droplets, which 

were consistently present in all NEFAs- and NEFAs+LPS-treated constructs. Similar structures were not 

observed with this microscopy technique in control and LPS-treated groups (Figure 4.9). 
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Figure 4.9. First observations of steatosis in 3D liver constructs by brightfield microscopy 

Constructs imaged at the final timepoint (day 7). White arrows point at subcellular structures resembling lipid droplets in 

ballooned hepatocytes. A) Control group. B) NEFAs-treated group. C) NEFAs+LPS co-treated group. D) LPS group. Scale 

bar = 100 µm. 

 

Moreover, brightfield microscopy revealed large structures resembling apoptotic bodies, especially in 

the co-treated group. Like LDs and ballooning, structures resembling apoptotic bodies were not 

observed with this microscopy technique in control and LPS-treated groups (Figure 4.10). 
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Figure 4.10. Representative brightfield images of structures resembling apoptotic bodies. 

Pointed at with white arrows, these structures were found in NEFAs-treated constructs (A) and NEFAs+LPS co-treated 

constructs (B). Scale bars = 100 µm. 

 

Oil Red O staining was tested on cryosections of 3D liver constructs, as is common in liver histology. 

Unfortunately, good quality staining was not achieved with these collagen-based hydrogels, as 

particulate dye precipitates appeared consistently inside cryosections. Alternatively, a fluorescent probe 

approach was chosen to test image-based quantification of steatosis. 

The 3D constructs were imaged at the end of experiment by confocal microscopy to assess the degree 

of lipid accumulation after the induction of steatosis and stimulation of HSCs. AdipoRed™ stain is Nile 

Red dye commercially available for staining of neutral lipids in live cell samples. This lipophilic dye 

partitions into the intracellular fat droplets and is commonly used to assess adipocyte differentiation. 

Since hepatocytes are fat-storing cells—even in healthy conditions, this dye was employed to detect 

baseline and abnormal levels of intracellular LDs in the 3D liver constructs. At the final timepoint, live 3D 

constructs were incubated with diluted dye as per manufacturer instructions, followed by Z-stack 

confocal acquisition for the 572 nm emission wavelength of Nile Red. Baseline lipid content was 

observed as expected in the control group as diffuse signal with few defined LDs. In contrast, the 

constructs treated with NEFAs exhibited brighter and larger LDs in greater number, morphologically 

similar to the structures initially observed by brightfield microscopy (Figure 4.9). Surprisingly, lipid 

accumulation in NEFAs+LPS co-treated constructs was consistently exacerbated both in LD number 
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and size. Finally, the intracellular lipid content of LPS-treated constructs was diffuse like the control 

group, though bigger droplets were observed compared to the control (Figure 4.11). 

 

 

Figure 4.11. Assessment of steatosis in live 3D liver constructs. 

Representative confocal Z-projections of live constructs stained with AdipoRed™ at the final timepoint. Nuclei were 

stained with Hoechst 33342. Scale bar = 100 µm. 

 

Using AdipoRed™ staining and confocal Z-stack analysis, we detected a significant 70.6% increase in 

mean fluorescence intensity (p=0.027) in the NEFAs group, with a massive 479.4% expansion in lipid 

droplet area (p=0.01) compared to controls. Interestingly, while the total area and intensity increased 

significantly, the droplet count only rose by 63.1% without reaching statistical significance (p>0.05). This 

suggested that the high-lipid challenge only primarily drives the growth and coalescence of existing 

droplets rather than just creating new ones, a feature that closely mimics the macrovesicular steatosis 

observed in patients (Figure 4.12). 

To model the transition from simple steatosis to the more aggressive MASH, we incorporated an 

experimental group co-treated with NEFAs 400 µM + LPS 0.1 µg mL⁻¹, on day 4 and stimulate the 

inflammatory potential of the LX-2 cells. The co-treatment (NEFAs+LPS) triggered a dramatic synergistic 

response. We observed a 141.7% increase in AdipoRed intensity (p<0.0001) and a 118.1% increase in 

droplet count (p=0.0007). Droplet area showed a striking 506% increase (0.007). The huge differences 

in all metrics observed in the co-treated group suggested some synergistic effect. Significant differences 
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between NEFAs and NEFAs+LPS groups (p=0.035 for intensity) were observed, supporting a potential 

synergy. Notably, LPS alone did not induce lipid accumulation reflected in intensity or droplet area, 

suggesting that the observed phenotype is a result of metabolic-inflammatory synergy rather than 

individual stimuli effects, and that lipid loading is necessary to induce steatosis. This quantification is 

consistent with observations from projections of AdipoRed™ staining (Figure 4.11). 

 

 

Figure 4.12. Quantitative assessment of steatosis in live 3D liver constructs. 

A) Quantification of AdipoRed™ mean fluorescence intensity normalized to Hoechst 33342 intensity signal. B) Lipid 

droplet area normalized to nuclei number. C) Lipid droplet count normalized to nuclei number. Results are expressed as 

mean ± SEM and compared using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc tests when 

appropriate. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 

 

4.4.5 Hepatocellular Dysfunction and Damage   

Hepatocytes are damage under sustained lipid stress. These effects are monitored through markers of 

hepatocellular function and damage. We monitored albumin (ALB) mRNA expression in all experimental 

groups to assess hepatocyte integrity and function. Immunofluorescence staining was performed on 3D 

construct cryosections to visualize albumin-positive clusters of differentiated hepatocytes. Like the 

previous observations in steatosis, a potential synergistic effect emerged. This synergistic stress caused 

by the co-treatment directly impaired liver function. 

NEFAs alone did not significantly reduce ALB mRNA expression, although a clear downward trend of 

0.56-fold was observed compared to the control group (p>0.05). In contrast, ALB expression decreased 

significantly in the NEFAs+LPS co-treated group, showing a 0.23-fold change compared to the control 

(p=0.02) at the final timepoint. LPS alone also significantly reduced ALB expression (0.30-fold change 

compared to control, p=0.02). 

Qualitatively, confocal images closely replicated the quantification of relative expression. Numerous 

albumin-positive clusters were observed, along with bright confocal signal. Marked reductions in the 

signal intensity and number of albumin-positive cells were observed in both NEFAs and NEFAs+LPS 
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groups, though the latter showed the strongest decrease. This observation may indicate a significant 

loss of hepatocyte identity or health under MASH conditions (Figure 4.13). 

 

 

Figure 4.13. Evaluation of albumin expression and synthesis as a marker of hepatocyte identity. 

A) Relative mRNA expression of ALB (albumin) at the final time point, using the carrier condition as the reference group 

and ACTB (actin β) as the housekeeping gene. Expression levels were calculated by the ΔΔCt method. B) Albumin 

immunostaining on construct cryosections at the final timepoint. Nuclei were stained with Hoechst 33342. Scale bar = 100 

µm. Results are expressed as mean ± SEM and compared using one-way analysis of variance (ANOVA) followed by 

Tukey’s post hoc tests when appropriate. * p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 

 

To further evaluate hepatocellular damage, we monitored aspartate aminotransferase (AST) activity in 

supernatants from 3D liver constructs. AST is an enzyme involved in amino acid metabolism and is 

employed as canonical marker of hepatocellular damage, as it is released into circulation when cell 

disassembly of ballooned hepatocytes occurs. 
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Figure 4.14. Hepatocellular damage and overall cell viability of 3D constructs. 

A) Supernatant analysis of aspartate aminotransferase (AST) levels at the final timepoint. B) Percentage of live cells over 

total cells from LIVE/DEAD™ staining. Results are expressed as mean ± SEM and compared using one-way analysis of 

variance (ANOVA) followed by Tukey’s or Dunnett’s post hoc tests when appropriate. * p < 0.05; ** p < 0.01; *** p < 0.001; 

**** p < 0.0001. 

 

Although significant differences in AST concentration were not detected in the NEFAs-treated group, 

AST activity rose by 285.7% (p=0.002) in the NEFAs+LPS co-treated group. Supernatants from LPS 

treated constructs showed a significant 185.7% rise in AST concentration as well (p=0.03) (Figure 

4.14A). The behavior of AST release into the supernatants occurred along with a significant 22.9% 

reduction in cell viability (p=0.03) of the NEFAs+LPS co-treated constructs, as confirmed by LIVE/DEAD 

staining. Interestingly, NEFAs-alone (-15.9%) and LPS-alone (-14.9%) treatments caused apparent but 

not significant drops in cell viability compared to the control group (Figure 4.14B). 
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Figure 4.15. Representative confocal images of LIVE/DEAD™ staining at the final timepoint. 

Scale bar = 100 µm. 

 

Live and dead cells were visualized by confocal microscopy. Dead cells (red) were more frequently 

observed in both the NEFAs and NEFAs+LPS groups than in control images, and treatment exposure 

was associated with clear morphological changes. In these groups, many cells appeared more rounded, 

consistent with hepatocyte rounding/ballooning and an apparent increase in cell size. In contrast, the 

LPS-only group showed no obvious changes in hepatocyte size; however, dead cells were more 

numerous and were accompanied by elongated, branched cells suggestive of activated HSCs (Figure 

4.15). 

 

4.4.6 Markers of apoptosis and MASLD progression 

Caspase-3 is a key effector of apoptosis, mediating irreversible cellular dismantling and commonly used 

as a readout of apoptotic activity. Here, caspase-3 was quantified in construct supernatants to capture 

extracellular levels of the active enzyme at the downstream end of the caspase cascade. NEFAs induced 

an early increase in caspase-3 as soon as day 4 (post–lipid hit), reaching +79.5% versus controls 

(p=0.007). By day 7, following the HSC stimulation phase, caspase-3 remained elevated relative to 

controls (+37.1%, p>0.05), although absolute concentrations were lower than at day 4. In contrast, the 

NEFAs+LPS co-treatment group displayed significantly increased caspase-3 on day 7 (+70.1%, p=0.01) 

compared to controls. LPS treatment alone produced only a modest, non-significant increase (+17.5%, 
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p>0.05). Overall, these results suggest a model in which lipotoxicity initiates apoptotic signaling, which 

is subsequently maintained or reinforced by the inflammatory second hit (Figure 4.16). 

 

 

Figure 4.16. Apoptotic effector caspase-3 in supernatants from 3D liver constructs. 

A) Day 4 (after incubation in high-lipid regime). B) Day 7 (after incubation in HSC-stimulating conditions). Results are 

expressed as mean ± SEM. Groups at day 4 were compared with unpaired tests with Welch’s correction. Groups on day 7 

were compared using one-way ANOVA followed by Tukey’s, Dunnett’s, or Kruskal-Wallis post hoc tests when appropriate. 

* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 

 

IL-6 is a pleiotropic cytokine that contributes to hepatocyte homeostasis and inflammatory signaling, and 

it also functions as an inter-organ mediator. In line with the trends observed for other readouts, IL-6 

changed minimally to day 4 following NEFAs exposure. By day 7, however, a pronounced inflammatory 

response became evident: NEFAs alone elicited only a modest, non-significant increase in IL-6 

(+18.24%, p>0.05), whereas NEFAs+LPS co-treatment induced a marked elevation in IL-6 supernatant 

levels (+323.2%, p<0.0001). LPS alone produced a smaller, non-significant increase (+38.3%, p>0.05). 

IL-6 levels in the co-treated group were significantly higher than in all other conditions, consistent with a 

synergistic effect of lipotoxicity and the HSC-stimulation phase (Figure 4.17A-B). 

IL-8 (CXCL8) is a chemotactic protein involved in the progression to MASH stage, a very strong predictor 

of fibrosis and correlates with poor outcomes for MASLD patients. Like IL-6 expression pattern, IL-8 

expression trended upward on day 4 (+22.5%) but without statistical significance. After the HSC 

stimulation phase at day 7, supernatant levels of IL-8 showed a 6.0% increase in the NEFAs-treated 

group and reached significance only in NEFAs+LPS group with a 55.8% rise (p=0.007) and LPS-alone 

group with a 46.5% increase (p=0.03) (Figure 4.17C-D). 
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Figure 4.17. Inflammatory cytokines related to MASH progression in supernatants from 3D liver constructs. 

Measured at day 4 and day 7. A) – B) IL-6. C) – D) IL-8 (CXCL8). Results are expressed as mean ± SEM. Groups at day 

4 were compared with unpaired tests with Welch’s correction. Groups on day 7 were compared using one-way ANOVA 

followed by Tukey’s, Dunnett’s, or Kruskal-Wallis post hoc tests when appropriate. * p < 0.05; ** p < 0.01; *** p < 0.001; 

**** p < 0.0001. 

 

4.4.7 Pro-fibrotic Remodeling 

ECM remodeling is a hallmark of the disease progression to MASH, where activated HSCs actively 

deposit collagen, among other components, contributing to the onset of fibrosis and an overall change 

in the physical properties of the liver tissue. We investigated ECM remodeling through histological, 

biochemical, and molecular approaches. 

PDGF-BB isoform is a strong mitogen and activator of HSCs, promoting HSC proliferation and 

fibrogenesis. Despite a mild 17.6% increase in the NEFAs-treated group, PDGF-BB in 3D liver 

constructs supernatants showed no significant changes on day 4. However, on day 7, NEFAs+LPS co-

treatment significantly upregulated PDGF-BB by 279% (p=0.02), suggesting the activation of pro-fibrotic 

pathways, specifically under combined metabolic and inflammatory stress (Figure 4.18). 
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Figure 4.18. PDGF-BB isoform in supernatants from 3D liver constructs. 

A) Day 4 (after incubation in high-lipid regime). B) Day 7 (after incubation in HSC-stimulating conditions). Results are 

expressed as mean ± SEM. Groups at day 4 were compared with unpaired tests with Welch’s correction. Groups at day 7 

were compared using one-way ANOVA followed Kruskal-Wallis post hoc tests when appropriate. * p < 0.05; ** p < 0.01; 

*** p < 0.001; **** p < 0.0001. 

 

Vimentin is an intermediate filament protein that is upregulated during hepatic stellate cell (HSC) 

activation, marking the transition from a quiescent state toward a myofibroblast-like, fibrogenic 

phenotype. In addition to its association with activation, vimentin contributes to cell shape, motility, and 

migration, making it a useful indicator of cytoskeletal remodeling in activated HSCs. In control 

cryosections, vimentin staining was faint and sparse. In contrast, NEFAs-treated samples displayed 

brighter, more elongated, and branched vimentin-positive structures. The strongest signal and most 

extensive branching were observed in NEFAs+LPS co-treated constructs, whereas the LPS-only group 

showed a milder, less interconnected network, consistent with LPS acting as a direct HSC stimulus 

(Figure 4.19). Overall, these qualitative patterns support treatment-induced HSC activation, with 

vimentin network intensity and architectural complexity increasing with induction severity. 

 



Bioengineered Liver Module 

80 

 

 

Figure 4.19. Vimentin immunostaining at the final timepoint. 

Representative confocal Z-projections of construct cryosections stained with antibodies against intermediate filament 

protein vimentin, and DAPI (nuclei). Scale bar = 100 µm. 

 

Picro Sirius Red staining was used to visualize collagen networks in tissue cryosections. In brightfield 

images, the staining revealed collagen fiber deposition forming pericellular halos around cell clusters, a 

pattern reminiscent of early pericellular fibrosis reported in MASH (Figure 4.20A). Because cytoplasmic 

components are counterstained in yellow/golden tones, overall cellular morphology could also be 

qualitatively assessed by brightfield microscopy. Compared with controls, NEFAs-treated constructs 

displayed more rounded cells with irregular outlines, consistent with lipid overload–associated 

hepatocyte swelling and ballooning-like morphology. In NEFAs+LPS co-treated constructs, fragmented 

and dismantled-looking cells were frequently observed surrounded by debris-like material, indicating 

pronounced structural disruption (Figure 4.20A). 

Under polarized light, collagen fibers exhibited birefringence consistent with a mixed fiber composition, 

including yellow/orange signals typically associated with thicker, more densely packed fibers often 

attributed to type I collagen and green signals typically associated with thinner fibers often attributed to 

type III collagen (Figure 4.20B). Control sections showed weaker, more diffuse and sparse birefringence 

with predominantly yellow signal distributed across the section. In the NEFAs group, collagen appeared 
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more organized, with brighter and more continuous birefringent fibers. The NEFAs+LPS co-treatment 

group displayed the highest degree of fiber organization and an increased contribution of red/orange 

birefringence, consistent with a shift toward thicker and/or more compact collagen fibers. In these 

samples, fibers frequently extended between neighboring clusters, producing bridging-like patterns, 

consistent with those described in progressive fibrotic disease. In contrast, LPS-treated constructs 

showed predominantly yellow birefringence with comparatively thinner-appearing fibers and with a 

marked level of organization (Figure 4.20B). 

 

 

Figure 4.20. Histological characterization of 3D liver construct cryosections with Picro Sirius Red staining. 

A) Representative brightfield images of cryosections stained with the dye. Staining interpretation: Collagen fibers – red. 

Cytoplasm – yellow/gold. White arrows point at notable structures discussed above. Scale bar = 100 µm. B) Polarized 

light microscopy on the same construct cryosections stained with the dye. Staining interpretation: Type-I collagen fibers – 

yellow/orange birefringence. Type-III collagen fibers – green birefringence. Scale bar = 100 µm. 
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This structural remodeling was further supported by the assessment of collagen type-I relative 

expression. Despite a mild non-significant increase (1.09-fold, p>0.05), NEFAs treatment did not 

upregulate COL1A1 relative expression compared to the reference group. However, a 2.50-fold increase 

in COL1A1 expression (p=0.03) was expressed in the NEFAs+LPS co-treated group. LPS treatment 

alone upregulated COL1A1 relative expression, though to a lesser extent (2.06-fold, p>0.05). These 

results suggest an active collagen deposition in response to treatments (Figure 4.21). 

 

 

Figure 4.21. Relative mRNA expression of COL1A1 gene at the final timepoint. 

Carrier condition is the reference group and ACTB (actin β) is the housekeeping gene. Expression levels were calculated 

by the ΔΔCt method. Results are expressed as mean ± SEM. Groups were compared using one-way ANOVA followed by 

Dunnett’s post hoc tests when appropriate. * p < 0.05; ** p < 0.01. 

 

Procollagen serum biomarkers reflect collagen turnover, specifically collagen type-I (PINP) and collagen 

type-III (PIIINP) synthesis, and serve as non-invasive indicators of fibrosis in heart, liver, and lungs. The 

supernatant concentrations of both propeptides were measured as soluble indicators of collagen 

deposition inside the 3D constructs. Interestingly, PINP and PIIINP propeptides in the supernatants did 

not show significant increases on day 4. On day 7, however, PIIINP levels trended downward with both 

NEFAs (-6.1%, p>0.05) and NEFAs+LPS (-14.7%, p>0.05) treatments, while LPS alone significantly 

reduced PIIINP levels (-51.2%, p=0.001). PINP showed non-significant upward trends under NEFAs and 

NEFAs+LPS treatment at the same timepoint (Figure 4.22). 
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Figure 4.22. PIIINP and PINP in supernatants from 3D liver constructs at day 4 (after lipid hit) and 7 (after lipid hit 
and hepatic stellate cell stimulation). 

A) – B) procollagen type-III. C) – D) Procollagen type-I. Results are expressed as mean ± SEM. Groups at day 4 were 

compared with unpaired tests with Welch’s correction. Groups at day 7 were compared using one-way ANOVA followed 

by Tukey’s or Dunnett’s post hoc tests when appropriate. * p < 0.05; ** p < 0.01. 

 

The lack of elevated propeptides in supernatants may reflect either propeptide retention within the dense 

3D matrix or a shift in collagen temporal dynamics not captured by these circulating markers. These 

observations further emphasize the importance of the 3D scaffold for capturing these architectural 

changes. 
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4.5 Discussion 

4.5.1 The balance between biological faithfulness, scalability and modularity of the 3D 

liver constructs 

MASLD is increasingly recognized not as a static condition, but as a pathobiological continuum. This 

progression spans from relatively indolent hepatic triglyceride sequestration to MASH, a critical junction 

where lipotoxicity, chronic inflammation, and active fibrogenesis become the primary drivers of liver 

injury [41,216]. Recapitulating this transition in vitro remains a formidable challenge due to its 

multifactorial and nonlinear nature. In the in vivo environment, the shift toward a MASH phenotype is 

governed by a sophisticated reciprocal crosstalk between parenchymal hepatocytes—the primary hubs 

for lipid metabolism and proteotoxic stress responses—and non-parenchymal cells, most notably HSCs, 

alongside systemic influences such as immune cell infiltration and endocrine signaling. 

Traditional in vitro methodologies struggle to encapsulate this systemic complexity. While 2D 

monocultures offer a scalable platform for quantifying intracellular lipid droplet dynamics, they are 

fundamentally limited by their inability to maintain the quiescent state of HSCs or reproduce the polarized 

tissue-level architecture essential for physiological signaling. Conversely, while advanced organoid and 

microfluidic organ-on-a-chip systems significantly enhance cellular complexity and biomimetic 

interactions, they often introduce substantial biological variability or lack the throughput necessary for 

extensive secretome analysis [217–219]. 

Addressing these limitations, the 3D liver constructs developed in this thesis were not designed to 

simulate the entirety of the metabolic syndrome, but rather to serve as a high-fidelity, stage-specific 

hepatic surrogate. By establishing distinct steatosis-like and MASH-like phenotypes within a multicellular 

framework, this model prioritizes the stabilization of hepatocyte-HSC interactions. Crucially, the platform 

is engineered as a standardized generator of stage-specific secreted factors. This modularity allows for 

the causal investigation of liver-derived factors on distal tissues—specifically skeletal muscle, as 

explored in Chapter 5—under the automated dynamic control systems detailed in Chapter 6. 

Consequently, this liver module functions as a controlled biological engine, enabling the functional 

dissection of organ-organ crosstalk in a way that traditional, closed-system models cannot. 

 

4.5.2 Cell types and 3D hydrogel architecture 

The selection of HepaRG cells as the parenchymal backbone of this model is key due to their exceptional 

metabolic longevity and unique dual differentiation capacity. Unlike PHHs, which suffer from rapid 

phenotypic decay and significant donor-to-donor variability, HepaRG cells maintain stable metabolic 

profiles over extended culture periods [200]. For the purposes of this work, reproducible experiments to 

assess downstream effects on skeletal muscle and phenotypic durability are prerequisites. It ensures 

that the secreted factors used for inter-organ signaling (Chapter 5) are derived from a consistent and 

well-characterized metabolic state rather than being an artifact of primary cell dedifferentiation. 
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To simulate the inflammatory and pro-fibrotic signaling characteristic of MASH, LX-2 HSCs were 

integrated as the primary non-parenchymal component. While LX-2 cells are an immortalized line and 

may not encapsulate the full spectrum of primary HSC heterogeneity, they remain the gold standard for 

modeling paracrine signaling and fibrogenic activation in vitro. Their high transfectability and ability to 

retain key features of the HSC activation make them superior to earlier immortalized lines [220,221]. 

Within the scope of this research, the LX-2 line provides the minimal functional unit necessary to drive 

the transition from simple steatosis to a MASH-like state, prioritizing platform scalability without 

sacrificing the essential biochemical outputs required for subsequent modular integration. 

The decision to transition from 2D culture to a 3D type-I collagen-based hydrogel architecture addresses 

a fundamental limitation in liver modeling: the high sensitivity of HSCs to substrate stiffness. In 

conventional 2D systems, the high and non-biological rigidity of plastic or glass surfaces triggers 

spontaneous non-physiological HSC activation, confounding the study of disease-driven fibrosis. By 

embedding the HepaRG/LX-2 co-culture within a 3D matrix of tunable stiffness, we provide a more 

biomimetic mechanical environment that better maintains HSCs in a representative state. 

Furthermore, this 3D arrangement allows for dynamic matrix remodeling to be assessed. While complex 

microfluidic "liver-on-a-chip" platforms offer high-resolution control over cellular interfaces, they often 

necessitate cumbersome peripheral equipment that limits throughput. Our hydrogel-based approach 

strikes a strategic balance; it captures the essential crosstalk between cells and their environment while 

remaining compatible with multiplexed endpoint assays and standardized liquid handling. This ensures 

the model is not only biologically relevant but also practically robust for the automated dynamic control 

systems discussed in Chapter 6. 

 

4.5.3 Disease induction strategy 

To simulate the progression from simple steatosis to MASH, this model utilizes a precisely defined 

induction strategy rather than a multifactorial metabolic cocktail. While more complex mixtures—

simulating hyperinsulinemic or hyperglycemic conditions—might offer broader physiological inclusivity, 

they frequently introduce significant batch variability and obscure the causal attribution of specific 

phenotypes. In the context of this work, where the liver’s secreted factors are subsequently applied to 

skeletal muscle (Chapter 5), maintaining a defined chemical environment is paramount to isolating the 

effects of liver-derived factors from the baseline induction components. 

The choice of NEFAs, specifically a 2:1 ratio of PA and OA conjugated to albumin, provides a high-

fidelity surrogate for the primary hepatic lipid influx observed in patients. Clinical evidence suggests that 

approximately 60% of the hepatic lipid pool in MASLD originates from peripheral lipolysis in adipose 

tissue, with an additional 15% coming from dietary intake [64,222–224]. By prioritizing NEFAs-mediated 

lipotoxicity over DNL, the model still accurately reflects the dominant drivers of lipid overload while 

ensuring the metabolic input remains quantifiable and reproducible. 
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To transition the phenotype toward MASH, LPS was utilized as a second hit. This reflects the clinical 

impairment of the gut-liver axis, where increased intestinal permeability leads to systemic endotoxemia 

and the subsequent activation of innate immune pathways within the liver [225]. By using LPS as a 

controlled inflammatory amplifier, we successfully recapitulate the transition from passive lipid 

sequestration to an active, pathological state characterized by inflammatory signaling. This defined, 

modular approach avoids the variability often associated with serum-based or poorly defined medium 

supplements [226]. Ultimately, this strategy ensures that the disease-stage secreted factors generated 

are sufficiently robust for downstream testing in skeletal muscle models and for the automated, dynamic 

integration covered in Chapter 6. 

 

4.5.4 The synergy in steatosis and hepatocellular injury 

A consistent pattern emerged across all readouts: the co-treatment of NEFAs and LPS elicited the most 

significant phenotypic changes. Quantitative microscopy revealed that while NEFAs alone induced 

steatosis, the effect was markedly intensified when combined with LPS. Critically, LPS administration in 

the absence of NEFAs did not induce lipid accumulation. This suggests that the exacerbated steatosis 

in the co-treated group is not a technical artifact of HSC activation, but rather a functional synergy where 

inflammatory signaling impairs hepatocellular lipid handling. These findings support the emerging 

consensus that MASH is not merely the additive result of two independent insults, but a complex 

interaction of multiple impaired pathways. 

The observed decline in albumin (ALB) expression provides significant insight into the progression 

toward a MASH-like phenotype in vitro. The most pronounced reduction occurred in the NEFAs+LPS 

group, although LPS alone also exerted a significant inhibitory effect. While further selection of reference 

genes may help refine the specific contribution of LPS to ALB suppression, the downward trend aligns 

with clinical observations where reduced albumin synthesis serves as a hallmark of deteriorating liver 

function and correlates inversely with Child-Pugh and MELD scores [227,228]. 

Mechanistically, ALB expression is tightly linked to the broader hepatocyte identity program, which is 

largely orchestrated by the master regulator Hepatocyte Nuclear Factor 4 Alpha (HNF4A) [228]. Previous 

studies have demonstrated that HNF4A activity is significantly inhibited under lipotoxic conditions [229]. 

We hypothesize that under the combined stress of lipid overload and inflammatory signaling, 

hepatocytes may undergo a shift in biological priorities, favoring survival pathways over the maintenance 

of specialized metabolic functions. This hypothesis is consistent with previous findings from our 

laboratory in 3D murine models, where Hnf4a expression decreased in a dose-dependent manner with 

NEFAs exposure [184]. In the context of this thesis, this shift is critical: the secreted factors generated 

by these constructs reflect the altered hepatocyte state and not merely a consequence of increased lipid 

content. 

The elevation of AST in the co-treated condition further corroborates the observed loss of hepatocyte 

identity and suggests that cellular injury contributes to the decline in albumin production. This increase 
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in AST mirrors clinical patterns in MASH patients, where elevated transaminases are associated with 

lobular inflammation and hepatocyte ballooning [230]. Although AST levels can be variable and 

influenced by various hepatic events, it remains a robust and clinically relevant marker of hepatocellular 

damage within this in vitro framework. To further validate these findings, additional markers specifically 

involved in programmed cell death and irreversible injury are explored in the subsequent sections to 

confirm the recapitulation of key MASH progression events. 

 

4.5.5 Apoptosis 

Caspase-3 serves as a pivotal effector caspase within the apoptotic cascade. Synthesized as an inactive 

zymogen, it is proteolytically activated by initiator caspases 8, 9, and 10 to execute cell death through 

the cleavage of essential structural and regulatory proteins [231]. In this model, active caspase-3 levels 

rose significantly by day 4 following the initial lipid challenge. This early elevation likely reflects the onset 

of hepatocyte apoptosis in response to lipotoxic stress. Mechanistically, this is consistent with palmitate-

induced activation of the c-Jun N-terminal kinase (JNK) pathway—a primary stress response regulator 

of apoptosis—and subsequent ERK phosphorylation [232]. 

The persistence of this apoptotic signal through day 7 underscores the role of caspase-3 as both a 

marker and a mediator of sustained injury in MASH. The early emergence of these cues aligns with the 

established pathological sequence: lipotoxicity triggers hepatocyte apoptosis, leading to the release of 

apoptotic bodies and DAMPs. These factors, in turn, activate HSCs and initiate an inflammatory 

response that further exacerbates hepatocellular injury, establishing a pathogenic feed-forward loop 

[117]. 

Interestingly, the absolute concentration of active caspase-3 in the supernatants was lower on day 7 

than on day 4. This observation may be attributed to a reduction in the total pool of viable, active 

hepatocytes following sustained exposure to lipid overload and paracrine inflammatory signaling from 

activated HSCs. Crucially, the temporal behavior of caspase-3 helps distinguish a MASH-like 

progression from simple, acute lipotoxicity. If inflammatory cytokines had peaked on day 4 prior to 

apoptotic markers, the model would primarily reflect an immune-driven response. Instead, the early 

appearance of apoptosis followed by the later prominence of inflammatory mediators supports a staged 

progression that is highly consistent with the known pathophysiology of human MASLD, further validating 

the induction strategy employed in this work. 

 

4.5.6 HSC activation as a driver of a MASH-like progression 

A robust MASLD platform must capture the activation of HSCs, as these non-parenchymal cells are 

central responders and executors of fibrogenic remodeling. During MASLD progression, quiescent 

vitamin A-storing HSCs transition into proliferative, chemotactic myofibroblasts in response to paracrine 

cues—including hepatocyte stress signals, PAMPs, and DAMPs [117]. 
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In this model, the histological evidence of vimentin remodeling—characterized by increased intensity 

and the formation of network-like morphologies, particularly in the NEFAs+LPS group—aligns with an 

activated phenotype. This structural transformation provides a cellular correlation to the changes in the 

secreted factors discussed below, reinforcing the model’s ability to simulate the transition from a 

metabolic storage state to an active pathological state. 

 

4.5.7 Temporal resolution of cytokine and growth factor responses 

The measurement of biomarkers on day 4 and day 7 allows for a sequential interpretation of disease 

development. Interestingly, NEFAs exposure alone did not significantly elevate inflammatory biomarkers 

by day 4, suggesting that lipid loading is insufficient to trigger immediate paracrine activation within 96 

hours. This observation is consistent with the clinical behavior of early MASLD, which often remains 

silent regarding systemic inflammatory markers [233,234]. Other in vitro co-culture studies have similarly 

noted that inflammatory cytokines typically emerge in later phases rather than the initial steatotic stage 

[235,236]. This reflects the high buffering capacity of hepatocytes, which can tolerate substantial lipid 

accumulation before manifesting severe stress [234]. However, by day 7, the MASH-like group 

(NEFAs+LPS) demonstrated a clear elevation in inflammatory and growth factor outputs. 

IL-6 served as a key indicator of this chronic inflammatory shift. While IL-6 can support regeneration in 

acute settings [237–239], its sustained elevation is a hallmark of metabolic dysregulation and clinical 

severity in MASH, even acting as a driver for hepatocellular carcinoma [239]. In our model, the sustained 

elevation of IL-6 without corresponding changes in C-reactive protein (CRP) suggests a transition toward 

chronic inflammation rather than an acute-phase response. This correlates with the previously noted 

decline in albumin synthesis, suggesting that IL-6 may drive hepatocytes to prioritize survival over 

specialized metabolic functions [240]. 

Interleukin-8 (IL-8/CXCL8) is a potent pro-inflammatory chemokine and a primary mediator of neutrophil 

recruitment. In the context of MASH, IL-8 expression is closely linked to lipotoxicity and the activation of 

the gut-liver axis. Clinical data indicate that serum IL-8 levels reflect the severity of cirrhosis and correlate 

more strongly with fibrotic liver injury and poor clinical outcomes than many established fibrosis markers 

[241,242]. In this model, the significant upregulation of IL-8 in the NEFAs+LPS group on day 7 suggests 

that the platform successfully recapitulates the transition to an active inflammatory state. Beyond its role 

in leukocyte recruitment, recent reports suggest that IL-8 possesses potent pro-angiogenic properties 

that may link chronic MASH to hepatocarcinogenesis [243]. The presence of IL-8 in the construct 

supernatants indicates that the model is producing a chemotactic phenotype capable of signaling to the 

immune system. This functionality is a key requirement for future modular experiments where immune 

cell recruitment could be integrated into the platform. 

Platelet-Derived Growth Factor-BB (PDGF-BB) is recognized as the most potent mitogen for activated 

HSCs and a central driver of hepatic fibrosis. The importance of this pathway is highlighted by in vivo 

studies where PDGFRβ-deficient mice exhibit significantly reduced fibrosis and chronic inflammation, 
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even when steatosis remains unchanged [244,245]. This underscores that PDGF signaling is a specific 

requirement for the progression from simple lipid accumulation to fibrotic tissue remodeling. In this 3D 

model, the elevated levels of PDGF-BB in the MASH-like group provide robust evidence of LX-2 

activation. While HSCs are the primary source of PDGF isoforms in the liver, the use of HepaRG cells 

adds another layer of physiological relevance; their cholangiocyte-like features allow the production of 

additional PDGF isoforms, potentially creating a more complex signaling environment than a simple 

hepatocyte-HSC co-culture. The detection of PDGF-BB in the supernatants is particularly valuable for 

the downstream studies in Chapter 5. It confirms that the liver module is not only secreting inflammatory 

cytokines but also potent growth factors that can fundamentally alter the metabolic and structural 

environment of distal tissues like skeletal muscle. 

 

4.5.8 Pro-fibrotic remodeling and ECM markers 

The histological analysis provides strong evidence of active ECM remodeling. The observation of 

collagen fibers extending between cell clusters resembles the bridging fibrosis patterns seen in clinical 

biopsies [245]. This is further supported by Picro Sirius Red staining and the upregulation of COL1A1. 

However, we observed an unexpected reduction in the soluble propeptides PIIINP and PINP on day 7. 

This should not be interpreted as a downregulation of fibrosis, but rather as a reflection of the complex 

regulation and post-translational modifications (PTMs) inherent to collagen processing [246]. In MASLD 

progression, type III collagen typically appears early in the remodeling phase, while type I peaks later 

[247]. It is possible that day 7 captures a specific window where collagen deposition is occurring rapidly, 

but the release of soluble propeptides into the supernatant is hindered. 

Furthermore, the 3D hydrogel environment likely influences the bioavailability of these markers. As the 

matrix becomes denser due to fibrotic remodeling, cleaved propeptides may become sequestered within 

the construct or locally degraded rather than diffusing into the supernatant. This mechanical confinement 

highlights a fundamental difference between clinical plasma biomarkers—which represent a systemic 

balance of synthesis and clearance—and a simplified in vitro model. Therefore, imaging-based 

characterization of collagen architecture remains the most reliable indicator of active fibrotic remodeling 

in this platform. 

 

4.5.9 Summary of the model performance 

Taken together, the 3D liver model successfully reproduces multiple hallmarks of the MASLD-MASH 

progression: steatosis, hepatocyte injury, early apoptosis, stellate cell activation, and the release of 

stage-specific inflammatory and pro-fibrotic mediators. The primary value of this platform is not in 

capturing every clinical nuance of the disease, but in its ability to function as a standardized generator 

of stage-specific secreted factors. This allows for the functional testing of liver-derived factors on distal 
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tissues, providing a robust foundation for the inter-organ experiments and automated control paradigms 

detailed in Chapters 5 and 6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Chapter 5 |   Bioengineered Skeletal Muscle Module 

 

 

 

 

5.1 Chapter rationale and modeling framework 

The liver–skeletal muscle axis is a central component of MASLD-associated systemic dysfunction. 

Although the liver is the primary site of steatosis, inflammation, and fibrogenic remodeling, skeletal 

muscle is a major determinant of whole-body metabolic homeostasis and a clinically relevant target of 

wasting. In MASLD and MASH, muscle impairment can manifest not only as reduced mass, but also as 

altered tissue quality, impaired contractile performance, and reduced functional reserve. Therefore, 

modeling the extrahepatic consequences of progressive liver dysfunction requires a skeletal muscle 

platform that can report tissue-level function, rather than relying only on molecular or morphological 

markers. 

In this thesis, we adopt a fibrin-Matrigel-based human 3D skeletal muscle construct anchored between 

PDMS posts, serving as the receiving module for MASLD stage-specific CM. This configuration supports 

myoblast alignment, tissue compaction, myotube formation, and force generation under electrical pulse 

stimulation, allowing skeletal muscle performance to be quantified as a functional endpoint. The muscle 

construct represents the functional counterpart to the hepatic module developed in Chapter 4: while the 

liver model generates stage-specific signals, the skeletal muscle model enables evaluation of whether 

those signals are sufficient to induce measurable contractile, structural, and molecular alterations. This 

modular arrangement provides a controlled human in vitro framework to interrogate liver-derived effects 

on skeletal muscle while maintaining independent control over the source and target tissues. 

 

5.2 Aims and scope 

The introductory section of this chapter focuses on the experimental requirements for modeling MASLD-

associated skeletal muscle dysfunction in vitro and on the rationale for selecting a functional 3D skeletal 

muscle module as the target tissue for liver-derived signals. Accordingly, the following sections are 

organized around three main points: (i) the native complexity of skeletal muscle and the limitations of 

conventional models, particularly for studying contractile dysfunction; (ii) the main classes of in vitro 

skeletal muscle models, with emphasis on why 3D tissues compatible with electrical pulse stimulation 

provide tissue-level readouts that are not accessible in 2D cultures; and (iii) the relevance of liver–muscle 

platforms for studying hepatically driven muscle impairment. 
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The aim of this chapter is to establish, characterize, and apply a functional human 3D skeletal muscle 

model as the receiving module. Specifically, this chapter describes the fabrication and maturation of 

aligned skeletal muscle tissues, their exposure to CM generated by the 3D liver constructs described in 

Chapter 4, and the assessment of liver-induced muscle alterations through contractile, morphological, 

histological, and molecular endpoints. By doing so, this chapter tests whether MASLD-like signals from 

the liver are sufficient to impair skeletal muscle phenotype and function under controlled in vitro 

conditions, while providing the biological basis for future dynamic integration with the liver module in an 

organ-on-chip framework. 

 

5.3 Introduction: Models of Skeletal Muscle 

5.3.1 Native complexity of liver–muscle crosstalk 

Skeletal muscle modeling for MASLD/MASH‑associated sarcopenia sits at the intersection of 

multi‑organ pathophysiology and bioengineering. In this context, functional 3D in‑vitro muscle systems—

particularly those compatible with EPS and organ‑on‑chip integration—offer a way to bridge the gap 

between mechanistic reductionism in 2D cultures and the systemic but poorly controllable complexity of 

animal models [151,248,249]. 

Native skeletal muscle is a hierarchically organized, highly vascularized and innervated tissue in which 

multinucleated myofibers are bundled into fascicles and embedded in a multilayered extracellular matrix 

ECM. This environment is rich in collagens I, III, IV and VI, laminins, glycoproteins and proteoglycans, 

which collectively support force transmission, mechanotransduction and satellite‑cell niche function. 

Myogenesis and regeneration are governed by a tightly regulated transcriptional hierarchy of 

transcription factors PAX7, MYF5, MYOD1, MYOG, and MYF6) and by an immune–metabolic milieu in 

which cytokines and myokines couple muscle to systemic metabolic status [140,142]. 

As discussed in depth in Chapter 1, sarcopenia arises from an imbalance between muscle protein 

synthesis and breakdown driven by hyperammonemia in MASLD, chronic inflammation and physical 

inactivity. Hyperammonemia induces NF‑κB–dependent upregulation of myostatin, impairs mTORC1 

signaling, activates autophagy and impairs the TCA cycle anaplerosis and mitochondrial energetics, all 

of which converge on reduced muscle protein synthesis and increased proteolysis. This liver–muscle 

axis makes skeletal muscle a target of hepatically driven toxicity—an inter‑organ relationship that is 

difficult to dissect mechanistically in either conventional 2D cultures or whole‑animal models [151,250]. 

 

5.3.2 Limitations of conventional models 

Classical 2D myotube cultures on plastic or simple ECM‑coated substrates are invaluable for studying 

myogenic signaling, toxicology and high‑throughput screening, but they lack key features of adult 

muscle, especially the 3D architecture, matrix‑supported alignment, passive tension, realistic stiffness, 
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and multicellular interactions. These cultures often exhibit fetal‑like gene expression, immature 

sarcomeric organization and limited force‑generating capacity, which constrains their utility for modelling 

contractile dysfunction and metabolic defects in sarcopenia [250,251]. 

Rodent models capture systemic influences such as hormonal milieu, neural input, physical activity and 

whole‑organ metabolism, and they have been extensively used to study muscle wasting in chronic liver 

disease and cirrhosis. However, species differences in immune responses, mitochondrial biology, ECM 

composition and fiber type distribution limit translational fidelity, and in vivo it is nearly impossible to 

isolate the contribution of specific hepatic signals—for instance steatotic hepatocyte secretome—from 

confounders such as diet, activity and ageing [251]. These limitations have motivated a shift toward 

bioengineered 3D skeletal muscle models that aim to recapitulate human tissue architecture and function 

while retaining experimental control and modularity. 

 

5.3.3 In‑vitro skeletal muscle models 

5.3.3.1 2D systems with engineered topographical cues 

Several intermediate systems enhance 2D cultures by imposing geometric or topographical cues that 

promote myotube alignment and partial maturation. Micropatterning using microcontact printing, 

microgrooved hydrogels or crumpled graphene can guide C2C12 and human myoblasts into highly 

aligned myotubes with improved sarcomeric organization and increased expression of contractile genes. 

Electrospun fiber mats and patterned conductive substrates like PEG–PEDOT hydrogels, and graphene 

oxide–polyacrylamide also combine anisotropy with enhanced electrical properties to foster myogenic 

differentiation [142,252]. 
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Figure 5.1. Engineered 2D skeletal muscle culture systems with topographical cues. 

Schematic representation of engineered 2D platforms designed to impose spatial guidance on myogenic cells and 

promote oriented myotube formation. Although these platforms improve alignment, sarcomeric organization and early 

differentiation compared with conventional 2D cultures, they remain simplified systems that do not fully reproduce 3D 

architecture, passive tension or tissue-level contractility. 

 

These aligned 2D systems are relatively simple and high‑throughput, and they are useful for studying cell–

substrate interactions, and early differentiation. However, they still lack true 3D architecture, physiological 

stiffness, long‑range force transmission and tissue‑level contractility, making them suboptimal for functional 

sarcopenia modelling or for probing liver–muscle biochemical crosstalk at the tissue scale. 

 

5.3.3.2 3D myobundles 

Three‑dimensional myobundles generated by encapsulating myogenic cells in hydrogels between 

anchor points have become the workhorse of functional skeletal muscle modelling. Collagen type I, fibrin 

and decellularized ECM (dECM) are commonly used scaffolds; compaction around posts or frames 

generates uniaxial alignment, multinucleated myofibers and measurable twitch and tetanic forces under 

EPS [253–257]. 
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Figure 5.2. Bioengineered myobundles as 3D in vitro skeletal muscle models. 

A) Representative fabrication and characterization of bioengineered human myobundles generated from primary human 

myogenic cells. The figure illustrates myobundle formation within a fibrin/Matrigel matrix anchored to a supporting frame, 

followed by structural characterization of aligned myofibers (B-C), sarcomeric organization (D), myogenic marker 

expression (E), acetylcholine receptor localization (F), Pax7-positive cells (G), and progressive maturation during culture 

(H-I). Reproduced from Madden et al. (2015) under the Creative Commons Attribution License. © 2015 Madden et al. 

[253] 

 

Fibrin‑based constructs with primary human myoblasts or hiPSC‑derived progenitors can form highly 

aligned, cross‑striated myofibers that respond predictably to drugs, cytokines and electrical training, and 

they can maintain cultures for weeks while retaining a PAX7+ satellite cell pool. Electrical stimulation 

protocols increase myotube diameter, metabolic flux and specific force, approaching fetal–neonatal 

human muscle phenotypes. Co‑culture with stem cell‑derived motor neurons yields innervated 3D 

neuromuscular tissues that develop functional neuromuscular junctions, further boosting maturity and 

making adult‑like contractile phenotypes accessible in vitro [256]. 
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5.3.3.3 Microphysiological muscle‑on‑chip systems 

Microfluidic muscle‑on‑chip systems integrate 3D myobundles into perfused devices with controlled flow, 

oxygen, nutrient gradients and built‑in sensors. The 3D skeletal muscles used in this work are 

considered under this classification. Pioneering platforms suspend fibrin– or collagen–Matrigel–based 

micro‑bundles between flexible micropillars or posts, allowing continuous readout of passive tension and 

active force via pillar deflection under EPS. Newer devices incorporate magnetic or optical force sensing, 

enabling high‑throughput, real‑time monitoring of contractility in response to drugs or disease‑related 

stimuli [250,252,258,259]. 

 

 

Figure 5.3. Fabrication and functional assessment workflow of 3D skeletal muscle-on-chip constructs. 

A) A polymeric casting mold is filled with a liquid cell–biomaterial suspension to generate the initial skeletal muscle 

precursor construct. B) During early culture, hydrogel compaction begins as embedded myogenic cells remodel the 

extracellular matrix and experience passive mechanical constraints imposed by the anchoring posts. C) Progressive 

matrix remodeling and cell-mediated tension lead to the formation of a compacted, suspended 3D skeletal muscle tissue 

aligned between the posts. D) Mature skeletal muscle constructs are transferred to an electrical pulse stimulation (EPS) 

platform, enabling controlled stimulation of individual tissues. E) Contractile function is quantified from each stimulated 

construct by recording force–time traces, allowing assessment of force generation. Created with BioRender.com. (2026). 

https://BioRender.com/ob3dqto 

 

These microphysiological systems are particularly attractive for modelling sarcopenia and chronic liver 

disease‑associated muscle wasting because they combine human‑cell relevance with precise control 

over biochemical and mechanical loading and allow long‑term exposure to defined hepatic or systemic 

factors. Donor‑specific satellite‑cell–derived myobundles in microfluidic chips have already been used 
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to compare contractile phenotypes of young active versus old sedentary muscle and to evaluate 

candidate interventions for age‑related sarcopenia [249]. 

 

5.3.4 Functional readouts in models of skeletal muscle 

A distinctive strength of 3D skeletal muscle constructs is their ability to generate measurable contractile 

forces under controlled stimulation, providing functional information that cannot be inferred from 

morphology alone. In vitro muscle platforms commonly use electrical pulse stimulation (EPS) to bypass 

the neuromuscular junction and directly depolarize the engineered tissue, allowing contractility to be 

assessed independently of motor neuron input. By applying EPS at defined frequencies, these systems 

can elicit twitch-like or tetanic contractions and quantify parameters such as peak force, passive tension, 

fatigue resistance and recovery. Depending on the platform design, force generation can be measured 

using flexible posts, cantilevers, magnetic sensing or optical readouts, enabling systematic interrogation 

of how disease-associated factors affect excitation–contraction coupling and mechanical output 

[185,253,254,260]. 

EPS also has a dual role in engineered skeletal muscle systems: it can be used both as a maturation 

stimulus and as an assay input. Repeated stimulation protocols promote larger fibre diameter, 

mitochondrial biogenesis and oxidative metabolism, shifting engineered muscles toward a more mature 

and oxidative phenotype that is closer to the clinical context of MASLD-associated sarcopenia. In multi-

organ platforms, EPS further provides a means to model exercise-like activity and study its interactions 

with the liver, pancreas or adipose compartments through soluble secreted factors. This is particularly 

relevant given the central role of exercise in the clinical management of both MASLD and sarcopenia 

[185,253,254]. 
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Figure 5.4. Representative contractile response of a 3D engineered skeletal muscle tissue under EPS. 

Force–time plot showing the contractile spectrum generated by one in vitro skeletal muscle tissue exposed to increasing 

EPS frequencies. Low-frequency stimulation produced discrete twitch-like contractions, whereas higher-frequency 

stimulation induced tetanic contractions with greater peak force. This frequency-dependent response enables functional 

assessment of tissue performance, including twitch force, tetanic force, relaxation behavior, and fatigue-related 

phenotypes. 

 

In the context of MASLD-associated sarcopenia, functional 3D muscle models allow controlled 

evaluation of how liver-derived stressors, including hyperammonemia, inflammatory cytokines and fatty 

hepatocyte-derived secretomes, alter force generation, contractile reserve, fatigue resistance and 

recovery under standardized EPS regimes. Frequency-dependent reductions in force may reveal 

impaired tissue quality even when gross morphology or myotube size appear only modestly affected. In 

the present work, EPS is therefore used as a central functional readout to determine whether liver-

derived CM are sufficient to impair the performance of mature engineered skeletal muscle tissues, and 

to establish a platform that could later be used to test pharmacological, nutritional or exercise-mimetic 

countermeasures. 

 

5.3.5 Improvement of conventional models by advanced in vitro skeletal muscles 

Compared with rodent models, 3D human skeletal muscle tissues—especially in organ‑on‑chip and 

multi‑organ configurations—offer several advantages for studying MASLD‑associated sarcopenia. 

Besides being compatible with a human cellular context, including primary or iPSC‑derived myogenic 

progenitors and patient‑specific cells, which better reflect human genetics and mitochondrial–metabolic 
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phenotypes, 3D skeletal muscles allow quantitative, high‑content functional readouts and integrated 

biosensing for real‑time monitoring of muscle homeostasis and injury. Compatibility with scalable, 

semi‑automated platforms that reduce reagent and cell requirements facilitate screening and support 

rigorous statistics. Relative to conventional 2D cultures, 3D functional models restore matrix‑supported 

alignment, passive tension, more physiological stiffness and tissue‑level contractility, which are essential 

for accurately capturing sarcomeric remodeling, mechano‑sensitive signaling and the interplay between 

contractile dysfunction and metabolism. 

Nonetheless, current 3D and chip‑based models still face challenges, including incomplete maturation 

to fully adult phenotypes, limited incorporation of non‑myogenic stromal and immune populations, and 

the practical complexity of multi‑organ integration and standardization. Continued refinement of 

biomaterials, fabrication strategies and cell sources should progressively increase their relevance for 

MASLD-associated sarcopenia. 

This conceptual landscape positions 3D functional skeletal muscle constructs—particularly 

EPS‑responsive muscle‑on‑chip and multi‑organ systems—as a powerful complement to both 2D 

cultures and animal models for disentangling liver–muscle crosstalk and for testing targeted 

countermeasures against MASLD‑associated muscle wasting. 

 

5.3.6 Design remarks for the skeletal muscle module 

The skeletal muscle module used in this thesis was selected to provide a functional and experimentally 

tractable receiving tissue for liver-derived signals. Engineering skeletal muscle in vitro requires a 

biomaterial environment that supports myoblast viability, alignment, fusion, differentiation, and force 

transmission, while maintaining sufficient structural integrity during culture. Natural hydrogels such as 

fibrin, collagen, and Matrigel are frequently used for this purpose because they provide biochemical and 

adhesive cues that favor myogenesis, although their mechanical properties and biological variability 

must be considered carefully [142,261]. In this work, a fibrin/Matrigel-based matrix was used because 

this combination supports myoblast remodeling, tissue compaction, and the formation of aligned 

multinucleated myotubes, while remaining compatible with long-term culture and downstream 

histological, molecular, and functional readouts. 

The tissues were fabricated by hydrogel molding between flexible PDMS posts, a strategy widely used 

to produce 3D muscles with uniaxial alignment and passive tension. As the cell-laden hydrogel compacts 

between the anchoring posts, the embedded myogenic cells experience geometric and mechanical 

constraints that promote longitudinal organization and tissue-level force transmission. Importantly, the 

same post-based configuration enables quantitative contractile assessment by measuring pillar 

deflection during electrical pulse stimulation, thereby providing a direct functional readout of skeletal 

muscle performance [253,256–258]. This feature is central to the objective of Chapter 5, because it 

allows the impact of MASLD stage-specific liver-conditioned media to be evaluated not only through 
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molecular or morphological changes, but also through force generation as a physiologically meaningful 

endpoint. 

For the aims of this thesis, the fibrin/Matrigel hydrogel molded between PDMS posts offered an 

appropriate balance between biological relevance, experimental robustness, compatibility with CM 

exposure, and functional quantification. Therefore, this platform was selected as the skeletal muscle 

counterpart to the 3D liver module described in Chapter 4 and as a modular component that could later 

be adapted to organ-on-chip integration. 

 

 

5.4 Results 

 

5.4.1 Fabrication of 3D skeletal muscle tissues 

Skeletal muscle is a major effector of whole‑body metabolism and a central target of MASLD‑associated 

muscle wasting. Impairments in contractile performance and muscle quality can occur even in the 

absence of evident loss of mass. To interrogate whether secreted factors (SFs) from diseased livers are 

sufficient to disturb skeletal muscle function, we employed a previously established human 3D skeletal 

muscle platform based on encapsulation of immortalized myoblasts in Matrigel®–fibrin hydrogels 

[186,187]. This configuration supports myoblast fusion into aligned, multinucleated myotubes that 

generate force under electrical pulse stimulation (EPS), providing a quantitative functional readout that 

closely reflects physiological muscle performance. 

 

 

Figure 5.5. Schematic representation of 3D skeletal muscle fabrication, maturation, and experimental timeline. 

AB1079 immortalized myoblasts were encapsulated in a Matrigel®-fibrin matrix and seeded in PDMS chips with pillars. 

After encapsulation, the biomaterial compacts due to incubation at 37ºC and favors tension and alignment. Tissues 

undergo a 48-hour growth/adaptation and a 16-day differentiation phase before being exposed to CM from 3D liver 

constructs for 48 hours. Created in BioRender. (2025) https://BioRender.com/4sv98s2 
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Human myoblasts were encapsulated between flexible PDMS pillars (Figure 5.5) and left to adapt to the 

3D environment for 2 days, during which compaction of the biomaterial occurred. Then, the tissues were 

cultured for 16 days under a defined differentiation medium to obtain mature 3D skeletal muscle tissues. 

 

 

Figure 5.6. Skeletal muscle tissues imaged by brightfield microscopy at different timepoints. 

Performed as assessment of biomaterial compaction and adequate hanging from the pillars. A) Day -2. B) Day 0. C) Day 

16. Scale bar = 500 µm. 

 

By the end of the maturation stage, tissues exhibited consistent compaction, visible tension by hanging 

from the pillars (Figure 5.6), and a dense network of longitudinally aligned, multinucleated myotubes, as 

confirmed by whole‑mount imaging and confocal microscopy (Figure 5.7). 

 

A 

B 
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Figure 5.7. Inspection of 3D skeletal muscle whole mounts. 

A) 3D tissues at the end of the maturation stage. Scale bar = 500 µm. B) Representative confocal image of myotubes in a 

longitudinal view. Scale bar = 100 µm. Inset scale bar = 20 µm. 

 

5.4.2 Exposure to MASLD-conditioned media 

To model liver‑induced muscle dysfunction, differentiated muscles were exposed for 48 h to CM 

collected from the 3D liver constructs developed in Chapter 4, corresponding to four hepatic conditions: 

healthy untreated (Control), steatotic liver constructs under NEFAs only (SL), MASH‑like livers under 

co-treatment with NEFAs+LPS (MASH), and liver constructs stimulated with LPS only (LPS liver).  

 

 

A 
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Figure 5.8. Representative brightfield images of 3D tissues after exposure to CM from the liver model. 

Scale bar = 500 µm. Created in BioRender. (2025) https://BioRender.com/5tcj1t8 

 

Because preliminary tests showed that undiluted liver culture medium was toxic to skeletal muscle 

tissues (Figure 5.9A), CM was diluted into skeletal muscle differentiation medium, and a final volumetric 

ratio of 1:50 liver CM in SkM medium was selected as the highest dose that did not compromise baseline 

viability or contractile capacity in control conditions (Figure 5.9B). 
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Figure 5.9. Optimization of liver CM dilution for functional testing in 3D skeletal muscle tissues. 

A) Maximum specific force generated by 3D skeletal muscle tissues after exposure to liver CM diluted 1:2. CM from 

healthy, steatotic and MASH-like liver constructs markedly reduced contractile output compared with standard SkM DM, 

indicating that this dilution was not suitable for functional interrogation of liver-derived effects. B) Comparison of skeletal 

muscle tissues maintained in SkM DM or exposed to healthy liver CM diluted 1:50. At this higher dilution, healthy liver CM 

preserved measurable contractile responses upon EPS, supporting its use for subsequent experiments evaluating 

disease-stage-specific effects of liver on skeletal muscle function. Results are expressed as mean ± SEM. Differences 

between means tested by Student’s t-test or one-way ANOVA followed by Tukey’s post-hoc tests when appropriate. *p < 

0.05; **p < 0.01. 

 

Additional controls were evaluated to assess the effect of the clean liver serum-free medium (clean SFM) 

and CM from healthy liver constructs (Control), compared to normal SkM DM. No statistically significant 

differences were found between the first two conditions, indicating that the previous contact with the liver 

constructs is not detrimental to the functional capabilities of skeletal muscle tissues. The decline in 

contractility is most likely due to the presence of the volumetric fraction of liver medium diluted in the 

SkM DM (Figure 5.10). 
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Figure 5.10. Control comparison for CM exposure in 3D skeletal muscle tissues. 

Maximum specific force generated by 3D skeletal muscle tissues exposed to either unused liver serum-free medium 

(Clean SFM) or CM collected from healthy liver constructs (Healthy Liver), both diluted 1:50 in SkM DM. This control 

experiment was performed to assess whether the basal liver culture medium or the secretome from non-diseased liver 

constructs affected skeletal muscle contractile function under the selected dilution conditions. Data are shown as 

individual tissue values with mean ± SEM. Results are expressed as mean ± SEM. Differences between means evaluated 

by unpaired Student’s t-test. 

 

5.4.3 MASLD-conditioned media induce a severity-dependent decline in muscle 

contractility 

In MASLD patients, reduced muscle strength and early fatigue are prominent functional manifestations 

that have been associated with adverse outcomes and do not always correlate with muscle mass. To 

determine whether liver‑derived SFs can reproduce such functional impairments in vitro, we subjected 

3D skeletal muscle tissues to EPS after exposure to the different liver‑derived CM. The EPS protocol 

consisted of square‑wave pulses (1 V mm⁻¹, 1 ms pulse width) delivered at increasing frequencies 

(Figure 5.11A), allowing us to assess both twitch‑type (2 Hz) and tetanic‑type (50 Hz) contractions while 

tracking pillar deflection to compute specific forces normalized to tissue cross‑sectional area (CSA), 

which is termed as specific force (Figure 5.11B). 

 

Figure 5.11. Electrical stimulation and visualization of measured variables. 

A) EPS protocol. B) Brightfield image of a 3D tissue with depicted pillar deflection (purple) upon electrical stimulation and 

representation of sectioning cuts (yellow) for CSA measurement. Scale bar = 500 μm. Created in BioRender. Fernández 

Costa, J. (2026) https://BioRender.com/m2ip7ac 
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Though more evident at some stimulation frequencies than others, specific forces exerted by SL-treated 

tissues were lower than controls, and MASH-treated tissues appeared even weaker throughout the EPS 

regime. Across the EPS protocol, we observed a clear severity‑dependent decline in muscle contractility 

as liver disease stage worsened. Tissues treated with CM from steatotic livers (SL‑CM) already showed 

a marked reduction in force generation compared to controls, while MASH‑derived CM further 

exacerbated the functional deficit (Figure 5.12). 

 

 

Figure 5.12. Representative contractile profiles of skeletal muscle tissues after exposure to CM from the liver 
constructs. 

 

From the EPS regime, 2 Hz and 50 Hz were selected to compare conditions, since they normally show 

the lowest inter-group variability. At 2 Hz stimulation (twitch contractions), SL‑treated muscles contracted 

29% weaker and MASH‑treated muscles exhibited a 60% reduction in specific force relative to controls, 

although these differences did not reach statistical significance (p=0.06), indicating a trend toward 

impaired twitch performance under MASLD‑like conditions (Figure 5.13). 
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Figure 5.13. Functional evaluation at 2 Hz after exposure to CM from the liver constructs. 

A) Twitch-type contractions at 2Hz. B) Specific contractile forces at 2Hz relative to the control mean. Results are 

expressed as mean ± SEM. Differences between means tested by one-way ANOVA.  

 

The deficit became more pronounced under high‑frequency stimulation. At 50 Hz tetanic contractions, 

SL‑treated tissues exerted 53.1% less force but the difference compared to the control group was not 

significant. However, MASH‑treated muscles displayed a significant and severe contractile deficit with a 

77.2% reduction in specific force compared to controls (p=0.01) (Figure 5.14). CM from LPS‑only livers 

appeared to influence skeletal muscle tissues, with twitch and tetanic forces comparable to SL‑treated 

tissues but not significantly different from controls, suggesting that the full MASH‑like milieu—rather than 

NEFAs or LPS alone—is required to elicit the most severe functional phenotype. 
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Figure 5.14. Functional evaluation at 50 Hz after exposure to CM from the liver constructs. 

A) Tetanic-type contractions at 50 Hz. B) Specific contractile forces at 50 Hz relative to the control mean. Results are 

expressed as mean ± SEM. Differences between means tested by Kruskal-Wallis test. * p < 0.05; ** p < 0.01. 

 

Together, these data demonstrate that MASLD‑derived SFs are sufficient to induce a decline in 

contractile performance in human 3D skeletal muscle tissues, with the most pronounced deficits 

observed under MASH‑like conditions and at higher stimulation frequencies that more closely model 

intense or prolonged muscle activity. The frequency‑dependent nature of this impairment is consistent 

with clinical reports of exercise intolerance and early fatigue in MASLD, supporting the physiological 

relevance of the observed functional changes [262]. 

 

5.4.4 Myotube size and morphology under MASLD-conditioned media 

At the clinical level characterization of sarcopenia and muscle wasting, muscle CSA is used to monitor 

muscle mass and can reflect changes in muscle quality as well. In clinical cohorts, muscle mass and 

strength can behave differently under MASLD and related liver diseases, with patients exhibiting normal 

or mildly reduced muscle mass but disproportionate functional impairment [262]. To determine whether 

the contractile decline observed in our 3D model was accompanied by overt structural wasting, we 

examined myotube size and morphology in cross‑sections of skeletal muscle tissues. Cryosections were 

stained for sarcomeric α‑actinin (SAA) and F‑actin, revealing the architecture of individual myotubes and 

allowing us to quantify diameter and cross‑sectional area distributions (Figure 5.15). 
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Figure 5.15. Histological examination of myotube morphology and size. 

Representative confocal images of 3D skeletal muscle tissue cryosections stained against sarcomeric α-actinin (SAA), f-

actin, and nuclei. A) Treated with CM from healthy livers. B) Treated with CM from steatotic livers. C) Treated with CM 

from MASH-like livers. White arrows point at representative myotube sizes. Scale bar = 50 µm. Inset scale bar = 10 µm. 

 

Qualitatively, both SL‑ and MASH‑treated tissues displayed compromised myotube integrity relative to 

controls, with more heterogeneous fiber calibers and regions of apparent thinning (Figure 5.15B-C). 

Histogram analysis of myotube diameters showed an overall shift towards smaller myotubes in size 

distribution for both SL- and MASH-treated tissues, indicating a greater proportion of smaller fibers 

compared to control tissues, which were treated with CM from healthy liver constructs (Figure 5.16). 

 

 

Figure 5.16. Overlapped distribution of myotube size across experimental groups. 

Diameter distribution of myotubes observed by confocal microscopy. Biological replicates: n = 6 per experimental group. 

 

Quantitatively, SL‑CM induced the most pronounced structural atrophy. Myotube median diameter 

decreased by 6.5% (p=0.003), and myotube cross‑sectional area declined by 10.0% (p=0.02) relative to 
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control muscles. In contrast, MASH‑CM caused only modest, non‑significant reductions in diameter 

(‑2.8%, p>0.05) and area (‑6.0%, p>0.05), despite producing the largest functional impairment (Figure 

5.17). 

 

 

Figure 5.17. Morphometric evaluation of skeletal muscle tissues after exposure to CM from the liver model. 

A) Median myotube diameter. B) Median myotube area. Results are expressed as mean ± SEM. Differences between 

means tested by one-way ANOVA followed by Dunnett’s post-hoc tests when appropriate. * p < 0.05; ** p < 0.01. 

 

These findings indicate that while MASLD‑derived SFs can directly trigger myotube atrophy—most 

clearly under SL‑like conditions—structural changes visible in myotube size alone do not fully account 

for the severity of the contractile deficit observed under MASH‑like exposure. 

 

5.4.5 MASLD-derived factors repress canonical atrogenes and alter the myogenic 

program 

Given the reduction in myotube size under SL‑CM, we next examined whether classical proteolytic 

pathways associated with muscle atrophy were engaged. The ubiquitin–proteasome system, particularly 

the muscle‑specific E3 ligases atrogin‑1 (FBXO32) and MuRF1 (TRIM63), are well‑established effectors 

of muscle wasting in diverse catabolic states. We therefore quantified the relative expression of FBXO32 

and TRIM63 by qRT‑PCR in 3D skeletal muscle tissues after exposure to liver‑derived CM. 

Contrary to our initial expectation that atrophy would be accompanied by atrogene induction, both 

FBXO32 and TRIM63 were significantly downregulated in muscles exposed to diseased‑liver CM. 

SL‑CM reduced FBXO32 expression by 29.6% (p=0.02) and TRIM63 expression by 4.0% (p>0.05), 

whereas MASH‑CM elicited a more pronounced suppression of both FBXO32 (‑57.6%, p<0.001) and 
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TRIM63 (‑46.8%, p=0.02) (Figure 5.18). This pattern suggests that MASLD‑induced muscle dysfunction 

in this model does not rely on the canonical ubiquitin–proteasome–mediated atrophy program and 

instead engages alternative pathways of muscle remodeling and protein balance. 

 

 

Figure 5.18. Relative expression of atrogenes in 3D skeletal muscle tissues after exposure to CM from the liver 
constructs. 

A) FBXO32. B) TRIM63. Genes RPL0P and B2M were used as the housekeeping genes. Expression levels were 

calculated by the ΔΔCt method. Results are expressed as mean ± SEM and compared using one-way ANOVA followed 

by Tukey’s or Dunnett’s post hoc tests when appropriate. * p < 0.05; ** p < 0.01; *** p < 0.001. 

 

To better understand how MASLD‑derived SFs influence muscle regeneration and differentiation, we 

also profiled myogenic regulatory factors (MRFs) and a marker of terminal differentiation in skeletal 

muscle. MYOG and MYOD1 work sequentially to drive skeletal muscle formation and regeneration. 

Under SL‑CM, both genes showed non‑significant upward trends (+35.5% and +82.5%, respectively; 

p>0.05), suggesting an early response to the stimulus provided by the SL environment. Under the 

MASH-like environment, expression levels of MYOG and MYOD1 returned to levels closer to the control 

condition, showing no statistically significant differences to them (Figure 5.19). 
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Figure 5.19. Relative expression of MRFs in 3D skeletal muscle tissues after exposure to CM from the liver 
constructs. 

A) MYOG. B) MYOD1. Genes RPL0P and B2M were used as the housekeeping genes. Expression levels were calculated 

by the ΔΔCt method. Results are expressed as mean ± SEM and compared using one-way ANOVA followed by Tukey’s 

or Dunnett’s post hoc tests when appropriate. * p < 0.05; ** p < 0.01; *** p < 0.001. 

 

Further examination of the MRFs revealed decreases proportional to liver disease severity, a behavior 

observed often in several phenotypes. Both MYF5 and MYF6 genes code for crucial transcription factors 

involved in muscle differentiation. While MYF5 initiates myoblast specification, determination, and 

proliferation during embryonic development, MYF6 operates during later muscle formation, facilitating 

terminal differentiation and adult muscle maturation. SL-CM triggered a 37.7% decrease (p=0.07) in 

MYF5 expression and a very mild, non-significant 9.8% decrease (p>0.05) in MYF6 expression. In 

contrast, under the MASH‑like environment, the exposure significantly downregulated MYF5 (‑57.4%, 

p=0.01) and MYF6 (‑46.9%, p=0.01), indicating suppression of early and intermediate myogenic 

programs in the context of severe liver‑derived injury (Figure 5.20). 
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Figure 5.20. Relative expression of MRFs in 3D skeletal muscle tissues after exposure to CM from the liver 
constructs. 

A) MYF5. B) MYF6. Genes RPL0P and B2M were used as the housekeeping genes. Expression levels were calculated by 

the ΔΔCt method. Results are expressed as mean ± SEM and compared using one-way ANOVA followed by Tukey’s or 

Dunnett’s post hoc tests when appropriate. * p < 0.05. 

 

The terminal differentiation marker MYH7 (β‑myosin heavy chain) encodes for a protein essential for 

muscle contraction. It exhibited progressive downregulation across conditions, with a 29.0% (p>0.05) 

non-significant reduction in SL-treated tissues and reaching significance in MASH‑treated muscles 

(‑58.9%, p=0.008) (Figure 5.21). 

 

Figure 5.21. Relative expression of terminal differentiation marker MYH7 in 3D skeletal muscle tissues after 
exposure to CM from the liver constructs. 

Genes RPL0P and B2M were used as the housekeeping genes. Expression levels were calculated by the ΔΔCt method. 

Results are expressed as mean ± SEM and compared using one-way ANOVA followed by Tukey’s or Dunnett’s post hoc 

tests when appropriate. * p < 0.05; ** p < 0.01. 
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Altogether, these data reveal that MASLD‑derived SFs induce changes in the myogenic landscape, 

characterized by repression of canonical atrogenes and a severity‑dependent disruption of myogenic 

regulatory factors, particularly under MASH‑like conditions. SL‑like exposure appears to trigger a mixed 

phenotype combining moderate atrophy with compensatory myogenic signaling, whereas MASH‑like 

exposure suppresses key myogenic drivers and terminal differentiation markers. 

 

5.4.6 MASLD-conditioned media enhance autophagy and lysosomal activity in skeletal 

muscles 

Autophagy and lysosome pathways are central to muscle protein homeostasis and are increasingly 

implicated in both metabolic diseases and muscle wasting syndromes. Given the previous observations 

regarding the unexpected suppression of well-established atrogenes, we wanted to determine whether 

autophagy dysregulation contributes to the MASLD‑induced decrease in myotube size in our model. We 

evaluated lysosomal and autophagosomal compartments at the histological level using LysoTracker 

staining and LC3B immunostaining on skeletal muscle tissue cryosections, respectively. LysoTracker 

Red DND‑99 (LTR99) dye labels acidic organelles, including lysosomes and autophagolysosomes, 

whereas LC3B puncta reflect autophagosome formation via accumulation of the lipidated LC3‑II form on 

autophagosomal membranes [263]. 

Control muscles displayed a low, diffuse LTR99 signal distributed throughout the sarcoplasm, consistent 

with basal lysosomal activity in homeostatic conditions. In contrast, tissues treated with SL‑ or 

MASH‑derived CM exhibited prominent punctate LTR99 patterns, indicative of increased acidic 

compartment formation and clustering (Figure 5.22). 
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Figure 5.22. Acidic compartments on tissue cryosections after exposure to CM from liver constructs. 

Representative confocal images of cryosections stained with an antibody against dystrophin, LysoTracker™ Red DND-99 

(LTR), and DAPI. Scale bar = 50 µm. Inset scale bar = 10 µm. 

 

Quantitative analysis confirmed a progressive increase of lysosome‑associated structures: SL‑CM 

induced a non‑significant rise in puncta density, whereas MASH‑CM triggered a robust 153.5% increase 

in LTR99‑positive puncta (p=0.005), with significant differences between SL and MASH groups (p=0.01) 

(Figure 5.23). This pattern suggests enhanced lysosomal biogenesis or accumulation under MASH‑like 

conditions. 
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Figure 5.23. Quantification of acidic compartments on tissue cryosections. 

Stained with LysoTracker™ Red DND-99 (LTR) after exposure to CM from liver constructs. Results are expressed as 

mean ± SEM and compared using one-way ANOVA followed by Tukey’s or Dunnett’s post hoc tests when appropriate. * p 

< 0.05; ** p < 0.01. 

 

LC3B staining further supported the presence of an altered autophagic response. Control samples 

showed diffuse, cloud-like staining patterns of LC3B protein. In tissues exposed to the environment from 

diseased liver constructs, LC3B puncta were visibly elevated in both intensity and number per myotube 

compared to controls (Figure 5.24). 
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Figure 5.24. LC3 puncta on tissue cryosections after exposure to CM from liver constructs. 

Representative confocal images of cryosections stained against LC3B protein and DAPI. Scale bar = 20 µm. Inset scale 

bar = 50 µm. 

 

Quantification revealed that SL‑CM increased LC3B puncta by 46.8% (p=0.03), while MASH‑CM 

produced a 59.0% increase (p=0.01), behaving similar to the LysoTracker findings and indicating a 

stage-dependent enhancement of autophagosome formation with increasing liver disease severity 

(Figure 5.25). 
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Figure 5.25. Quantification of LC3 puncta on tissue cryosections. 

Staining against LC3B protein after exposure to CM from liver constructs. Results are expressed as mean ± SEM and 

compared using one-way ANOVA followed by Tukey’s or Dunnett’s post hoc tests when appropriate. * p < 0.05. 

 

Overall, the autophagy–lysosome data indicate that MASLD‑derived SFs induce a progressive activation 

of autophagy‑related pathways in skeletal muscle, with the strongest alterations observed under 

MASH‑like exposure. Coupled with the repression of canonical atrogenes and disruption of myogenic 

regulators, these findings support that muscle wasting may arise from a complex imbalance in protein 

homeostasis that integrates altered lysosomal/autophagosomal dynamics, non‑canonical protein 

turnover programs, and impaired myogenic differentiation rather than from a simple activation of 

classical ubiquitin–proteasome–mediated atrophy. 

 

5.5 Discussion 

MASLD has emerged as a paradigmatic multi‑organ condition in which hepatic lipid overload, 

inflammation, and fibrosis converge with systemic metabolic dysregulation to impair distant tissues, 

including skeletal muscle. Clinical studies consistently report reduced muscle strength, exercise 

intolerance, and altered body composition across the MASLD spectrum. Furthermore, sarcopenia and 

muscle‑wasting phenotypes affect up to 43% of patients, often with disproportionate functional 

impairment relative to muscle mass [262]. In this chapter, building on the MASLD–MASH liver platform 

presented previously in Chapter 4, we used a human 3D skeletal muscle model to investigate if 

stage‑specific liver SFs drive muscle dysfunction. We integrated functional, structural, transcriptional, 

and autophagy–lysosome readouts. Our findings support a model in which progressive MASLD‑like 

injury elicits a muscle quality–dominated phenotype characterized by severity‑dependent contractile 

deficits, partial dissociation between mass and function, repression of canonical atrogenes, disruption 

of myogenic programs, and graded activation of autophagy‑related pathways. 
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5.5.1 MASLD-derived factors reproduce severity-dependent functional impairment and 

dissociation between muscle mass and strength 

The first key observation is that CM from diseased liver constructs is sufficient to induce a graded decline 

in contractile performance of mature 3D skeletal muscle tissues. Exposure to SL‑CM already caused a 

marked reduction in twitch and tetanic forces, and CM from MASH‑like livers further exacerbated this 

deficit, particularly at higher stimulation frequencies that approximate intense or sustained muscle 

activity. This severity‑dependent pattern recapitulates clinical observations linking more advanced 

MASLD to lower muscle strength and greater fatigability, suggesting that the milieu of cytokines, growth 

factors, and metabolic byproducts secreted by the diseased liver can compromise contractility in a 

stage‑dependent manner [262]. 

We observed a non‑linear relationship between disease severity and functional decline in the skeletal 

muscles. The largest drop in function occurred between control and SL-treated samples. Even though 

the MASH-treated muscles showed further decrements in function, the drop was relatively more modest, 

despite a clear worsening of several liver injury markers in this stage. These findings are consistent with 

reported dissociations between muscle mass and performance in patients [264]. 

This plateau‑like behavior is consistent with the notion that muscle becomes progressively less 

responsive to incremental hepatotoxic stress once key signaling and metabolic pathways are affected, 

resulting in a ceiling effect for functional decline like that described clinically in advanced chronic liver 

disease [262]. Together, these data underscore that liver‑derived factors alone are sufficient to produce 

a MASLD‑like functional phenotype in 3D skeletal muscles. 

 

5.5.2 Myotube structural changes contribute to, but do not fully explain, contractile 

deficits 

Histological analysis revealed that MASLD‑CM altered myotube integrity and size, but these structural 

changes did not fully account for the severity of functional impairment. SL‑CM produced the greatest 

reduction in myotube diameter and cross‑sectional area, consistent with true wasting driven by catabolic 

cues, whereas MASH‑CM caused smaller, non‑significant decreases in fiber size despite inducing the 

most severe contractile deficit. This uncoupling between gross morphometry and force generation 

reinforces clinical observations that muscle quality—encompassing fiber composition, excitation–

contraction coupling, mitochondrial function, and intracellular organization—is a more informative 

determinant of outcomes than raw muscle mass in MASLD and related liver diseases. 

Our data therefore support a model in which MASLD‑derived factors exert at least two partially 

overlapping effects in muscle. The first is dominated by a marked decrease in muscle mass and only 

subtle contractile impairment, as captured by SL‑CM. The second is consistent with a more advanced 

phase in which intrinsic muscle dysfunction predominates over further changes in fiber size, as captured 

by MASH‑CM. While the present work cannot resolve all underlying mechanisms, subsequent analyses 
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of protein homeostasis regulators, myogenic transcription factors, and autophagy–lysosome dynamics 

point to a complex remodeling of muscle homeostasis beyond canonical catabolic pathways. 

 

5.5.3 Downregulation of canonical atrogenes suggests non‑classical mechanisms of 

muscle wasting 

Muscle weakness can arise from reduced fiber size, impaired contractile machinery, or metabolic and 

energetic dysfunction. In MASLD–associated sarcopenia and muscle wasting, circulating factors are 

thought to mediate these impairments, and our findings support this paradigm. Among the mediators 

elevated in our system, IL-6 trans-signaling appears particularly relevant. While transient IL-6 production 

by muscle supports regeneration and adaptation, systemic chronic elevation—as observed in MASH—

disrupts myogenic differentiation and promotes catabolism via JAK/STAT3 and related pathways 

[265,266], leading to upregulation of muscle-specific E3 ubiquitin ligases such as atrogin-1 (FBXO32) 

and MuRF1 (TRIM63) [267,268]. Sustained IL-6 exposure can also interfere with IGF1 signaling, 

impairing muscle growth and shifting the balance toward protein degradation [269]. 

Beyond its effects on protein turnover, IL-6–driven metabolic disruption may contribute to functional 

impairment through redox and mitochondrial stress. Elevated circulating IL-6 in mice disrupts skeletal 

muscle redox balance by altering nuclear factor erythroid 2–related factor 2 (Nrf2) signaling, suppressing 

antioxidant defense genes and activating autophagy and ubiquitin–proteasome pathways [270]. 

Consistent with this, we observe increased lysosomal biogenesis and autophagic bodies in MASH-

treated tissues. 

To assess whether canonical atrogene upregulation could underlie the decline in myotube size, we 

measured the relative expression of FBXO32 and TRIM63. However, we observed an unexpected 

downregulation of both atrogenes, despite the evidence of fiber size reduction under SL‑CM and MASH-

CM. These ligases are prototypical mediators of proteasome‑dependent protein degradation in diverse 

atrophy models, including denervation, cancer cachexia, and glucocorticoid excess, and their 

upregulation is often used as a molecular hallmark of catabolic signaling [271]. In our system, however, 

both genes were significantly repressed by diseased‑liver CM, with the strongest suppression under 

MASH‑like conditions. 

This pattern aligns with emerging data indicating that FBXO32 and TRIM63 are not uniformly 

upregulated across all forms of muscle wasting, particularly in metabolic disorders and aging‑associated 

sarcopenia. Increasing evidence has demonstrated that atrogene expression profiles can vary 

substantially across types of atrophy models, most of them rodent models. Different pathological 

contexts appear to engage distinct combinations of proteolytic systems and adaptive responses [272]. 

The repression of atrogenes observed here suggests that MASLD‑associated muscle wasting is 

mediated by other non‑classical protein homeostasis programs, potentially involving altered autophagy–

lysosome flux, impaired myofibrillar turnover, or shifts in protein synthesis rather than a simple activation 

of ubiquitin–proteasome degradation. This interpretation is supported by the autophagy‑related findings 
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discussed below and highlights the value of human, disease‑relevant models for revealing atypical 

molecular signatures that might be obscured in generic atrophy paradigms. 

One potential contributor to this atypical response is IL-8, which was markedly elevated in CM from 

MASH-like liver constructs. While IL-8 acts in the liver as a chemoattractant with strong pro-inflammatory 

effects, its systemic actions on skeletal muscle appear more complex. IL-8 has been reported to exert 

anti-catabolic effects by enhancing Akt phosphorylation, inactivating FoxO3 transcription factor, and 

reducing its levels in rat skeletal muscle cells, leading to decreased expression of atrogin-1 and MuRF1 

and increased myotube diameter [273]. In our human cell system, elevated IL-8 may therefore contribute 

to the paradoxical preservation of myotube size in MASH-treated muscles despite pronounced functional 

impairment. This suggests that IL-8 could be part of a liver–muscle strategy aimed at delaying atrophy 

during early stages of sustained hepatic stress. However, we speculate that prolonged exposure to a 

MASH-like environment (>48 h) may eventually overwhelm this compensation, resulting in activation of 

canonical atrogenes and more pronounced muscle wasting. This is an interesting direction for future 

work modeling the time-dependent effect of diseased liver on healthy differentiated skeletal muscle. 

 

5.5.4 Myogenic program remodeling under steatotic liver- and MASH-like conditions 

To further understand how MASLD‑derived factors reshape muscle homeostasis, we examined the 

expression of key myogenic regulatory factors and a marker of terminal differentiation. Myogenin 

(MYOG) and myogenic differentiation 1 (MYOD1) are central transcriptional regulators of myogenic 

commitment and differentiation.  Under SL‑CM, MYOG and MYOD1 exhibited non‑significant upward 

trends, suggesting an early compensatory attempt to sustain or enhance myogenic commitment and 

differentiation in the face of catabolic stress. Similar dysregulation of myogenic regulators, deviating from 

healthy groups, has been reported in sarcopenia, where such changes are thought to partially counteract 

protein degradation and functional decline [274–277]. This is consistent with observations in other 

settings of subclinical or early muscle injury, where modest elevations of IL‑6 and other cytokines can 

transiently promote myoblast activation and fusion by initiating transcription of MYOD1 and MYOG, and 

this potentially preserves muscle structure. In line with this interpretation, MYF5 expression showed a 

slight, non-significant decrease, suggesting that MYF5 activity may give way to MYOD1-driven 

differentiation. 

However, this compensatory response appears insufficient under exposure to MASH-like secreted 

factors. In MASH-treated tissues, MYOG and MYOD1 expression returned toward control levels, while 

MYF5 and MYF6 expression declined further, consistent with a repression of early myogenic programs 

in a chronic inflammatory environment [274]. Supporting this interpretation, expression of myosin heavy 

chain 7 (MYH7), a key sarcomeric motor protein and marker of myogenic maturation, was significantly 

reduced in MASH-treated muscles, indicating impaired terminal differentiation. Such differentiation 

blockade has been observed following exposure to pro-inflammatory CM from obese individuals, which 

impairs the nuclear fusion index (NFI), a direct indicator of myoblast differentiation [278]. Similar effects 
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have been described in murine cells responding to LPS treatment by downregulating MYH7 expression, 

supporting the presence of muscle wasting and dedifferentiation processes in response to circulating 

factors from peripheral tissues [279], as in MASLD-associated leaky gut. 

Elevated PDGF-BB in the MASH-CM is likely another contributing factor to this phenotype. Beyond its 

established role in fibrogenic signaling, PDGF-BB is a potent mitogen that actively inhibits myogenic 

differentiation and promotes a more proliferative, less differentiated state [280,281]. Together, these 

findings suggest that early stage MASLD-derived signals initially trigger compensatory myogenic 

programs, but exposure to a MASH-like inflammatory and growth factor milieu suppresses 

differentiation, contributing to impaired muscle quality despite relatively preserved myotube size. 

Taken together, these data support a two‑stage view of myogenic remodeling under MASLD‑like 

exposure: SL‑derived signals induce a mixed phenotype combining moderate atrophy with 

compensatory myogenic activation, whereas MASH‑like signals suppress key myogenic regulators and 

terminal markers, undermining regenerative capacity and contributing to functional decline even when 

myotube size appears partially preserved. 

 

5.5.5 Autophagy–lysosome remodeling as a central axis of MASLD-induced muscle 

dysfunction 

The lysosome and autophagy experiments emerged as an alternative to canonical atrogene activation, 

and as a key node in MASLD‑induced muscle pathology. We examined acidic compartment abundance 

as a marker of intracellular degradative activity. LysoTracker staining revealed a progressive increase 

in acidic compartment density across conditions, with a significant 153.5% rise in puncta under 

MASH‑CM and a clear shift toward clustered lysosomal structures, phenotypes that have been 

associated with metabolic stress and altered lysosomal function in other systems [263], reflecting altered 

cargo flux, organelle turnover, and cellular homeostasis. In parallel, LC3B puncta were increased under 

both SL‑ and MASH‑CM, consistent with enhanced autophagosome formation. 

We also observed increased LC3B (microtubule-associated protein light chain 3B) puncta following 

exposure to SL and MASH environments. LC3B puncta accumulation may indicate enhanced 

autophagosome formation. Metabolic cues such as elevated FFAs and other lipid derivatives have been 

shown to disrupt autophagosome–lysosome cooperation, leading to cytoplasmic accumulation of 

autophagosomes [263,282,283]. 

These findings indicate that MASLD‑derived factors influence autophagy‑related pathways in skeletal 

muscle, but the directionality—adaptive versus maladaptive—remains outside the scope of this work. 

On one hand, increased autophagosome formation and lysosomal biogenesis may represent an attempt 

to clear damaged organelles and protein aggregates in response to lipotoxic and inflammatory insults. 

On the other, persistent LC3B accumulation and expansion of lysosomal compartments can reflect 

impaired autophagic flux, particularly in the presence of elevated free fatty acids from damaged 
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hepatocytes and cytokine exposure, which have been shown to disrupt autophagosome–lysosome 

cooperation. In such a scenario, autophagy initiation is uncoupled from effective degradation, leading to 

accumulation of intermediate structures that may themselves interfere with other biological functions like 

contraction, calcium handling, or mitochondrial dynamics. 

Our results therefore point to autophagy–lysosome dysregulation as one of the mechanisms underlying 

MASLD‑associated muscle quality decline, complementing the observed repression of atrogenes and 

disruption of myogenic programs. Future work will be required to distinguish whether the predominant 

defect lies in autophagy initiation, cargo recognition, vesicle trafficking, or lysosomal degradative 

capacity, and to map how these alterations intersect mitochondrial integrity and oxidative stress in this 

context. 

 

5.5.6 Integration with liver module: a multi-layered liver–muscle axis 

The integrated liver–muscle platform developed across Chapters 4 and 5 provides a mechanistic 

framework for understanding how staged MASLD‑like injury is translated into muscle dysfunction 

through circulating factors. The liver constructs used to generate CM exhibit well‑characterized 

phenotypes from steatosis and MASH‑like states. The hepatic signatures are mirrored in the muscle 

module by severity‑dependent contractile decline, partial mass–function dissociation, repression of 

canonical atrogenes, remodeling of the myogenic program, and influence in autophagy–lysosome 

systems. 

Among the mediators implicated in this axis, IL‑6 and IL‑8 are particularly notable. Chronic IL‑6 elevation 

has been linked to impaired myogenesis, increased catabolism, and activation of autophagy–

proteasome pathways, whereas IL‑8 can exert anti‑catabolic effects on muscle by enhancing Akt 

signaling and suppressing FoxO3‑dependent atrogene expression. The paradoxical combination of 

severe functional impairment with relatively preserved myotube size under MASH‑CM may therefore 

reflect a complex balance between IL‑6–driven protein homeostasis stress and IL‑8–mediated 

anti‑atrophic compensation, superimposed on a background of PDGF‑BB‑induced differentiation 

decrease. In this view, MASLD‑associated muscle wasting is not a simple monotonic process of atrophy, 

but rather a dynamic competition between injury and potentially compensatory signals that collectively 

shape muscle quality and regenerative potential under CM exposure. 

 

5.5.7 Limitations and future directions 

While this chapter demonstrates that MASLD‑derived factors can recapitulate key aspects of clinical 

muscle impairment in a human 3D model, several limitations should be acknowledged to contextualize 

the findings and guide future experiments. First, the exposure design relied on a 48‑hour CM treatment 

at a fixed dilution chosen to avoid overt toxicity of liver culture medium on muscle tissues. Although this 

was sufficient to uncover robust functional and molecular changes, it does not capture the chronicity of 



Bioengineered Skeletal Muscle Module 

124 

 

MASLD‑associated systemic exposure, and longer treatment paradigms will be necessary to model 

cumulative, potentially irreversible damage in the context of unresolved MASLD. 

Second, the skeletal muscle module incorporates immortalized myoblasts only and lacks communication 

with additional tissue models other than the liver, which are increasingly recognized as critical regulators 

of muscle homeostasis in metabolic disease. The absence of well-characterized satellite cell and 

fibroadipogenic progenitor (FAP) pools likely simplifies clinical phenotypes of MASLD-associated 

sarcopenia and muscle wasting, particularly with respect to myogenesis and myosteatosis. Incorporating 

these additional cell types or combining the current platform with adipose components would enable 

more comprehensive analysis of MASLD‑driven muscle pathology, at the expense of further 

optimizations like the one carried out with culture media. 

Third, our autophagy assessment relied on static imaging of LC3B and LysoTracker‑positive 

compartments, which cannot definitively distinguish between enhanced autophagy initiation and 

impaired degradation. Flux assays using lysosomal inhibitors, live‑cell reporters, or complementary 

readouts of mitochondrial quality control will be required to dissect the precise nature of autophagy–

lysosome alterations and to test whether targeted modulation of this pathway can rescue skeletal muscle 

mass and function. 

Finally, as with the liver module, our platform currently uses immortalized cell lines and defined 

NEFAs+LPS insults, which offer standardization and reproducibility but do not fully recapitulate the 

genetic, dietary, and microbiome‑related drivers of MASLD in patients. Outside the scope of this work, 

more complex explorations incorporating patient‑derived myogenic cells from individuals with distinct 

MASLD phenotypes, would enable stratification of muscle responses by genotype, metabolic profile, or 

clinical stage and supporting more personalized mechanistic and therapeutic investigations. 

 

5.5.8 Implications for MASLD-associated muscle wasting and translational 

opportunities 

The present work provides several conceptual advances for understanding and targeting 

MASLD‑associated muscle wasting while presenting a modular in vitro platform for the study of its extra-

hepatic implications. First, it establishes that stage‑specific hepatic secreted factors in the absence of 

systemic confounders, are sufficient to produce severity‑dependent functional decline, partial structural 

atrophy, non‑canonical protein balance signatures, and autophagy–lysosome remodeling. Second, it 

highlights that classical atrogenes may not fully explain muscle wasting in metabolic liver disease, 

emphasizing the need to broaden therapeutic strategies beyond inhibition of ubiquitin–proteasome 

pathways. Third, by employing functional readouts in a modular multi‑tissue platform, the system 

provides a useful tool to evaluate either liver or muscle interventions. For this author, anti‑inflammatory 

or anti‑fibrotic agents pose the most interesting and best suited strategies to explore in the future with 

this MASLD model. On the muscle side, exercise mimetics that resemble clinical treatment of 
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sarcopenia, autophagy modulators, or myogenic enhancers can offer quantifiable data on performance, 

structure, and molecular signatures. 

In summary, Chapter 5 situates skeletal muscle as an active, dynamically regulated target of 

MASLD‑derived signals, whose fate is shaped by the interplay between inflammatory, growth factor, and 

protein homeostasis pathways influenced by the liver. The human 3D liver–muscle platform described 

here offers a mechanistically grounded, ethically aligned, and scalable approach to disentangle these 

interactions and to identify actionable nodes for preventing or reversing liver‑driven muscle wasting in 

MASLD and related conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Chapter 6 |   Organ-on-Chip Device for Liver-Skeletal 

Muscle Interrogation 

 

 

 

 

6.1 Introduction 

Organs‑on‑chips are micro engineered culture systems in which human cells are organized within 

perfused microfluidic architectures designed to reproduce a minimal functional unit of an organ. They 

combine controlled flow, defined 3D geometry, mechanical and electrical stimulation, and often multiple 

cell types and extracellular matrix components to recapitulate organ‑level functions with far greater 

physiological relevance than 2D culture, while avoiding many interspecies differences of animal models. 

Recent syntheses have emphasized the role of these systems as engineered tissue constructs built 

using the tools of tissue engineering and microfluidics [284]. 

Over the last decade, organs‑on‑chips have moved from proof‑of‑concept devices to broadly used 

platforms for biological research and preclinical testing. Comprehensive reviews highlight how cardiac, 

liver, gut, kidney, lung, vascular and tumor chips are now used to study human development and 

pathophysiology, to predict drug efficacy and toxicity, and to model complex systemic phenomena when 

multiple compartments are fluidically coupled. At the same time, clinical translation will stress the need 

for industry‑compatible materials, integrated sensing, higher‑throughput and more standardized 

operation, and formal validation against clinical and in vivo data, framing organs‑on‑chips as a promising 

route to more predictive human models for drug development and, eventually, personalized medicine 

[285–287]. 

 

6.1.1 Contribution statement and collaborative framework 

The organ-on-chip work presented in this chapter was developed in collaboration with Dr. Carolina 

Rodríguez-Gallo, whose background in condensed matter physics, colloidal systems, and microfluidic 

flow provided essential physical and mathematical expertise for the engineering component of this 

thesis. Her contribution was central to the microfluidic design process, chip fabrication, characterization 

strategy, experimental design, mixing and dilution experiments. I gratefully acknowledge her work, 

technical guidance, and conceptual contribution to the development and characterization of the first-

generation liver–skeletal muscle microfluidic device. 
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My contribution consisted of defining the biological rationale and overall design requirements of the 

device within the context of the modular liver–muscle platform developed in this thesis. Specifically, I 

contributed to the device conceptualization, material selection, initial CAD design iterations, definition of 

physical dimensions and required microfluidic elements, arrangement of the 3D tissue culture chambers, 

dilution/mixing unit, the experimental characterization needed to translate the static CM experiments into 

a pressure-driven microfluidic format. I also contributed to the experimental design throughout the 

pipeline and to the interpretation of the fluidic characterization results in relation to MASLD-associated 

liver–skeletal muscle crosstalk. Therefore, this chapter is a collaborative engineering step that 

establishes the fluidic basis for future dynamic organ-on-chip integration of the liver and skeletal muscle 

modules. 

 

6.1.2 Positioning of the Organ-on-Chip device 

OoC devices have emerged as powerful in vitro systems that integrate microfluidics, biomaterials, and 

tissue engineering to recreate key aspects of human organ physiology and pathophysiology under 

controlled flow. In contrast to conventional static cultures, these platforms aim to reproduce tissue‑level 

structure, mechanical cues, and dynamic exposure to soluble factors, thereby improving the predictive 

value of preclinical models for disease mechanisms and drug responses [285,288–294]. Within this 

technological landscape, the present thesis explores MASLD‑associated liver–skeletal muscle crosstalk 

using human 3D bioengineered tissues, and Chapter 6 represents the first engineering step toward a 

dynamic multi‑organ‑on‑chip implementation of this axis. 

The preceding chapters established that 3D collagen‑based liver constructs combining hepatocyte‑like 

and HSCs can generate disease‑stage–specific CM, and that exposure of differentiated 3D skeletal 

muscle tissues to these media under static conditions can induce structural and functional alterations 

consistent with muscle dysfunction. However, static conditioned‑medium transfer does not capture 

continuous inter‑organ communication, time‑dependent concentration profiles, or flow‑dependent 

phenomena that are central to systemic metabolic diseases [285]. Chapter 6 is therefore deliberately 

framed as a technical bridge. It does not yet present a fully validated dynamic MASLD liver–muscle OoC, 

but rather a first‑generation liver–skeletal‑muscle device that establishes the fluidic basis for future 

live‑tissue co‑culture under flow (Figure 6.1). 

 

6.1.3 Biological motivation behind the Organ-on-Chip device 

Metabolic dysfunction‑associated steatotic liver disease (MASLD), including its progressive 

inflammatory and fibrogenic form MASH, has become one of the most prevalent chronic liver diseases 

worldwide, tightly linked to obesity, insulin resistance, and type 2 diabetes. Beyond its intrahepatic 

manifestations, MASLD is increasingly recognized as a systemic disorder that affects extrahepatic 

organs, including skeletal muscle, via complex metabolic, endocrine, and inflammatory mechanisms. 
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Clinical and experimental studies have documented a high prevalence of sarcopenia—defined as loss 

of skeletal muscle mass and function—in MASLD patients and suggest a bidirectional relationship in 

which muscle dysfunction both contributes to and results from hepatic steatosis and fibrosis [295,296]. 

Skeletal muscle is a major site of glucose disposal and lipid oxidation, and its impairment exacerbates 

insulin resistance, fat accumulation, and systemic inflammation, thereby promoting MASLD progression. 

Conversely, hepatic steatosis, lipotoxicity, and low‑grade inflammation can alter circulating metabolite 

and cytokine profiles, impacting muscle protein turnover, mitochondrial function, and regenerative 

capacity. This interdependence has led to the conceptualization of a “liver–muscle axis” in metabolic 

disease, in which hepatokines, myokines, and metabolic intermediates cooperatively shape disease 

trajectories [296,297]. The thesis focuses not on isolated candidate factors, but on disease‑stage–

specific liver CM as integrated hepatic signals that modulate engineered skeletal muscle tissues. 

 

6.1.4 From conditioned medium transfer to dynamic organ‑on‑chip 

In the static 3D platform developed in earlier chapters, CM from 3D MASLD‑like liver constructs were 

collected, diluted with skeletal muscle differentiation medium, and then applied in batch to differentiated 

3D skeletal muscle tissues for defined exposure periods. This strategy enabled precise control of 

exposure concentration and duration, and it revealed that insufficiently diluted liver media were strongly 

disruptive to muscle tissues, whereas a 1:50 dilution in skeletal muscle differentiation medium was 

compatible with maintaining viable tissues and revealing disease‑stage–specific phenotypes. 

Nevertheless, static CM transfer inherently lacks continuous inflow and outflow, does not reproduce 

physiologic perfusion patterns, and cannot capture dynamic feedback between coupled tissues. 

Organ‑on‑chip technology offers a natural route to address these limitations by integrating the existing 

3D liver and functional differentiated skeletal muscle modules into a microfluidic architecture that 

supports continuous, pressure‑driven flow of liver‑derived secretomes toward the muscle compartment. 

In this configuration, liver constructs can be perfused in real time, and the resulting effluent can be 

diluted, mixed, and delivered to skeletal muscle tissues. This would allow the investigation of 

time‑dependent responses and repeated challenges in future multi‑organ setups. The central challenge, 

however, is to translate the empirically determined static exposure condition—a 1:50 dilution of liver 

medium—into a microfluidic environment where flow rate, channel geometry, and diffusion together 

govern the composition experienced by muscle tissues. 

 

6.1.5 Organ‑on‑chip and microfluidic background 

OoC systems are built on microfluidic principles: at the typical length scales of microchannels, flows 

usually operate at low Reynolds numbers, where viscous forces dominate over inertial forces and 

laminar flow is commonly achieved. Under laminar conditions, when two liquids are brought into contact 

within a channel, they tend to flow as parallel streams separated by a relatively stable interface. Under 
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this condition, mixing is then governed primarily by molecular diffusion across this interface rather than 

by turbulence. The characteristic diffusion time depends on the diffusion coefficient of the solute and on 

the square of the diffusion distance, so efficient mixing over short channel lengths often requires 

strategies to reduce the effective diffusion path or to continually deform the interface [298,299]. 

Micromixers are broadly classified as active, which rely on external energy inputs to stir or perturb the 

flow, and passive, which use only geometric features and pressure‑driven flow to enhance interface 

stretching and folding. Active micromixers can achieve high mixing efficiency but typically require 

integrated actuators or fields, increasing device complexity and potentially imposing constraints on cell 

culture compatibility. Passive micromixers—such as serpentine, herringbone, or spiral channels—offer 

a simpler and more robust solution, particularly suitable for long‑term biological experiments, because 

they rely solely on channel geometry to generate secondary flows and increase residence time. In curved 

channels, centrifugal effects shift the velocity maximum toward the outer wall and generate transverse 

Dean vortices, which drive fluid elements across streamlines and thereby enhance mixing without 

requiring moving parts. Serpentine designs with repeated bends exploit this mechanism to progressively 

homogenize solutes along the channel length while maintaining moderate pressure drops compatible 

with microfluidic perfusion [299,300]. 

OoC systems are built on microfluidic principles. At the typical length scales of microchannels, fluid 

behavior differs substantially from that observed at the macroscale. Inertia is strongly reduced, viscous 

forces dominate, and flow is commonly laminar. This regime is usually described by the Reynolds 

number, which compares inertial and viscous forces and provides a useful criterion to anticipate whether 

flow will remain ordered within the channel. These characteristics are fundamental to the operation of 

microphysiological systems and have been extensively described in the microfluidics literature [301]. 

 

𝑅𝑒 =
𝜌𝑈𝐿

𝜂
 (6.1) 

 

The equation 6.1 shows the definition of the non-dimensional Reynolds number, where 𝜌 is the fluid 

density, 𝑈 is the characteristic fluid velocity, 𝐿 is the characteristic length scale of the channel, and 𝜂 is 

the dynamic viscosity. Under low Reynolds number conditions, fluid streams do not mix by turbulence. 

Instead, when two liquids are brought into contact within a microchannel, they tend to flow as parallel 

streams separated by a relatively stable interface. Consequently, homogenization depends primarily on 

molecular diffusion across this interface and on the degree to which the device geometry increases the 

interfacial area between streams. This diffusion-dominated transport regime is one of the defining 

features of microfluidic systems and strongly influences mixer design [302]. 

The pressure-driven operation of the device can be understood from the simplified form of the Navier–

Stokes equation. This equation assumes an incompressible, Newtonian fluid and a steady and 
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predominantly unidirectional flow. Under these conditions, the inertial terms become negligible, and the 

equation reduces to a balance between the pressure gradient and viscous resistance. 

 

∇⃗⃗ 𝑝 = 𝜂∇2𝑢⃗  (6.2) 

 

In equation 6.2, ∇𝑝⃗⃗⃗⃗  ⃗ is the pressure gradient driving fluid motion through the microchannel, 𝜂  is the 

dynamic viscosity of the fluid, and 𝑢⃗  is the fluid velocity field. The operator ∇2 describes how the velocity 

field varies spatially across the channel. In physical terms, this simplified expression states that, under 

low Reynolds number conditions, the pressure gradient imposed by the external pump is dictated by 

viscous stresses generated by the resistance of the fluid to deformation. Therefore, fluid motion in the 

channel is governed primarily by applied pressure and by viscous dissipation rather than by inertial 

effects. For pressure-driven flow in a channel, the resulting velocity profile is parabolic in straight regions, 

with higher velocities toward the center of the channel and lower velocities near the walls. The volumetric 

flow rate is therefore determined by the applied pressure difference and the hydraulic resistance of the 

channel, as summarized by the Hagen–Poiseuille relation: 

 

𝑄 =
∆𝑝

𝑅𝐻

 (6.3) 

 

Here, 𝑄 is the volumetric flow rate, ∆𝑝 is the pressure difference, and 𝑅𝐻 is the hydraulic resistance, 

which depends on channel geometry and fluid viscosity. This relationship is key to the present device 

because the contributions of the liver-derived and skeletal muscle inlet streams are controlled by their 

pressure-driven flow rates. In practical terms, modifying the inlet pressure changes the velocity of the 

corresponding stream and therefore changes both the dilution ratio and the residence time available for 

mixing before the mixture reaches the skeletal muscle chamber. Pressure-driven flow and hydraulic 

resistance are routinely used to simulate and control flow distribution in microfluidic networks [303]. 

Under laminar flow, diffusion becomes the main mechanism by which molecules move across the 

interface between adjacent streams. The characteristic diffusion time increases with the square of the 

diffusion distance and decreases with the diffusion coefficient of the solute. Therefore, reducing the 

effective diffusion distance, increasing residence time, or increasing the interfacial area between streams 

can improve mixing efficiency. To illustrate this, diffusion time and distance are governed by the following 

equations 6.4 to 6.6: 

 

𝑡𝐷 ≈
𝑑2

𝐷
 (6.4) 
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𝐿𝐷 = 𝑈𝑡𝑑 ≈ 𝑈
𝑑2

𝐷
 (6.5) 

Or 

𝐿𝐷 ≈ 𝑈
𝑤2

𝐷
 (6.6) 

 

where 𝑡𝐷 is the diffusion time, 𝑑 is the diffusion distance, 𝐷 is the diffusion coefficient, 𝐿𝐷 is the minimum 

length required to approach diffusive mixing, 𝑈 is the average fluid velocity, and 𝑤 can be used as the 

relevant channel width. These relationships explain why pressure and channel geometry are key in the 

design of passive microfluidic mixers. Increasing pressure increases velocity and can enhance 

throughput, but it also reduces residence time and can therefore reduce the time available for diffusion. 

Conversely, lower inlet pressures can favor mixing by allowing molecules more time to diffuse across 

the channel width. The interplay between convection and diffusion is a key consideration in the design 

of microfluidic mixing systems. 

Micromixers are broadly classified as active or passive. Active micromixers rely on external energy 

inputs, such as acoustic, magnetic, electrical, or mechanical perturbations, to stir or disturb the flow. 

Although they can achieve high mixing efficiency, their integration increases device complexity and may 

impose additional constraints on biological compatibility. Passive micromixers rely only on channel 

geometry and pressure-driven flow. They are therefore attractive for long-term biological experiments, 

where simplicity, robustness, optical accessibility, and minimal perturbation of the culture environment 

are desirable. Passive mixing strategies are particularly common in organ-on-chip platforms because 

they facilitate fabrication and operation while maintaining biocompatibility [304]. 

The device developed in this chapter uses a passive serpentine diluting–mixing unit. Serpentine 

geometries increase the path length available for diffusion and introduce repeated curved regions that 

alter the local velocity field. In curved channels, centrifugal effects displace the velocity maximum toward 

the outer wall and can generate transverse secondary flows, often described as Dean-type vortices. 

These secondary flows promote movement across streamlines and help deform the interface between 

adjacent liquids, thereby enhancing homogenization without requiring moving parts or external 

actuation. This is particularly relevant for the liver–skeletal muscle OoC because the liver-derived stream 

must be diluted and homogenized with skeletal muscle differentiation medium before entering the 

muscle chamber. Dean-flow-enhanced mixing in curved microchannels has been widely reported as an 

effective passive mixing mechanism [305]. 

In this chapter, mixing performance was evaluated experimentally using Rhodamine B as a fluorescent 

liver-medium surrogate. Fluorescence intensity profiles were extracted across the channel width at 

defined locations along the serpentine region. These profiles were fitted with Gaussian functions, and 

their standard deviation was used to calculate a mixing index. This index approaches 1 as the 

fluorescence profile becomes broader and more homogeneous across the channel width, as detailed: 
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𝛾 = 1 −
𝜎𝑚𝑖𝑛

𝜎
 (6.7) 

 

Here, 𝛾 is the mixing index, 𝜎𝑚𝑖𝑛 is the standard deviation of the unmixed reference profile, and 𝜎 is the 

standard deviation of the fluorescence profile at a given downstream location. This analysis provides a 

bridge between the microfluidic theory described above and the characterization presented in the 

Results section. Specifically, it allows the pressure-dependent progression of mixing along the 

serpentine channel to be evaluated and related to the operating conditions required to reproduce the 

1:50 liver-medium dilution previously optimized in the static skeletal muscle exposure experiments. 

 

6.1.6 Biological modules for future integration 

The OoC device developed in this chapter is designed as an engineering tool for future integration of 

the biological modules established in Chapters 4 and 5, rather than as a fully implemented co‑culture 

system. The first module consists of 3D collagen‑based liver constructs that combine hepatocyte‑like 

HepaRG cells and LX‑2 HSCs, cultured under lipotoxic and inflammatory conditions to reproduce 

progressive MASLD‑like features, including steatosis, hepatocellular dysfunction, inflammatory cytokine 

production, stellate cell activation, and early fibrogenic remodeling. These constructs generate CM that 

contain liver‑derived secreted factors, reflecting specific disease stages. 

The second module consists of human 3D bioengineered skeletal muscle tissues formed in flexible‑post 

PDMS chips, which support aligned myofibers and functional readouts via EPS and force 

measurements. This platform enables the characterization of muscle contractility, morphology, and 

molecular markers in response to liver‑derived signals, and it has already demonstrated that stage–

specific CM can induce muscle alterations under static exposure. In the context of Chapter 6, these 

modules are not yet physically integrated into the microfluidic device; instead, they define chamber 

dimensions, imaging requirements, and the target dilution of liver‑derived medium that must be achieved 

before the mixture reaches the muscle compartment. 

 

6.1.7 Translating dilution requirements into engineering constraints 

A central finding from the static conditioned‑medium experiments is that skeletal muscle tissues tolerated 

liver‑derived media only when diluted 1:50 in skeletal muscle differentiation medium, while more 

concentrated conditions were associated with severe functional disruption. In quantitative terms, this 

corresponds to a liver‑medium fraction of 0.02 in the final mixture applied to muscle tissues, and this 

value was adopted as the primary biological design constraint for the microfluidic device. The 

engineering problem addressed in this chapter was to design a microfluidic configuration and operating 
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regime that deliver a homogenized mixture with a liver‑medium fraction close to 0.02 at the entrance of 

the muscle chamber. 

In a pressure‑driven microfluidic system, this requirement translates into constraints on channel 

cross‑section, flow‑rate ratios, and mixing efficiency along the path from the liver outlet to the muscle 

compartment. The relative contributions of the liver and muscle inlets are determined by the applied 

pressures, which set the volumetric flow rates and thus the nominal dilution factor, while the geometry 

of the mixing region controls how the two streams achieve homogeneity. Importantly, the design must 

also remain compatible with future live‑tissue culture, adding constraints on overall device height, optical 

accessibility, and chamber layout. Designs were made accounting for the real size of both biological 

components, which are to be placed inside the OoC device in their functional differentiated state. 

 

6.2 Aims and scope 

In summary, the aim of Chapter 6 is to establish the fluidic foundation for future dynamic liver–muscle 

co‑culture experiments within an OoC device. Specifically, the objectives are: 

1. Design and fabricate a first‑generation microfluidic device that connects a liver chamber, a 

passive serpentine diluting–mixing unit, and a skeletal muscle chamber in a configuration 

compatible with 3D human liver and muscle constructs 

2. Characterize mixing along the serpentine using Rhodamine B fluorescence imaging and a 

quantitative mixing index derived from cross‑sectional intensity profiles 

3. Determine the inlet pressure conditions under which the liver‑medium surrogate is diluted to a 

fraction close to 0.02 before entering the muscle chamber, thereby reproducing the static 1:50 

exposure condition under flow 

4. Identify technical limitations and practical constraints that must be addressed before integrating 

live tissues. 

 

By achieving these goals, this chapter positions a first‑generation OoC device that already fulfills flow, 

mixing, and dilution requirements for dynamic liver‑to‑muscle studies while clearly delineating the 

remaining steps needed to realize a fully functional MASLD liver–muscle co‑culture model under 

physiologically relevant flow conditions. 
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6.3 Results 

6.3.1 Design rationale for a liver–skeletal muscle organ-on-chip platform 

The static CM experiments described in Chapter 5 demonstrated that secreted factors released by the 

3D liver constructs were sufficient to impair skeletal muscle function in vitro. However, this experimental 

configuration relied on manual medium collection, dilution, and transfer between independently cultured 

tissues. Although this approach allowed controlled testing of liver-derived CM, it did not reproduce 

continuous inter-tissue communication under flow. Therefore, the next step of the platform consisted of 

designing a first-generation organ-on-chip (OoC) device capable of integrating one 3D liver construct 

and one 3D skeletal muscle tissue within a shared microfluidic circuit. 

The main design requirement was determined by the biological constraints identified in the static 

experiments. Undiluted liver CM was not compatible with differentiated skeletal muscle tissues, whereas 

a 1:50 dilution in skeletal muscle differentiation medium preserved muscle tissue function while still 

allowing the detection of liver-disease-dependent effects (see Chapter 5). Consequently, the OoC device 

was designed not only as a physical co-culture platform, but also as a fluidic dilution and mixing system 

capable of reducing the concentration of liver-derived medium before its arrival to the skeletal muscle 

chamber. 

The resulting device contained two tissue regions connected through a passive diluting and mixing unit. 

The upstream chamber was designed to host the 3D liver construct, while the downstream chamber was 

designed to host the 3D skeletal muscle tissue. Two independent inlets allowed the introduction of liver 

medium and skeletal muscle medium, respectively. Liver medium exiting the liver chamber entered a 

narrow outlet channel and merged with the skeletal muscle medium stream before passing through a 

serpentine mixing region. The mixed medium was then directed into the skeletal muscle chamber, 

thereby reproducing the conceptual workflow of the static CM experiments under continuous flow. 
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Figure 6.1. General design of the liver–skeletal muscle organ-on-chip device. 

Schematic top view of the microfluidic device developed to support controlled communication between a 3D human liver 

construct and a 3D human skeletal muscle tissue. The design includes independent liver and muscle medium inlets and 

outlets, a dedicated liver chamber, a downstream skeletal muscle chamber, and an intermediate serpentine 

diluting/mixing unit. This configuration enables liver-derived medium to be diluted and homogenized with skeletal muscle 

medium before reaching the muscle compartment, allowing controlled exposure of the muscle tissue to liver-derived 

soluble factors while preserving independent fluidic access to each organ module. 

 

6.3.2 Fabrication and layering of the first-generation device 

The first prototype was fabricated as a multilayer microfluidic chip. The bottom layer consisted of a 

standard glass slide to allow optical inspection of the channels and tissue regions. The microfluidic 

architecture was defined in a PDMS layer, while a PMMA top layer provided mechanical support and 

access for external connectors. A double-sided adhesive layer was used between PDMS and PMMA to 

facilitate assembly and reduce leakage at the connector interface. 

The microfluidic design incorporated three replicas of the same device within a single chip. Each replica 

contained a liver chamber, a serpentine diluting/mixing unit, and a skeletal muscle chamber. The 

chamber and channel height was 100 µm. The liver chamber had a diameter of 3 mm, while the skeletal 

muscle chamber had a diameter of 8 mm. The liver outlet channel was considerably narrower than the 

main mixing channel, which created a strong hydraulic-resistance imbalance between the liver and 

muscle medium streams and contributed to the intended dilution of liver-derived medium. After merging 

with the skeletal muscle medium, both streams entered a 510 µm-wide serpentine mixing channel 

composed of repeated upper and lower loops. 

This architecture was selected to address two requirements simultaneously. First, the device had to 

dilute the liver-derived medium to approximately 1:50 before skeletal muscle exposure. Second, it had 

to promote sufficient mixing before the medium reached the skeletal muscle chamber. Because flow in 

microchannels occurs predominantly under laminar conditions, the design relied on passive mixing 

rather than turbulent mixing. The serpentine geometry increased the length of the fluidic path and 
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promoted secondary flow components in curved regions, thereby increasing the opportunity for diffusion 

and homogenization between the liver-derived stream and the skeletal muscle medium stream. 

 

 

Figure 6.2. Layered structure, assembled prototype, and mixing-analysis regions of the liver–skeletal muscle 
organ-on-chip device. 

A) Schematic cross-section of the chip architecture, showing the glass substrate, patterned PDMS microfluidic layer, 

double-sided adhesive tape, PMMA top layer, and external connectors for fluidic access. B) Top-view image of the 

assembled chip. Blue ink was injected into the central replicate to visualize the microfluidic circuit, including the liver 

chamber, serpentine diluting/mixing unit, and downstream muscle chamber. C) Schematic top view of the liver–skeletal 

muscle microfluidic circuit. Numbered positions indicate the locations along the dilution/mixing unit where fluorescence 

intensity profiles were acquired to evaluate progressive mixing before the fluid reached the skeletal muscle chamber. 

 

6.3.3 Integration constraints for microscopy-compatible multi-tissue culture 

In addition to fluidic dilution and mixing, the device had to remain compatible with practical tissue culture 

and imaging requirements. The maximum device height was constrained to approximately 1 cm to allow 

positioning under standard microscopy configurations. The liver and skeletal muscle tissue regions were 

also spatially separated to allow independent optical access to both chambers. The final layout placed 
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the two tissue regions at a lateral center-to-center distance of approximately 42.2 mm, allowing the liver 

and skeletal muscle regions to be visualized independently. 

This constraint was particularly relevant for future biological implementation. The liver chamber needed 

to accommodate a 3D liver construct without obstructing the fluidic route, while the skeletal muscle 

chamber needed to host an anchored 3D skeletal muscle tissue compatible with downstream functional 

or structural assessment. Although live tissues were not ultimately introduced into the chip within the 

timeframe of this thesis, the first-generation design established the geometrical and optical basis for a 

future dynamic liver–muscle co-culture system. 

 

6.3.4 Fluorescence-based characterization of mixing along the serpentine channel 

After fabrication, the fluidic behavior of the device was characterized using a fluorescence-based assay. 

Rhodamine B diluted in Milli-Q water was used to simulate liver-derived medium, whereas Milli-Q water 

without fluorophore was used to simulate skeletal muscle medium. This approach allowed visualization 

of the liver-derived stream and quantification of its progressive dilution and mixing after merging with the 

skeletal muscle medium stream. 

Before the main characterization experiments, Rhodamine B concentration was calibrated to identify a 

concentration range in which fluorescence intensity remained proportional to fluorophore concentration. 

This step was necessary because high Rhodamine B concentrations can produce self-quenching, 

thereby disrupting the linear relationship between concentration and fluorescence signals. Based on this 

calibration, a working concentration of 6 × 10^-3 mg/mL Rhodamine B was selected for the mixing and 

dilution experiments. 

 

 

Figure 6.3. Rhodamine B calibration for fluorescence-based dilution and mixing analysis. 

A) Fluorescence intensity measured across a broad range of Rhodamine B concentrations, showing a non-linear 

response at higher concentrations due to self-quenching. Maximum signal was observed around 0.5 mg·mL⁻¹, after which 

fluorescence intensity decreased despite increasing dye concentration. B) Linear fluorescence region selected for 

quantitative analysis. Intensity values plotted against Rhodamine B concentration and fitted by linear regression. 
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The chip was then connected to a pressure-driven flow system. Skeletal muscle medium flow was 

maintained through the muscle inlet, while the pressure applied to the liver inlet was varied across a 

broad range of conditions between 150 and 500 mbar, depending on the experimental series. 

Fluorescence microscopy images were acquired at defined positions along the serpentine channel to 

monitor the distribution of the Rhodamine B signal after the convergence of the liver-derived and skeletal 

muscle medium streams. 

 

Figure 6.4. Experimental setup for pressure-driven microfluidic dilution and mixing characterization. 

A) Schematic representation of the fluorescence microscopy setup used to characterize the liver–skeletal muscle organ-

on-chip device. An air compressor supplies pressure to a two-channel pressure controller, which independently drives the 

muscle medium and liver medium streams into the microfluidic chip. The chip is positioned on the stage of a fluorescence 

microscope to enable real-time imaging of Rhodamine B transport, dilution, and mixing along the microfluidic circuit. 

Outlet tubing collects the effluent into waste reservoirs. B) Specific fluorescence imaging locations. 

 

At the initial merging region, fluorescence intensity was spatially concentrated, indicating that the 

Rhodamine B-containing liver stream and the non-fluorescent muscle medium stream were not yet fully 

mixed. As the fluids progressed through the serpentine channel, the fluorescence profile broadened 

across the channel width, indicating progressive dispersion of Rhodamine B into the initially non-

fluorescent stream. This qualitative observation confirmed that the serpentine region promoted gradual 

mixing before the fluid reached the skeletal muscle chamber. 
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Figure 6.5. Fluorescence-based evaluation of progressive mixing along the serpentine channel. 
Representative fluorescence microscopy images acquired at selected positions along the microfluidic diluting/mixing 

region, with the corresponding transverse line-intensity profiles measured across the channel width. At the initial 

intersection point, the Rhodamine B stream appears spatially confined, producing a sharp intensity peak. As the fluids 

progress through the serpentine channel, the intensity profile broadens and becomes progressively flat. The final position 

before the muscle chamber shows a more homogeneous fluorescence distribution across the channel width. 

 

6.3.5 Pressure-dependent mixing efficiency in the serpentine region 

To quantify mixing along the device, fluorescence intensity profiles were extracted across the channel 

width at defined positions of the serpentine region. These profiles were fitted using Gaussian 

distributions, and the standard deviation of each fitted profile was used to calculate a mixing index. This 

index increased as the fluorescence profile broadened and approached a more homogeneous 

distribution across the channel width. 

The mixing analysis showed that the device promoted progressive homogenization of the Rhodamine 

B-containing liver stream with the muscle medium stream along the serpentine region. However, mixing 

efficiency depended on the pressure applied at the liver inlet. Lower liver inlet pressures produced faster 

convergence of the mixing index toward complete mixing, whereas higher liver inlet pressures delayed 

homogenization. This behavior was consistent with the expected relationship between pressure, flow 

velocity, and residence time in laminar microfluidic systems. Higher pressures increase fluid velocity, 

reducing the time available for molecular diffusion across the interface between the two streams. 

Conversely, lower pressures prolong residence time within the serpentine region and therefore favor 

diffusive mixing. 
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Figure 6.6. Mixing efficiency along the serpentine diluting/mixing unit at different liver inlet pressures. 

Mixing index values measured at sequential positions along the serpentine channel for three liver inlet pressures, while 

maintaining the muscle inlet pressure constant. Experimental data are shown with error bars, and asymptotic fits were 

used to describe the progression toward complete mixing. Lower liver inlet pressures produced higher mixing index values 

at earlier positions. In all tested conditions, the mixing index progressively approached 1 along the channel, consistent 

with increasing homogenization before the fluid reached the skeletal muscle chamber. 

 

Among the tested conditions, the highest-pressure conditions showed the slowest approach toward 

complete mixing. In contrast, lower-to-intermediate liver pressures improved the progression of mixing 

along the serpentine channel. Importantly, despite pressure-dependent differences in the rate of mixing, 

the fluorescence intensity profile measured immediately before the skeletal muscle chamber was nearly 

flat across the channel width. This indicated that, under the tested conditions, the two fluid streams were 

substantially homogenized before entering the skeletal muscle chamber. 

 

 

Figure 6.7. Fluorescence intensity profiles at the outlet of the serpentine diluting/mixing unit. 

A) Cross-channel fluorescence intensity profiles measured immediately before the skeletal muscle chamber, 

corresponding to location 12 of the microfluidic circuit. Profiles are shown for different liver inlet pressures while 
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maintaining the muscle inlet pressure constant. B) Representative fluorescence microscopy image of location 12 at a liver 

inlet pressure of 500 mbar, showing the analyzed cross-sectional line used to extract the intensity profile. Scale bar = 200 

µm. 

 

6.3.6 Identification of pressure conditions compatible with the target 1:50 liver-

medium dilution 

In addition to mixing, the device was evaluated for its ability to reproduce the 1:50 dilution of liver-derived 

medium that had been optimized in the static CM experiments. For this purpose, fluorescence intensity 

was compared between the liver chamber and the skeletal muscle chamber under different liver inlet 

pressures. Because Rhodamine B was used within a concentration range where fluorescence intensity 

was approximately proportional to concentration, the decrease in signal between both chambers was 

used as a directly proportional indicator for liver-medium dilution. 

The dilution analysis showed that the liver-derived fluorescent signal was strongly reduced before 

reaching the skeletal muscle chamber, confirming that the device could dilute the liver stream through 

its convergence with the muscle medium stream. The extent of dilution was pressure dependent. Lower-

to-intermediate liver inlet pressures produced a larger difference between the liver chamber signal and 

the skeletal muscle chamber signal, whereas higher liver inlet pressures increased the relative 

contribution of the liver-derived stream to the final mixture. 

 

 

Figure 6.8. Pressure-dependent dilution of Rhodamine B in unlabeled fluid before entry into the skeletal muscle 
chamber. 

A) Representative fluorescence microscopy images at location 0, showing the fluidic profile generated at different liver 

inlet pressures. B) Quantification of fluorescence intensity and corresponding dilution ratio in the skeletal muscle chamber 

across the tested liver inlet pressures. The dashed horizontal line indicates the target dilution of 0.02, corresponding to a 
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1:50 liver-to-muscle medium ratio. Pressures around 200–300 mbar produced dilution values close to the target range, 

whereas higher liver inlet pressures increased the relative contribution of liver-derived medium reaching the skeletal 

muscle compartment. Data are shown as mean ± SD. 

 

The target 1:50 dilution corresponds to a final liver-medium fraction of approximately 0.02. Under the 

tested conditions, the dilution profile intersected this target range most consistently around 300 mbar, 

indicating that this pressure condition was the closest to the biologically required dilution. This result was 

particularly relevant because the 1:50 dilution was not an arbitrary engineering target, but the dilution 

previously identified as compatible with functional skeletal muscle exposure to liver CM. Therefore, the 

fluidic characterization supported the feasibility of translating the static CM protocol into a continuous-

flow OoC configuration. 

 

 

 

 

6.4 Discussion 

The work presented in this chapter is the first engineering step toward translating the static liver-CM 

transfer strategy developed in previous chapters into a dynamic liver–skeletal muscle OoC platform. The 

preceding experiments demonstrated that CM generated by 3D MASLD-like liver constructs altered the 

phenotype and contractile performance of differentiated 3D skeletal muscle tissues. However, those 

experiments relied on manual collection, dilution, and batch exposure of skeletal muscle tissues to liver-

derived media. While this strategy was appropriate to isolate the contribution of liver-derived soluble 

factors under controlled conditions, it did not reproduce continuous inter-organ communication under 

flow. Therefore, the purpose of this chapter was to establish the fluidic basis required for future dynamic 

integration of the two biological modules. 

 

6.4.1 Design constraints and engineering goal of the fluidic characterization 

The main design constraint was defined by static skeletal muscle experiments. Preliminary exposure 

studies showed that concentrated liver culture media were not compatible with skeletal muscle tissue 

function, whereas dilution of liver CM at 1:50 in skeletal muscle differentiation medium preserved tissue 

viability and enabled the detection of disease-stage-specific effects. This empirical condition was used 

as engineering requirement, since the OoC device had to dilute the liver-derived stream to an 

approximate final liver-medium fraction of 0.02 before reaching the skeletal muscle chamber. If medium 

exchange is not properly adjusted, downstream phenotypes may reflect culture incompatibility or nutrient 

imbalance rather than inter-tissue signaling. 
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The first-generation device successfully incorporated a liver chamber, a downstream skeletal muscle 

chamber, a stream intersection, and a passive serpentine diluting–mixing unit positioned between both 

compartments. Pressure-driven configuration allowed independent control of the liver- and muscle-

medium surrogate streams, while the serpentine geometry was intended to promote progressive 

homogenization before entry into the muscle chamber. Although live tissues were not ultimately 

introduced into the chip during the timeframe of this thesis, the resulting platform provides a physical 

route for future dynamic liver-to-muscle communication. 

The progressive flattening of the cross-sectional fluorescence intensity profiles confirmed that the 

serpentine unit promoted mixing of fluorophore Rhodamine B with the non-fluorescent muscle-medium 

surrogate. Evaluation of mixing index at multiple positions along the microfluidic circuit was consistent 

with the pressure dependence of the mixing behavior, as lower and intermediate pressures allowed 

earlier mixing, compared to the higher-pressure regimes. In microchannels, flow is typically 

characterized by low Reynolds numbers, meaning that viscous forces dominate and turbulence is 

absent. Under these conditions, adjacent fluid streams mix primarily by molecular diffusion, and mixing 

efficiency depends strongly on residence time, diffusion distance, and channel geometry. Higher liver 

inlet pressures increased fluid velocity and therefore reduced the time available for molecular diffusion 

across the interface between streams. Consequently, higher pressure conditions, particularly the highest 

tested liver pressures, showed slower convergence toward complete mixing. Conversely, lower-to-

intermediate liver pressures favored more efficient homogenization along the serpentine channel. From 

a biological perspective, using low to intermediate pressures in microfluidic devices protects cells from 

excessive shear stress and pressure inside the culture chambers. We also hypothesize that 3D models 

should offer greater protection against adverse physical stimuli than conventional monolayer OoC 

devices. Together, these results support the use of a passive serpentine geometry and demonstrate that 

pressure selection is not merely a matter of achieving flow, but a key parameter controlling both dilution 

and mixing towards reliable multi OoC platforms, where culture media compatibility is considered. 

Fluorescence intensity profiles acquired immediately before the skeletal muscle chamber appeared 

nearly flat across the channel width, indicating substantial homogenization before the mixture entered 

the downstream tissue compartment. Skeletal muscle tissue would otherwise be exposed to spatially 

heterogeneous medium composition, with different regions receiving different concentrations of liver-

derived factors. For future live-tissue implementation, homogeneous delivery will be essential to ensure 

that any observed contractile, morphological, or molecular phenotype can be attributed to the intended 

liver-derived exposure rather than to local concentration gradients within the chamber. 

The dilution analysis further demonstrated that the device could approach the biologically required 1:50 

liver-medium dilution under selected pressure conditions. Since Rhodamine B fluorescence was used 

within a concentration range where intensity was approximately proportional to concentration, the 

decrease in fluorescence signal from the liver chamber to the skeletal muscle chamber provided an 

alternative for dilution measurement. The target liver-medium fraction of 0.02 was reached most closely 

around the lower-to-intermediate pressure range, particularly near 300 mbar. 
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6.4.2 Limitations of the microfluidic characterization towards biological translation 

Nevertheless, the interpretation of the dilution results should remain cautious. The fluorescence-based 

dilution analysis was affected by variability, especially in some intermediate pressure conditions. This 

variability likely reflected a combination of experimental factors, including pixel-level heterogeneity, 

differences in focus, local background fluorescence, and the complexity of the tubing configuration. 

Fluorescence imaging was sensitive to the complexity of the experimental setup. The device required 

several tubing connections to the pressure controller and collection outlets, and Rhodamine B-containing 

tubes occasionally generated background fluorescence when positioned close to the microscope 

objective. This artifact could increase the apparent fluorescence intensity in selected regions and affect 

quantitative analysis. Some images were partially unfocused, which complicated Gaussian fitting of the 

fluorescence intensity profiles. This limitation was particularly relevant for the mixing-index analysis, 

because the calculated index depended on accurate extraction of the cross-channel intensity 

distribution. Third, the dilution analysis showed variability in the fluorescence intensity measured in the 

skeletal muscle chamber, especially at some intermediate pressures. This variability likely reflected a 

combination of optical background, local pixel-intensity heterogeneity, and experimental differences 

between replicates. 

In addition, Rhodamine B in Milli-Q water represents a simplified surrogate of liver-CM and skeletal 

muscle differentiation medium. Actual biological media contains proteins, salts, metabolites, and other 

components that may alter viscosity, surface interactions, and adsorption behavior. Therefore, while the 

current results support the feasibility of pressure-controlled dilution, the final operating parameters 

should be revalidated using standards and finally the real media formulations before live-tissue 

experiments. Liver-derived CM also contains a complex mixture of proteins, metabolites, extracellular 

vesicles, lipids, and cytokines with different diffusion coefficients and surface-interaction properties. 

Larger biomolecules may diffuse more slowly and may interact differently with PDMS or other device 

materials. Therefore, future work should consider validating transport using fluorescently labeled 

proteins or biologically relevant molecular tracers with diffusion properties closer to those of cytokines 

or secreted factors. This would help determine whether the mixing behavior observed with Rhodamine 

B accurately predicts the spatial distribution of liver-derived bioactive components. 

The previous points bring the choice of PDMS as the microfluidic material to discussion, which is also 

relevant for future optimization. PDMS remains widely used in organ-on-chip prototyping because it is 

optically transparent, gas-permeable, biocompatible, and compatible with soft lithography. These 

properties make it highly suitable for first-generation device fabrication and microscopy-based 

characterization. However, PDMS can absorb small hydrophobic molecules and interact with proteins, 

potentially altering the effective concentration of bioactive compounds delivered to cells. This is 

particularly important in MASLD modeling, where lipids, lipotoxic species, cytokines, and metabolic 

mediators contribute to the skeletal muscle phenotype. Although this issue does not invalidate the 
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present fluidic proof-of-concept, it should be addressed before biological implementation, either by 

surface treatment or material substitution with newer polymers like Flexdym™. 

A further limitation is that live tissues were not introduced into the device in this thesis. Whether live 

constructs can remain viable inside the chambers under perfusion remains to be demonstrated. 

Moreover, the replication of phenotypes observed in the static experimental configuration should be 

consistent inside the OoC as well. 

These steps are essential for converting the current platform into a functional liver–muscle OoC model. 

Skeletal muscle integration will require careful consideration of tissue anchoring, chamber geometry, 

flow-induced shear exposure, access for electrical pulse stimulation, and compatibility with post-flow 

contractility measurements. Similarly, liver construct integration will require assessment of tissue 

retention, perfusion around or through the hydrogel, maintenance of hepatic phenotype, and 

preservation of disease-stage-specific secretome generation under dynamic conditions. Extensive work 

is being carried out by other authors in the Biosensors for Bioengineering group as a follow-up to this 

present study, to advance a reliable multi OoC for the study of MASLD-associated muscle wasting. 

Despite these limitations, the present device addresses a key bottleneck in the development of multi-

organ systems, which is the translation of empirically optimized static exposure conditions into a 

controllable microfluidic format. Multi-organ chips often fail not because individual tissue modules are 

unavailable, but because their integration introduces mismatched medium requirements, dilution 

artifacts, inappropriate flow rates, or poorly defined inter-compartment scaling. In the present work, the 

static 1:50 liver-CM exposure condition provided a rational quantitative target for fluidic design. By 

approaching this target under flow, the device establishes a more controlled starting point for future 

biological experiments than a simple direct liver-to-muscle connection would provide. 

The liver and skeletal muscle models were first developed and characterized independently, allowing 

each module to be optimized according to its own biological requirements. Chapter 6 then introduces a 

connecting architecture that can, in future iterations, allow liver-derived cues to be delivered dynamically 

to the muscle compartment. This modular approach is advantageous because it enables stepwise 

troubleshooting. Fluidic routing, dilution, mixing, liver viability, muscle viability, and functional response 

can each be evaluated separately before attempting fully coupled long-term experiments. 

 

6.4.3 Future work 

Future work should proceed in the following manner. Fluidic characterization should be repeated using 

the actual culture media used for liver and skeletal muscle tissues to account for differences in fluid 

properties. Then, the dilution behavior should be validated using tracers that better approximate the 

transport of proteins or cytokines. Next, live 3D liver constructs should be loaded into the liver chamber 

and maintained under flow to assess viability, structural stability, and phenotype preservation. Skeletal 

muscle tissues should also be integrated into the downstream chamber, with particular attention to 

compatibility with EPS-based contractility assessment. Finally, the complete dynamic liver–muscle 
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experiment should compare whether exposure under flow reproduces the functional impairment, 

myotube remodeling, and molecular alterations previously observed under static CM transfer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Chapter 7 |   Conclusions 

 

 

 

 

The work presented in this thesis aimed to develop a modular human in vitro platform for the study 

of liver–skeletal muscle crosstalk in the context of MASLD. The main conclusions derived from this 

work are the following: 

1. A three-dimensional human liver model was established that reproduces coordinated 

features of MASLD progression under controlled in vitro conditions. HepaRG hepatocyte-

like cells and LX-2 hepatic stellate cells embedded in collagen-based hydrogels provided 

a multicellular hepatic microenvironment suitable for modeling hepatocyte–stromal 

interactions in disease conditions. A chemically defined NEFAs challenge induced 

steatosis and altered hepatocyte function, while the incorporation of LPS intensified 

hepatocellular injury, inflammatory activation, hepatic stellate cell activation, and early 

fibrogenic remodeling. These phenotypes were supported by changes in albumin 

expression, inflammatory cytokine secretion, and collagen expression. Thus, the model 

reproduced a set of phenotypes consistent with current evidence of MASLD as a 

progressive disease driven by lipid overload, inflammatory amplification, and matrix 

remodeling. 

2. The liver constructs functioned both as disease models and as generators of biologically 

active hepatic signals for downstream liver–skeletal muscle crosstalk studies. Conditioned 

media collected from defined liver phenotypes transmitted pathological cues generated by 

the liver constructs under controlled experimental conditions. This approach preserved the 

complexity of the liver-derived secretome while maintaining control over disease stage, 

exposure time, and dilution. The liver model therefore provided a source of integrated 

hepatic signals, instead of relying in isolated candidate mediators. 

3. Functional three-dimensional human skeletal muscle tissues were fabricated as a platform 

to evaluate MASLD-associated muscle impairment. Human myoblasts were engineered 

into aligned and differentiated constructs capable of contracting in response to electrical 

pulse stimulation, enabling quantification of skeletal muscle performance. The combination 

of contractile force measurements with myotube morphology, myogenic gene expression, 

and subcellular markers provided a multidimensional assessment of muscle phenotype. 
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Tissues allowed liver-derived pathological cues to be tested at the functional, structural, 

molecular, and cellular levels within the same bioengineered tissue system. 

4. Conditioned media derived from MASLD-like liver constructs impaired skeletal muscle 

function and phenotype. Exposure of differentiated 3D skeletal muscle tissues to liver 

conditioned media produced measurable reductions in contractile performance, with 

MASH-like conditioned media inducing the most marked force impairment. These 

functional alterations were accompanied by changes in myotube size, myogenic regulatory 

factor expression, and autophagy–lysosomal markers. These findings support the 

hypothesis that soluble factors generated by diseased liver constructs during MASLD 

progression independently induce skeletal muscle dysfunction in a controlled human in 

vitro system. 

5. The skeletal muscle response to liver-derived pathological cues involved alterations 

beyond canonical atrophy defined by reduced mass alone. Although changes in myotube 

diameter and area were observed, the magnitude and pattern of contractile impairment 

were not fully explained by morphological reduction. The combination of impaired force 

generation, the altered autophagy–lysosomal markers, and modulation of myogenic gene 

expression indicates that MASLD-associated muscle dysfunction in this platform involved 

deterioration of muscle quality as well as changes in tissue structure. 

6. The independent development and characterization of the liver and skeletal muscle models 

demonstrated the value of modular bioengineered tissues for dissecting inter-organ 

interactions in complex diseases. By validating each tissue module separately, this work 

established defined hepatic disease phenotypes, functional skeletal muscle maturation, 

and tissue-specific readouts before coupling both systems by conditioned medium transfer. 

This modular strategy made it possible to isolate the contribution of stage-specific signals 

to skeletal muscle impairment, while retaining the flexibility to adjust exposure conditions, 

integrate additional assays, and expand the system toward more complex multi-organ 

configurations. The resulting framework is particularly suited for systemic disorders such 

as MASLD. 

7. A first generation liver–skeletal muscle OoC device was designed, fabricated, and 

fluidically characterized as a technical bridge toward dynamic inter-organ integration. The 

device incorporated independent liver and skeletal muscle compartments connected 

through a passive mixing unit, addressing the culture medium incompatibility identified 

during static conditioned medium experiments. Fluorescence-based characterization using 

Rhodamine B demonstrated that pressure-driven flow modulates the relative contribution 

of liver-derived and skeletal muscle media streams, and that serpentine architecture 

supports progressive and effective mixing before entry into the skeletal muscle chamber. 
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Although live-tissue co-culture under flow was not implemented within the timeframe of this 

thesis, the device established the fluidic basis for future dynamic liver–muscle 

communication studies. 

Overall, this thesis establishes a modular human-relevant in vitro strategy to model MASLD-

associated liver–skeletal muscle crosstalk. The work integrates a multicellular 3D liver model 

capable of generating MASLD-like phenotypes, a functional 3D skeletal muscle model suitable for 

multiple readout assessment, and a first-generation microfluidic device designed to support future 

dynamic coupling of both tissues. By demonstrating that pathological liver conditioned media impair 

engineered skeletal muscle function, this thesis provides experimental evidence that hepatic 

disease signals can contribute directly to muscle dysfunction in a controlled human bioengineered 

system. Altogether, the platform bridges reductionist cell culture and complex animal models and 

provides a foundation for future studies incorporating continuous perfusion, additional organ 

modules, secretome profiling, and therapeutic interventions. 
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Appendix A. Signal translation into inflammatory and fibrogenic 

programs in MASLD. 

 

Appendix A provides a complementary mechanistic overview of the innate immune signals that connect 

hepatocellular injury, gut-derived microbial products, inflammation, and fibrogenesis during MASLD 

progression. Specifically, it summarizes selected DAMPs and PAMPs that are relevant to the transition 

from steatosis to MASH, emphasizing their cellular sources, target pattern-recognition receptors, 

downstream signaling pathways, and biological outcomes. This appendix is intended to support the 

mechanistic framework presented in the main text by organizing the molecular cues through which 

lipotoxic stress, cell death, intestinal dysbiosis, and hepatic immune activation converge on Kupffer cells, 

recruited macrophages, HSCs, and other liver-resident populations to amplify inflammation and 

extracellular matrix remodeling. 

 

Table A1. DAMP- and PAMP-mediated signaling pathways involved in inflammatory and fibrogenic programs 

during MASLD progression. 

Ligand (type) Main source Target PRRs 
Downstream 

effects 

Biological 

outcomes 

HMGB1 

(DAMP) 

[112,306,307] 

Necrotic or 

apoptotic 

hepatocytes under 

lipotoxicity and 

oxidative stress 

TLR2, TLR4 on 

KCs, 

monocyte-derived 

macrophages 

and HSCs 

MyD88–NF-κB 

MAPKs (JNK, 

p38), AP-1 

activation 

↑TNF, IL-1β, 

IL-6, CCL2, 

collagen genes 

Amplification of 

local 

inflammation, 

recruitment of 

inflammatory 

monocytes, 

activation and 

proliferation of 

HSCs, ECM 

deposition and 

fibrosis 

Extracellular 

ATP 

(DAMP) 

[111,308] 

Injured, necrotic or 

ballooned 

hepatocytes and 

other dying cells 

P2X7 and other 

purinergic 

receptors on 

KCs, recruited 

macrophages 

and HSCs 

P2X7-mediated 

K⁺ efflux 

NLRP3 

inflammasome 

assembly 

IL-1β and IL-18 

release, 

pyroptotic cell 

death, enhanced 

chemotaxis and 

fibrogenic 
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Caspase-1 

activation 

Maturation of 

IL-1β and IL-18 

activation of 

HSCs 

Mitochondrial 

DNA 

(DAMP) 

[113,309] 

Damaged 

hepatocytes and 

extracellular 

vesicles under 

lipotoxic and 

oxidative stress 

TLR9 in 

endosomes of 

KCs, other 

myeloid cells and 

possibly HSCs 

MyD88-dependent 

NF-κB and IRF 

signaling 

↑ Type I 

interferons and 

pro-inflammatory 

cytokines 

Transition to 

MASH, 

recruitment of 

inflammatory 

monocytes, 

macrophage and 

HSC activation 

Lipotoxic 

lipids 

(DAMP) 

[310,311] 

Accumulated 

within hepatocytes 

and from 

dysregulated lipid 

metabolism 

TLR4 on KCs, 

monocyte-derived 

macrophages, 

HSCs and 

hepatocytes 

NLRP3 

inflammasome 

NF-κB, JNK and 

p38 activation 

ROS production 

NLRP3 assembly 

Caspase-1 

activation 

↑ TGF-β and 

PDGF signaling 

pathways 

Hepatocyte 

death, 

pro-inflammatory 

polarization of 

macrophages, 

HSC activation, 

ECM deposition 

and fibrosis 

worsening 

Hepatocyte 

apoptotic 

bodies and 

EVs 

(DAMP 

complexes) 

[312,313] 

Apoptotic 

hepatocytes and 

their extracellular 

vesicles under 

lipotoxic and 

ER-stress 

Phagocytic 

receptors and 

TLRs on KCs and 

HSCs (cargo-

dependent) 

NF-κB and 

MAPKs 

↑ TGF-β, PDGF, 

and fibrogenic 

transcriptional 

programs in HSCs 

Chemotaxis and 

activation of 

macrophages, 

direct 

profibrogenic 

activation of 

HSCs 

LPS 

(PAMP) 

[314,315] 

Product of 

dysbiotic gut 

microbiota 

reaching the liver 

via portal blood in 

“leaky gut” 

TLR4 on KCs, 

monocyte-derived 

macrophages, 

HSCs, LSECs 

and hepatocytes 

MyD88- and 

TRIF-dependent 

NF-κB and IRF3 

activation 

↑ TNF, IL-1β, 

IL-6, CCL2, type I 

interferons  

Recruitment of 

CCR2⁺ 

monocytes and 

neutrophils, 

chronic HSC 

activation and 

fibrogenesis, 
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↓ BAMBI in 

HSCs, sensitizing 

to TGF-β 

increased risk of 

HCC 

Bacterial CpG 

DNA 

(PAMP) 

[107,113,316] 

Bacterial DNA 

from dysbiotic gut 

TLR9 in KCs and 

other hepatic 

cells 

MyD88–NF-κB 

and IRF7 

activation 

↑ 

Pro-inflammatory 

cytokines and 

type I interferons 

Transition to 

MASH, 

reinforcement of 

macrophage 

activation, 

potential 

contribution to 

adaptive immune 

priming and 

fibrogenesis 

Flagellin 

(PAMP) 

[112] 

Flagellar protein 

from motile gut 

bacteria 

TLR5 on KCs and 

other myeloid 

cells 

NF-κB and MAPK 

activation 

↑ 

Pro-inflammatory 

cytokines and 

chemokines 

Hepatic 

inflammation and 

neutrophil 

recruitment 

Cooperation with 

LPS in driving 

MASH-associated 

inflammation 

Peptidoglycan 

(PAMP) 

[317] 

Gram-positive 

bacterial cell wall 

components 

translocating from 

the gut 

TLR2 (in dimers 

with TLR1/TLR6) 

on KCs, 

monocyte-derived 

macrophages 

and HSCs 

MyD88–NF-κB 

and MAPK 

activation 

↑ TNF, IL-1β, IL-6 

and chemokines 

Low-grade 

chronic 

inflammation, 

macrophage 

activation and 

HSC priming 

Synergistic with 

LPS and DAMPs 
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Appendix B. Biomaterial requirements and fabrication strategies 

for in vitro skeletal muscle models 

 

Appendix B provides a complementary technical overview of the biomaterial and fabrication strategies 

used for skeletal muscle bioengineering in vitro. It summarizes the main design requirements for muscle-

supportive matrices, including biocompatibility, mechanical compliance, degradability, adhesive cues, 

structural stability, and compatibility with functional maturation. The appendix also discusses the 

advantages and limitations of commonly used biomaterials, with particular attention to Matrigel-

containing systems, and compares fabrication approaches such as hydrogel molding, micromolding, 3D 

bioprinting, and microfluidic extrusion. This material supports the rationale presented in Chapter 5 by 

contextualizing the selection of a fibrin/Matrigel-based, post-anchored 3D skeletal muscle platform as 

an experimentally robust strategy to generate contractile tissues suitable for functional readouts and 

future organ-on-chip integration. 

 

General requirements for muscle biomaterials 

Biomaterials for skeletal muscle engineering must simultaneously support cell viability, alignment, 

differentiation, force transmission and long‑term structural integrity. Key parameters include 

biocompatibility, degradability, viscoelasticity in the 1–10 kPa range typical of soft muscle tissue, porosity 

for nutrient diffusion and the presence of adhesion ligands such as laminin‑derived peptides or full ECM 

proteins [185,261]. Electrical and mechanical cues can be further tuned by incorporating conductive 

fillers like carbon nanotubes, gold nanowires, piezoelectric components or by engineering anisotropic 

topography via bioprinting, cryogelation or electrospinning [318]  . 

Natural polymers such as collagen, fibrin, gelatin and tissue‑specific dECM provide rich biochemical 

signaling but can be mechanically weak and subject to rapid cell‑mediated degradation, limiting 

long‑term culture unless reinforced. Synthetic or semi‑synthetic materials like PEG‑fibrinogen, 

GelMA‑CMCMA, PEGDA, and oxidized alginate–gelatin are highly tunable and stable but require 

biochemical functionalization to support robust myogenesis [142,319]. 

 

Advantages and limitations of Matrigel 

Matrigel, a basement‑membrane extract derived from Engelbreth–Holm–Swarm sarcoma, has been 

widely used in combination with collagen or fibrin to fabricate skeletal muscle tissues. Its rich composition 

of laminin, collagen IV, entactin and growth factors provide pro‑myogenic cues, enhancing myoblast 

adhesion, fusion, sarcomeric organization and expression of maturation markers such as myosin heavy 

chain and α‑actinin [320]. In collagen–Matrigel composites, primary dystrophic myoblasts form aligned 

myotubes that recapitulate disease hallmarks, and collagen–Matrigel micro‑bundles [321] have been 
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used in high‑throughput 96‑well screening platforms for Duchenne muscular dystrophy therapeutics 

[142,257,322]. 

However, Matrigel’s tumor‑derived and xenogeneic origin, batch‑to‑batch variability and poorly defined 

growth factor content pose major limitations for mechanistic studies, regulatory compatibility and clinical 

translation. Its non‑physiological composition and variability can confound interpretation of subtle 

metabolic phenotypes, which is particularly problematic when modelling MASLD‑related sarcopenia 

where small changes in mitochondrial function or stress responses are important readouts. For these 

reasons, there is a growing emphasis on replacing Matrigel with more defined, xeno‑free matrices, such 

as human platelet‑lysate–based hydrogels or well‑characterized dECM formulations, which preserve 

myogenic potential while improving reproducibility and human relevance [323]. 

 

Hydrogel molding and micromolding 

Hydrogel molding around posts, frames or Velcro anchors is the most established approach to generate 

myobundles. It is technically straightforward, compatible with both primary and hiPSC‑derived cells, and 

naturally generates passive tension and uniaxial alignment as the gel compacts between anchor points. 

Integration with PDMS or 3D‑printed PEGDA posts enables direct force measurement via pillar 

deflection during EPS, supporting quantitative evaluation of pharmacological and cytokine responses. 

Micromolding using microgrooved PDMS stamps allows fine control over bundle cross‑section, 

confinement and surface patterning, which has been used to identify optimal channel widths and 

stiffness (for example 0.5 mm channels, 1–3 kPa) for C2C12 maturation and to embed 3D muscles in 

microfluidic organ‑on‑chip devices with on‑chip biosensing of IL‑6 or TNF‑α. Limitations include 

moderate throughput and reliance on soft lithography infrastructure, as well as challenges in scaling to 

very thick tissues without compromising diffusion [253,256,258,324]. 

 

3D bioprinting and microfluidic extrusion 

3D bioprinting allows precise spatial patterning of myogenic cells and ECM components into anisotropic 

architectures, including multi‑layered, angle‑varying grids that mimic native fascicle arrangements. 

GelMA‑, dECM‑, PEG‑fibrinogen‑ and oxidized alginate–gelatin‑based bioinks have been printed to 

produce highly aligned myofibers in vitro and to restore 80%+ functional recovery after implantation into 

rodent muscle‑defect models, including pre‑vascularized constructs generated by coaxial printing with 

endothelial cells [325]. Advantages of bioprinting include design flexibility, the ability to co‑print support 

structures like PCL pillars and sacrificial materials for perfusable channels, and a clear path toward 

automated, standardized manufacturing. Drawbacks are the need to finely balance viscosity, 

crosslinking, shear stress and oxygenation to preserve cell viability and alignment; natural bioinks alone 

often degrade or lose mechanical integrity over time, requiring composite formulations with synthetic 

polymers [319,325–327]. Microfluidic extrusion/spinning of grooved GelMA fibers or aligned hydrogel 

filaments is a variant that yields long, anisotropic fibers whose surface topography directs myotube 
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alignment; these fibers can be integrated into larger constructs or chips and have been used to enhance 

EPS‑induced contractility and neuromuscular junction formation [328,329]. 
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