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Abstract

Sarcopenia and metabolic dysfunction associated steatotic liver disease (MASLD)
are closely intertwined. Sarcopenia, traditionally a disease of the older adult and
chronic disease population, has been closely studied as one of the pathophy-
siologic conditions at play in the development of MASLD. They share similar risk
factors of insulin resistance and physical inactivity. Given similar pathophysi-
ology along the liver-muscle axis, sarcopenia has been studied as a risk factor for
MASLD, and vice versa. Current research suggests a bidirectional relationship.
Given the chronicity of MASLD as a chronic inflammatory liver disease, it can
break down muscle mass and lead to sarcopenia, while sarcopenia promotes
intramuscular lipid accumulation that releases cytokines that can aggravate
inflammation in the liver. However, for the longest time, a lack of consensus
definition for MASLD and sarcopenia made it difficult to study their relationship
and outcomes. A recent nomenclature update to diagnosing MASLD has made it
easier for researchers to identify cohorts for study. However, no gold standard
technique to measure muscle mass or consensus sarcopenia definition has been
identified yet. Future studies are needed to reach a consensus and reduce
diagnostic variation. With similar pathophysiology and shared risk factors
between the two diseases, future research may also identify potential therapeutic
targets along the liver-muscle axis that would benefit both sarcopenia and
MASLD in order to maximize their outcomes.

Key Words: Sarcopenia; Steatotic liver disease; Metabolic dysfunction; Insulin resistance;
Liver-muscle axis
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Core Tip: Sarcopenia and metabolic dysfunction associated steatotic liver disease (MASLD) share a bidirectional relationship
along the liver-muscle axis. With similar pathophysiology and shared risk factors, MASLD is a risk factor for sarcopenia,
and vice versa. Early identification and adequate diagnosis are important. However, lack of consensus definition made it
difficult to research outcomes. With the recently updated consensus definition for MASLD, researchers may now better
identify proper cohorts for study. Consensus on gold standard techniques and muscle mass cutoffs to define sarcopenia are
still needed. Future research may identify potential therapeutic targets along the shared liver-muscle axis that would improve
outcomes for both sarcopenia and MASLD.
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INTRODUCTION

With increasing incidence of metabolic dysfunction associated steatotic liver disease (MASLD) and the increasing age of
the population, sarcopenia has been closely studied as one of the pathophysiologic conditions at play in the development
and progression of MASLD. A comprehensive review published by Viswanath et al[1] closely examines the relationship
between these two diagnoses. It highlights numerous shared risk factors, such as elevated lipid profile, physical
inactivity, and diabetes mellitus, that suggest a bidirectional relationship between MASLD and sarcopenia. It also
proposes pathogenic pathways along the liver-muscle axis that may serve as potential therapeutic targets for further
research, such as insulin resistance, hormonal changes, and reduced levels of myokines.

However, for many years, lack of consensus definitions for MASLD and sarcopenia has made it challenging to research
their relationship, their outcomes, and to develop targeted therapies. Prior to 2020, the spectrum of steatotic liver disease
had been under the dichotomy of “nonalcoholic” and “alcoholic” fatty liver disease. Consensus groups began to meet to
develop new nomenclature that would not rely on exclusionary confounder terms and use of stigmatizing language.
There were many pros and cons to shifting from a binary, more widely familiar, potentially stigmatizing nomenclature to
a more comprehensive, inclusive, less stigmatizing nomenclature to diagnose steatotic liver disease[2]. Ultimately in
December 2023, the global Nonalcoholic Fatty Liver Disease Nomenclature Consensus Group published a new
nomenclature that better defined criteria for steatotic liver disease, including MASLD, to facilitate diagnose and
awareness of the disease[3]. MASLD has many shared diagnostic criteria with diabetes and cardiovascular disease so this
new consensus definition better captures the metabolic component in an affirmative nonstigmatising way.

Sarcopenia is classically defined as the loss of skeletal muscle mass and muscle function, which can be part of the
physiologic aging process, but can also be accelerated by malnutrition, low physical activity, or inflammatory conditions
[4,5]. It is associated with negative outcomes including frailty, chronic disease, limited mobility, and premature mortality
[4]. Just as MASLD is expected to increase in parallel to the rising prevalence of obesity globally, sarcopenia is expected to
increase as the older adult population grows. Given the chronicity of MASLD as a chronic inflammatory liver disease,
researchers have been interested in the impact of MASLD on sarcopenia, and vice versa.

SHARED PATHOPHYSIOLOGY

Both MASLD and sarcopenia are closely intertwined, as Viswanath et al[1] summarizes. Pathophysiologically, insulin
resistance is believed to play a common role in the development of both diseases. Insulin typically targets the skeletal
muscle and can promote muscle protein synthesis while inhibiting muscle protein catabolism[6]. Therefore, insulin
resistance can induce muscle attenuation leading to sarcopenia by decreasing protein synthesis in skeletal muscle,
increasing protein catabolism, or stimulating skeletal muscle autophagy[7]. Insulin resistance in adipose tissue increases
de novo lipogenesis and increases release of free fatty acids that generate hepatic fat accumulation and a proinflammatory
environment: A critical pathogenesis pathway for MASLD[8]. Myosteatosis, infiltration of fat into skeletal muscle, on the
other hand, increases in insulin resistance and has been associated with early metabolic-associated steatohepatitis
(MASH)prior to the onset of sarcopenia[9]. Fat accumulation in muscle tissue also promotes a proinflammatory cascade
and oxidative stress, leading to impaired insulin signaling and muscle atrophy. The decreased muscle mass promotes
insulin resistance, further exacerbating muscle atrophy. In investigating the muscle-liver-adipose tissue pathway, it
remains a question to which disease ultimately comes first: Whether sarcopenia is a consequence of MASLD or a part of
the disease natural history, as summarized in Figure 1.

SARCOPENIA AS A RISK FACTOR FOR MASLD

Sarcopenia is an independent risk factor for steatohepatitis and fibrosis[10,11]. One group measured the appendicular
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Sarcopenia =) MASLD
Shared pathophysiology

Insulin resistance increase protein catabolism and de novo lipogenesis
« Myosteatosis increases insulin resistance and proinflammatory cascade

Sarcopenia as risk factor > MASLD MASLD as risk factor > Sarcopenia
Increased prevalence of cirrhosis in aging « Chronic inflammation can lead to muscle
population breakdown

Higher risk of compound sarcopenia — « Adipose tissue macrophages secrete
combination of primary (aging-related) inflammatory cytokines that promote skeletal
and secondary (chronic disease-related) muscle decay
sarcopenia « Associated with developing low muscle mass
Proinflammatory cytokines and adipokines and low muscle strength
generate oxygen-free radicals and + Faster skeletal muscle mass
inflammation in liver + Increased progressive muscle wasting
Higher rate of baseline hepatic fibrosis « Protein-energy malnutrition in chronic liver
progression disease

Decreased skeletal muscle mass = decreased
basal metabolic rate, lower caloric
consumption for weight loss

Figure 1 Summary of relationship between sarcopenia and metabolic dysfunction associated steatotic liver disease. MASLD: Metabolic
dysfunction associated steatotic liver disease.

skeletal muscle mass in a biopsy-proven MASLD cohort and found that the prevalence of significant fibrosis (> or = F2)
was higher in patients with sarcopenia than in those without[12]. Patients with sarcopenia at baseline have a higher rate
of hepatic fibrosis progression[13]. Conversely, an increase in skeletal muscle mass has been shown to exert a positive
effect in slowing down the progression of MASLD[14]. This effect may be due to increase in skeletal muscle mass causing
elevated basal metabolic rate and improvement of insulin resistance[15]. Another study found that low skeletal muscle
mass index and central obesity were associated with increased risk of MASLD and cardiovascular disease[16]. The
proposed pathophysiological mechanism is through hormonal and cytokine changes found in sarcopenia. Intramuscular
lipid accumulation can cause release of proinflammatory cytokines and adipokines that generate oxygen-free radicals and
aggravate inflammation in the liver[12,17]. Among older adults with cirrhosis, the combination of primary (aging-related)
and secondary (chronic disease-related) sarcopenia, also called compound sarcopenia, is associated with higher odds of
mortality and worse outcomes than those without compound sarcopenia[18].

MASLD AS A RISK FACTOR FOR SARCOPENIA

There are different types of sarcopenia. Primary sarcopenia is caused solely by aging. Secondary sarcopenia is caused by
other factors, such as chronic disease, physical inactivity, or poor or malnutrition. MASLD is a chronic liver disease that
can cause chronic inflammation, that can lead to muscle breakdown, and the development of sarcopenia[19]. Adipose
tissue macrophages are thought to secrete inflammatory cytokines, which then promote protein decay in skeletal muscle
[5]. The presence of MASLD has been associated with increased risk of developing low muscle mass and low muscle
strength, with greater impact on low muscle strength than on low muscle mass[20]. One cohort of 52815 patients found
that patients with MASLD had faster skeletal muscle mass loss than those without MASLD[21]. There is also increased
risk of progressive muscle wasting in patients with MASH even before cirrhosis, and that this sarcopenia worsens with
progression to cirrhosis[22]. Patients with advanced cirrhosis also suffer from protein-energy malnutrition, which
contributes to risk of developing sarcopenia[23]. Overall, sarcopenia in patients with cirrhosis is a poor prognostic risk
factor for cirrhosis complications and higher mortality[24,25]. Studies have shown that sarcopenia can independently
increase overall mortality and cardiac mortality in patients with MASLD[26,27].

CHALLENGES OF DIAGNOSIS

A significant challenge to further clarifying research in the relationship between sarcopenia and MASLD has been finding
a consensus for the definition of sarcopenia[28,29]. There are various consensus groups who have published different
operational cutoffs for low muscle mass, low muscle strength, and low physical performance, making it difficult to study
relevant outcomes. One of the first sarcopenia definitions developed by the European Working Group on Sarcopenia
(EWGSOP) recently revised their clinical algorithm to combine low muscle mass and low muscle strength to confirm
diagnosis, with physical performance as a marker of severity[30]. This update was done to promote early detection of
treatment of sarcopenia in hopes of preventing or delaying adverse health outcomes. However, there remains limited
agreement between cutoff measures for each component, as well as diagnostic variation on how to best measure skeletal
muscle mass. Computed tomography and magnetic resonance imaging can evaluate for whole-body muscle, but no
standardized imaging protocol exists, and image acquisition settings may vary between studies[31,32]. Dual-energy X-ray
absorptiometry can assess lean muscle mass, particular appendicular skeletal muscle mass, but may have limited
availability. Bioelectrical impedance analysis is noninvasive, convenient to use, but may not be as high yield for skeletal
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muscle mass, as it measures different body compartments, with limitations in obese or cachectic patients from body mass
disproportion[33]. Future studies will be needed to assess criterion validity in order to find the best consensus definition
for sarcopenia in both clinical and research settings.

CHALLENGES OF TREATMENT AND POTENTIAL THERAPY TARGETS

Given the close relationship between MASLD and sarcopenia, a multipronged approach to management is important.
The mainstay therapy for MASLD is weight loss, which can be achieved through diet and regular physical activity, and
improve hepatic steatosis and liver stiffness[34-36]. The treatment for sarcopenia similarly involves nutritional supple-
mentation and regular physical activity to prevent deterioration of muscle mass, maintain muscle strength, and mitigate
mobility disability[37,38]. Both MASLD and sarcopenia can benefit from physical activity. However, its impact may be
limited in later stages of disease due to increased frailty[39]. One retrospective study found that moderate to vigorous
physical activity (exercise average 4-5 times/wk, 555 min/wk) was associated with less risk for sarcopenia based on the
measurement of higher skeletal muscle index and hand grip strength[40]. Prospective studies investigating the direct
benefit of physical activity on progressive frailty, decline in muscle function, or muscle mass in the late stages of MASLD
and sarcopenia are needed in the future.

Based on current pathophysiological knowledge, potential therapy targets along the liver-muscle axis may include
testosterone supplementation, strength resistance training, and high protein diet. Testosterone is an anabolic hormone
that helps maintain muscle mass and function, and can decrease with normal aging[41]. Testosterone can induce muscle
fiber hypertrophy and may be protective against skeletal muscle catabolism by suppressing accumulation of inflam-
matory transcription factors[42]. There is also an association between MASLD and lower testosterone, as men with
MASLD on average have lower testosterone than men without MASLD[43]. Current studies have suggested that
testosterone can have a dose-dependent effect to achieve clinically significant gains in muscle mass without adversely
affecting cardiovascular risk, but it varies by subject, dosage, and route of administration[41,44,45]. Many current studies
were done in healthy young men with low to low-normal testosterone levels, so testosterone may not have as similar
effect in frail older adults or patients with chronic illness and warrants further investigation for sarcopenia-directed
therapy.

Resistance strength training has been suggested as an alternative therapy target. Physiologically, heavy resistance
exercise can trigger the release of various anabolic hormones, including testosterone[46]. Resistance training typically
involves repeated, systematic, regular exercises aimed at improving a patient’s physical ability and muscle strength, with
both upper and lower body exercises[47-49]. However, resources and engagement may be limited for patients in the
community, with a large degree of variability in the implementation of physical activity programs, making it difficult to
maintain any muscle mass or strength gains. Further high-quality clinical trials are needed to develop optimal resistant
training parameters.

While optimal diets for MASLD are still being explored, high protein intake (1.0-1.2 g/kg/d) has been recommended
by the European Society for Clinical Nutrition and Metabolism (ESPEN) for older adults to potentially counteract
sarcopenia[50]. Aging patients typically develop anabolic resistance, requiring greater amounts of protein to stimulate the
same response of muscle protein synthesis compared to younger adults. Therefore, it has been suggested that if anabolic
resistance can be overcome by diet, muscle atrophy may be prevented. However, studies have shown variable effect
based on type of protein (plant vs animal), with some even suggesting that higher protein intake is associated with
sarcopenia rather than protective[51,52]. One longitudinal study showed that patients had increased risk of sarcopenia
despite adequate protein intake[53]. High protein diet also has detrimental effects to other diseases that affect older
adults, including coronary artery disease, bone and calcium metabolism, and cancer, so must be implemented with
caution[54]. Additional research is needed to explore the effect of different protein sources and clarify optimal protein
intake requirements.

Despite ongoing research on the promising effects of these therapies, further research is needed to validate these
therapeutic interventions and their long-term effects on sarcopenia and MASLD.

CONCLUSION

Both sarcopenia and MASLD are associated with significant health risks, as pointed out by Viswanath et al[1] in their
review. Therefore, early identification and adequate diagnosis are important. The recently updated consensus definition
for MASLD may allow researchers to better identify proper cohorts for study, while gold standard techniques to measure
muscle mass are needed in consensus. Given similar pathophysiology and shared risk factors, future research may
optimize treatment strategies to target both of these complex diagnoses to maximize the outcome.
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