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Abstract

Nonalcoholic fatty liver is a worldwide common problem with more prevalence in non-Asian populations that is
closely correlated with the muscle-related disorder sarcopenia. The incidence of both health issues has been
observed to be strongly interlinked where presence of one exacerbates the other. Nonalcoholic fatty liver disease
(NAFLD) pathophysiology increases the muscle loss, while the onset of NAFLD in sarcopenic patients aggravates
the liver problems as compared to non-sarcopenic patients. Scarcity of research on the subject provides very little
evidence about the cause and effect of disorders. No FDA approved drugs are available to date for NAFLD and
sarcopenia. Research is underway to understand the complex biochemical pathways involved in the development
of both disorders. This review is a small contribution toward understanding sarcopenia in the setting of NAFLD that
provides insight on the common pathophysiological profile of sarcopenia and NAFLD and portrays a novel way of
delving into the subject by introducing the concept of cortisol crosstalk with the muscle-liver axis. Sarcopenia and
NAFLD are considered metabolism-related problems, and cortisol, being a glucocorticoid, plays an important role
in metabolism of fats, carbohydrates, and proteins. Cushing’s syndrome, characterized by abnormally elevated
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concentrations of blood cortisol/enhanced intracellular activity, shares many pathologic conditions (such as insulin
resistance, metabolic syndrome, abnormal levels of specific cytokines, and obesity) with NAFLD and sarcopenia.
Hence, cortisol can be a potential biomarker in sarcopenia and NAFLD. As cortisol activity at cellular level is
controlled by 11B-hydroxysteroid dehydrogenase type 1and 2 (11B-HSD1/2) enzymes that convert inactive steroid
precursor into active cortisol, these enzymes can be targeted for the study of sarcopenia and NAFLD. Combined
studies on NAFLD and sarcopenia with respect to cortisol open a new avenue of research in the understanding of
both disorders.

Keywords: Sarcopenia, NAFLD, cortisol, 113-HSD1, 113-HSD2, muscle-liver axis, insulin resistance

INTRODUCTION

The term “sarcopenia” was introduced by Irwin Rosenberg to refer to the loss of muscle mass in older
people!. For a long time, sarcopenia was considered as an age-related disorder that affected the quality of
life among the elderly population™. Sarcopenia is known currently as a progressive skeletal muscle disorder
of multifactorial origin. It involves the waste of muscle mass and function, linked to a higher risk of adverse
outcomes, such as fractures, physical disability, falls, and fatalities”. The categories of primary and
secondary sarcopenia have been employed in clinical practice. Primary sarcopenia is largely attributed to
aging, while secondary is due to other causes, such as type 2 diabetes mellitus (T2DM), osteoporosis, cancer,
cardiovascular disease, metabolic syndrome (MetS), and obesity'".

A substantial number of meta-analyses and both longitudinal and cross-sectional studies in healthy and
diseased individuals have demonstrated a strong association of sarcopenia with nonalcoholic fatty liver
disease (NAFLD)"*.. NAFLD includes a broad spectrum of liver disorders, ranging from triglycerides (TGs)
accumulation in hepatocytes or simple steatosis, progressing to inflammatory hepatocellular and ballooning
injury, a condition known as nonalcoholic steatohepatitis (NASH). Further progress eventually leads to
cirrhosis and advanced fibrosis, conferring a higher risk of liver cancer**?.

Sarcopenia and NAFLD are considered obesity-related disorders"”. There is compelling evidence that
skeletal muscle, liver, and adipose tissue behave as glands, showing endocrine, autocrine, and paracrine
activities'?). Secretion of cytokines and other signaling molecules constitute the basis of the molecular
crosstalk along the muscle-liver-adipose tissue axis, where cortisol may pose an important role as a key
modulator.

This review is concerned with the recent progress that has been made in understanding the association of
sarcopenia with NAFLD and the involvement of cortisol in the pathophysiological mechanisms underlying
these disorders.

SARCOPENIA

Skeletal muscle tissue has a central role in human locomotion, and, as an endocrine organ, it aids in
maintaining metabolic homeostasis"®. It represents almost half of the human body mass, and any
malfunctioning in its properties has a considerable impact on health. Practically 45% of the human body
mass comprises muscle mass and people lose an estimated 1%-2% of muscle mass per year after 50 years of
age"”.

Assessment of muscle strength, muscle mass, and performance is necessary for clinical trials to diagnose
sarcopenia. Many studies have investigated the prevalence of sarcopenia in the world. However, due to the
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variety of assessment techniques and cutoff points, the results are inconsistent™®. A systematic review and
meta-analysis study estimated the overall prevalence of sarcopenia in both genders from different world
regions"”. The results reveal that a substantial proportion of older people have sarcopenia, even in healthy
populations, and that the overall prevalence was the same for both sexes (10%). However, variations in
prevalence were found among non-Asian and Asian individuals, being higher among non-Asians.
Additionally, significant variations are associated with different populations (community-dwelling,
hospitalization, and living in nursing homes), making an early diagnosis that can prevent adverse outcomes
more difficult™.

Etiology

The etiology of sarcopenia is not fully understood. Sarcopenia is predominantly a geriatric condition, but
young and middle-aged people are at risk of developing it due to multiple factors that are not primarily
related to aging per se. Malnutrition, diabetes, hormonal imbalances, low physical activity, or comorbidities
such as cancer, chronic respiratory diseases””, mental diseases”””, hepatic diseases””, renal failure®,
Cushing’s syndrome®™, genetic predisposition, and the effects of environment in early development are all
associated with the development of muscle wasting"””*".

Various modifications during aging play a fundamental role in the pathogenesis of primary sarcopenia.
Hormonal changes, chronic inflammation, mitochondrial abnormalities, loss of neuromuscular junctions,
metabolic disturbances, and nutritional deficiencies can trigger the loss of muscle mass, strength, and
functionality typical of sarcopenia. In elderly persons, there is a significant association among sarcopenia,
increased levels of proinflammatory cytokines, and the reduction in relevant anabolic hormones. Chronic
low-grade inflammation is a consequence of the plasma increase of proinflammatory mediators, such as
tumor necrosis factor o (TNF-a), interleukin-6 (IL-6), and C-reactive protein (CRP)"’. Other circulating
factors, such as TNF-like weak inducer of apoptosis, IL-18, leptin, insulin growth factor 1 (IGF1), insulin,
and adiponectin appear associated with sarcopenia®**".

Age-related changes in redox homeostasis also seem to play a fundamental role in sarcopenia. Oxidative
stress and the accumulation of reactive oxygen species (ROS) increase with aging, causing severe damage to
muscle cells™. An imbalance in the generation of ROS and the subsequent oxidative damage is associated
with mitochondrial dysfunction in skeletal muscle aging"*”. The decrease in mitochondrial function results
in bioenergetic insufficiency”, increased apoptosis, and reduced capacity for muscle regeneration, finally
leading to muscular atrophy and muscle denervation*..

Metabolic disorders are important factors affecting the age-related loss of skeletal muscle®”. Insulin
resistance (IR), diabetes, MetS, and obesity are associated directly with primary sarcopenia and sarcopenic
obesity. Sarcopenic obesity (SO) refers to the association and co-occurrence of obesity and sarcopenia,
synergistically reinforcing each other to increase muscle loss, fat mass, and IR"**\. Insulin plays a major role
in regulating muscle protein metabolism and mitochondrial oxidative phosphorylation in human skeletal

40,41]

muscle. IR is involved in the age-related muscle protein loss that progressively leads to sarcopenia'*".
Treatment

Currently, there is no US Food and Drugs Administration (FDA)- or European Medicines Agency (EMA)-
approved medication for the treatment of sarcopenia. However, several therapeutic approaches have been

explored, including hormone replacement, selective modulators of the androgen receptor (SARMs),
myostatin, and angiotensin-converting enzyme (ACE) inhibitors.
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Hormone replacement has received considerable interest as a therapy for sarcopenia. However, inconsistent
results and a high risk of severe secondary effects have contributed to dismissing hormone replacement
therapy from clinical use. Some trials with estrogen, testosterone, growth hormone, and growth hormone-
releasing hormone therapies showed significant increases in lean body mass and muscle strength, while
others failed to yield any meaningful increase in muscle strength*”..

SARMs are employed as a potential alternative to testosterone therapy for treating muscle wasting
associated with age-related sarcopenia, as well as several other conditions, including end-stage liver disease,
chronic infection, immobilization, and chronic glucocorticoids (GCs) use'”. SARMs are chemically
engineered small molecule drugs that can selectively exert varying degrees of agonist and antagonist effects
on the androgen receptor throughout the body without androgenic side effects. Clinical trials showed that
various SARMs (GSK2881078 and enobosarm) are effective in ameliorating muscle wasting by increasing
the lean body mass'***, although no improvement in physical function has been recorded”.

Another therapeutic approach for treating sarcopenia includes the use of myostatin inhibitors. Myostatin is
a member of the transforming growth factor-p (TGF-p) family. It binds to the type IIB activin receptor
(ActRIIB), activating the signaling cascade that leads to inhibition of myoblast differentiation and
proliferation'*”).

Overexpression of the myostatin gene leads to reduced muscle mass, suggesting it is a negative regulator of
skeletal muscle growth. Additionally, myostatin regulates bone metabolism by suppressing bone formation
and stimulating bone resorption*. Myostatin is also associated with fat accumulation and adipogenesis"™”.
In addition to an increased lean mass, myostatin-deficient mice show a diminished fat mass and increased
insulin sensitivity and glucose uptake”", apparently as an indirect consequence of changes in skeletal muscle
metabolism"™”. In humans, high myostatin levels are positively correlated with body weight, body mass

index, and waist and hip circumference™ " and decrease after aerobic exercise training"*.

Several myostatin inhibitors have been developed for various musculoskeletal disorders, and many of them
are currently under evaluation in human trials*>*"\. Clinical trials have demonstrated that inhibition of
myostatin/ActRIIB signaling by myostatin antibodies, anti-myostatin peptibodies, activin A antibodies,
soluble forms of ActRIIB recombinant fusion proteins, anti-myostatin adnectin, and ActRIIB antibodies
may help to improve muscle mass in patients with muscle wasting”®”. The principal drawback of developing
myostatin inhibitors is that most of them also block the activity of other closely related members of the
TGF-p family due to their high sequence and structural similarities.

Some of the compounds developed as myostatin inhibitors have been discontinued due to the absence of
significant improvements in muscle function. Others look promising, such as bimagrumab, a fully human
monoclonal antibody that binds to ActRII. Recent studies showed that bimagrumab leads to a marked loss
in fat mass, an increase in lean mass, and improvement in a range of metabolic biomarkers, with mild or
moderate adverse events that did not require treatment and resolved spontaneously during the follow-up

58,59]

period®®*,

ACE inhibitors and angiotensin receptor blockers (ARBs) have been proposed as a treatment for improving
peripheral skeletal muscle function. Sarcopenia is highly prevalent in hypertensive older adults, and ACE
inhibitors seem to have favorable effects on both disorders'*". However, results from two systematic
reviews and meta-analysis reveal that there is not enough evidence for using ACE inhibitors or ARBs as
stand-alone therapies to improve physical performance in older people, either with or without a
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diagnosis of sarcopenia'®

At present, the therapeutic options for the management of sarcopenia are physical exercise and nutritional
interventions (dietary supplements or nutraceuticals)'***”. Resistance training improves the power-
producing capacity of skeletal muscle fibers, increases insulin sensitivity, and sensitizes muscles to other
anabolic stimuli counteracting the anabolic resistance. Endurance exercise increases the oxidative capacity
of skeletal muscle by a rise in mitochondrial biogenesis and supports faster protein turnover during
resistance training'™. Additionally, aerobic exercise and resistance training downregulate circulating
inflammatory biomarkers, including IL-6, CRP, and TNF-a”*". Consequently, a combination of endurance
and resistance exercises is an effective measure for enhancing the quality of life in the elderly by improving
skeletal muscle functional capacity and plasticity"*”.

Current evidence suggests that the intake of high-quality protein or nutritional supplements enhances the
increased muscle mass, strength, and function induced by resistance training. Nutritional supplementation
includes free leucine (the most potent amino acid for the stimulation of muscle protein synthesis), creatine,
vitamin D, and omega-3 fatty acids”". Older adults may require higher amounts of protein than the
current recommendations to counteract anabolic resistance. A systematic review and meta-analysis of
observational studies indicate that a very high (= 1.2 g/kg/day) or high (= 1.0 g/kg/day) protein intake
compared to a low protein intake (< 0.8 g/kg/day) is associated with a better lower-limb physical
performance in community-dwelling older adults”.

The efficacy of nutritional supplements by themselves in ameliorating sarcopenia is less clear.
Nutraceuticals and pharmaceutical interventions are neither as effective nor show synergistic effects when
administered concurrently with exercise regimes™”.

Different approaches for developing new treatments are currently underway. One of them concerns the
development of compounds that produce the effects of physical exercise (exercise mimetics or exercise pills)
for subjects who cannot tolerate or are unwilling to undertake physical activity. The use of natural products
has been an object of study in experimental animals and humans. Recent studies in animal models suggest
that supplementation with natural compounds, such as ursolic acid (enriched in apples), tomatidine
(abundant in unripe tomatoes), and urolithin A and ellagitannins (found in pomegranates, as well as nuts
and berries), may ameliorate sarcopenia in older individuals”’. A systematic review of studies from 2010 to
2015 that correlated botanical extracts to skeletal muscle health suggests that curcumin from Curcuma
longa, alkaloids and steroidal lactones from Withania somnifera (Solanaceae), catechins from Camellia
sinensis, proanthocyanidin of grape seeds, and gingerols and shogaols from Zingiber officinale may be
potentially useful dietary supplements to prevent loss of muscle mass and function!.

Promising therapeutic strategies for future management of sarcopenia involve CRISPR techniques”,
modulation of inflammatory signal pathways through the use of microRNA""

[36,78,79]

, and stem cell therapy .

NAFLD

With a worldwide prevalence over the last two decades of nearly 25% of the adult population, NAFLD has
emerged as the most common liver disorder and a leading cause of cirrhosis and hepatocellular
carcinoma'™. As currently accepted, NAFLD represents the liver contribution to a cluster of conditions
associated with metabolic dysfunction™’. There is also evidence that NAFLD is the hepatic manifestation of
MetS. NAFLD coexists with impaired glucose tolerance, central obesity, dyslipidemia, and hypertension,
which represent the main features of MetS"®. NAFLD encompasses a broad spectrum of disease severity
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and inter-patient variability in disease progression and response to treatment. Multiple factors, including
age, gender, ethnicity, diet, genetic predisposition, and metabolic status, among others, are likely to

influence this heterogeneity in both the clinical presentation and the course of the disease'*”..

NAFLD is characterized by the presence of steatosis in more than 5% of hepatocytes in association with
metabolic risk factors, notably obesity and T2DM, and in the absence of other chronic liver diseases'**".
Steatosis can occur with and without mild inflammation [nonalcoholic fatty liver (NAFL)]. In a fatty liver,
micro- and macrovesicles [lipid droplets (LDs)] of TGs assemble within the hepatocytes without causing
considerable inflammation, scarring, or cell death®™. The disease may progress through the NASH
necroinflammatory condition, which is also characterized by hepatocellular damage associated with
hepatocyte ballooning. As the disease progresses, the accumulating liver fibrosis will eventually lead to

11]

cirrhosis, hepatocellular carcinoma, and liver failure.

The remission of NAFL can be relatively easily achieved®”. The disease is stable or progresses slowly in most
NAFLD patients, and it will not end in cirrhosis or liver-associated death. However, a small proportion of
patients develop advanced fibrosis that may progress to end-stage liver disease and hepatocellular
carcinoma™’. The development of fibrosis occurs at a much higher rate in NASH patients, presumably
driven by necroinflammation®. Fewer than 10% of patients with NAFLD develop cirrhotic complications
and hepatocellular carcinoma during the 10-20 years after diagnosis. However, given the high disease
prevalence, the mortality is substantial in absolute numbers™*. Cirrhosis is the highest risk factor for
developing hepatocarcinoma, with an annual incidence rate of about 11 per 1000 person-years”'. Despite
the progressive risk of liver disease, the leading cause of fatality in NAFLD patients is cardiovascular disease
(CVD), followed by extrahepatic malignancies such as colorectal or breast cancer. These causes of death are
likely due to common cardiometabolic risk factors in NAFLD and CVD, although it is not yet clear to what
extent NAFLD contributes directly to the development of CVD""),

Etiology

The main driver of NAFLD is overnutrition that leads to expansion of adipose depots and accumulation of
ectopic fat. The infiltration of macrophages in visceral adipose tissue results in a proinflammatory state that
promotes IR. Under these conditions, inappropriate lipolysis leads to sustained delivery of fatty acids (FAs)
to the liver, which, in addition to an increased de novo synthesis of lipids, exceeds its metabolic capacity™'.

The imbalanced lipid metabolism leads to formation of lipotoxic compounds that contribute to cellular
stress, inflammasome activation, and apoptosis, with the subsequent stimulation of inflammation, tissue

[81,92-94]

regeneration, and fibrogenesis .

Multiple metabolic, genetic, epigenetic, and microbiome-associated factors influence the disease***. The
heritable NAFLD component shows inter-individual variations'*. Five common genetic variants are
associated with NAFLD"". A single-nucleotide polymorphism (cytosine to guanine substitution) in the
PNPLA3 gene (PNPLA3 I148M variant) is the best-characterized genetic variant associated with
susceptibility to NAFLD and is strongly related to increased hepatic fat levels, hepatic inflammation, and
raised liver-disease mortality”®**”**),

Treatment

An altered body energy balance is critical for the development of NAFLD and NASH. The improvement in
diet quality and sustained or increased physical activity reduces the risk of developing NAFLD, even among
high genetic risk individuals®*'*!. Existent data indicate that the loss of body weight reduces the NAFLD
progression. The disease can revert readily in patients with mild NAFLD, and a considerable improvement
in NAFLD severity is achieved after lifestyle modification and weight loss. The hepatic fat content of NASH
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patients is reduced more than 5% by body weight loss, and fibrosis decreases when this loss exceeds 10%,
irrespective of the method employed"*. However, the use of drugs to reduce IR and hyperlipidemia is
highly recommended in more advanced NAFLD stages'®..

The FDA and EMA have no drugs approved yet for direct NAFLD or NASH therapy. Various drugs
currently available for other disorders have been under clinical trials for NAFLD and NASH with limited
active participants (50-100), targeting mainly energy metabolism. These include pioglitazone (a
thiazolidinedione) that might prevent the development of T2DM"*”), vitamin E, and two classes of glucose-
lowering agents for the treatment of T2DM: glucagon-like peptide-1 (GLP-1) receptor agonists (liraglutide
and semaglutide) and sodium-glucose cotransporter type 2 (SGLT2) inhibitors (canagliflozin, dapagliflozin,
and empagliflozin). They all improve hepatic steatosis and necroinflammation. Pioglitazone and vitamin E
might induce serious adverse effects such as the increased risk of bladder and prostate cancer, bleeding risk,
heart failure, and hemorrhagic stroke at high vitamin E doses®™. However, GLP-1 receptor agonists and
SGLT?2 inhibitors show promising results, particularly semaglutide that exhibits a notably high NASH
resolution rate™’. Numerous drugs with different mechanisms of action, targeting energy intake, energy
disposal, lipotoxic hepatic injury, and the resulting inflammation and fibrogenesis, are being developed as a
treatment for NASH"".

Disease drivers can vary notably with NAFLD patients, and both the disease progression and the response
to treatment are heterogeneous™ . Although NAFLD is not a life-threatening condition, its high
prevalence rate and association with other severe morbidities such as T2DM, hyperlipidemia, hypertension,
IR, MetS, and obesity is a cause of concern.

CORRELATION OF SARCOPENIA AND NAFLD

Sarcopenia has been regarded as a typical aging problem, although many studies provide evidence of its
relationship with several common metabolic disorders. The association between muscle dysfunction and
NAFLD, two obesity-related disorders, is primarily based on a sustained caloric excess that disrupts the
muscle-liver-adipose axis mechanism leading to end-stage tissue damage typified by cirrhosis and
sarcopenia™?,

Many studies with cohorts of patients from different world regions have focused on the bidirectional
relation between sarcopenia and NAFLD. Early reports have shown the impact of a low muscle mass on
NAFLD. A prospective observational study with 452 participants demonstrated an increased risk of NAFLD
in adult patients with low muscle mass. A reduction in muscle mass is associated with the severity of liver
histological changes, as observed in a study with 309 NAFLD patients'. There is an inverse relationship
between skeletal muscle mass index (SMI) and incident NAFLD in about 15% of the whole population of a
longitudinal study over seven years with 15,567 subjects™. A positive relationship between an increased SMI
with NAFLD resolution is also observed in 2.7% of 2943 NAFLD subjects, suggesting a favorable impact of
muscle mass on NAFLD".

NAFLD progression increases among patients with low SMI and low muscle strength, as shown recently in
a prospective study with 5132 participants aged 18-80 years. The NAFLD progression becomes stronger
with sarcopenia and more so with SO, demonstrating that the coexistence of sarcopenia and obesity leads to
a higher risk of NAFLD"*\. Cai et al.” also reported an inverse relation of SMI with NAFLD in a recent
meta-analysis, lending further support to the existence of a low muscle mass-NAFLD direct relationship.
Interestingly, SMI appears negatively correlated with hepatic steatosis exclusively among male but not
female T2DM patients"*, stressing the importance of a differential hormonal effect on the
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outcome of the disease.

Sarcopenia is associated with a two-fold risk of developing significant fibrosis, independent of obesity and
IR"7. Significant liver fibrosis is more prevalent in sarcopenic subjects than in those without sarcopenia
(45.7% vs. 24.7%)". Likewise, cross-sectional data analysis of 11,325 American participants of the third
NHANES survey shows that NAFLD is more prevalent in individuals with sarcopenia than in those without
(46.7% vs. 27.5%). Moreover, advanced liver fibrosis is more common in patients with sarcopenia than in
those without (7.8 vs. 1.6%). These data indicate that sarcopenia in NAFLD represents a risk factor of
advanced fibrosis independent of metabolic risk factors*. Cai et al.” also reported a strong association of
sarcopenia with advanced stages of NAFLD and NASH. Additionally, they showed that the recovery of
skeletal muscle mass might help in preventing the development and progression of NAFLD in healthy as
well as in sarcopenic patients'”.

Conversely, some studies have shown that NAFLD influences the onset of sarcopenia. A cross-sectional
analysis of the Korean National Survey (2008-2011) of 2761 adults of both genders with NAFLD reports a
12.2% sarcopenia incidence, diagnosed by dual-energy X-ray absorptiometry, the gold standard for
measuring body fat"*”. A wealth of data shows the detrimental effects of advanced NAFLD on sarcopenia.
The prevalence of sarcopenia rises as the liver disease progresses from 8.7% to 17.9% and 35.0% in non-
NAFLD, steatosis, and NASH, respectively. Sarcopenia appears significantly associated with NASH and
significant fibrosis, independent of obesity, inflammation, and IR, confirming the above findings of
Koo et al. In a retrospective study of 225 Italian adults of both genders diagnosed with NAFLD,
sarcopenia prevalence increases progressively with the severity of liver fibrosis. It rises from 22.2% in the
absence of fibrosis to 60.0% in patients with stage 4 fibrosis*".

A study from Canada analyzed the presence of sarcopenia, SO, and myosteatosis (muscle fatty infiltration)
in a cohort of 678 cirrhotic patients of different etiologies, including chronic hepatitis C (40%), alcohol
(23%), and NASH/cryptogenic (14%)"”. Myosteatosis was reported in 52% of patients, while sarcopenia and
SO were found in 43% and 12% of subjects, respectively. The median survival time of patients with
myosteatosis, sarcopenia, and SO (about 23 months) was considerably shorter than that of patients having
no muscular abnormalities (92 months). Multivariate analysis evidenced a raised mortality risk associated
with myosteatosis and sarcopenia in cirrhotic patients (HR = 1.42 and 2.00, respectively)"*”. In cirrhotic
patients undergoing liver transplant, myosteatosis has been related to more clinical complications and poor
survival"”. Sarcopenia helps predicting adverse clinical outcomes in patients with NAFLD suffering from

110]

cirrhosis, such as liver decompensation, poor quality of life, and early fatality"""..

The above studies evidence the existence of a bidirectional relationship between loss of muscle mass and
NAFLD progression, while the presence of obesity, especially visceral obesity, is an important key player, as
studies indicate that the disruption of the muscle-liver-adipose axis mechanism plays a significant role in
the progression of both sarcopenia and NAFLD. A population-based longitudinal study for 10 years with
8399 participants in Japan reported the visceral obesity index as a predictor of NAFLD"""). The presence of
adipokines plays an important role in aggravating the chronic inflammation observed in NAFLD. Intra-
abdominal fats are worth mentioning as an origin of these adipokines™”. In a study comprised of 142
NAFLD patients, liver biopsies were conducted, and visceral adiposity index was used as a clinical
measurement with the assessment of serum levels of different cytokines. The study found the independent
correlation of insulin resistance and visceral adiposity index with significant fibrosis in NAFLD""?. A review
of 24 studies reported the visceral adiposity index as a predicting factor in the diagnosis of NASH and
NAFLD and a higher value of visceral adiposity index in NAFLD patients as compared to persons without
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NAFLD"“. A study with 352 participants found a correlation between NAFLD onset and thickness of
visceral fats"*”. Francque et al."* reported a considerable association of visceral obesity with the degree of
steatosis.

In a retrospective study of 250 lean NAFLD patients, the association of visceral obesity and hepatic steatosis
was investigated. It found a positive correlation between NAFLD and visceral obesity in lean Asian
population and visceral adiposity was determined as a risk factor for NAFLD severity""”.. Some Chinese
researchers analyzed the relationship between the incidence of NAFLD and visceral obesity. The baseline
data of 4809 subjects and results of four follow-up examinations were included in the cohort study. The
cumulative incidence of four-year follow-up was 13.9%"'*. A Japan-based cross-sectional study with 3197
participants investigated the association of NAFLD with visceral and subcutaneous adiposity. It was
reported that NAFLD plays an important role in the development of obesity""”. Researchers from Turkey
examined the relationship of clinical and histological parameters in NAFLD cases with the visceral obesity
index. A control group of 57 patients was compared with the experimental group. Significantly higher
values of VAI were observed in the experimental group as compared to the control group and values were

120]

even more noticeable in the case of NASH!*",

NAFLD PATHOPHYSIOLOGY, SARCOPENIA AND MYOSTEATOSIS

Another parallel in the progression and severity of NAFLD is myosteatosis along with sarcopenia according
to many studies. A longitudinal study was conducted on 184 patients with morbid obesity to check the
correlation of myosteatosis with NAFLD. Researchers concluded that skeletal muscles fat content is strongly
linked with the severity of disease, especially NASH. Fat content in muscles decreases upon improvement in
NASH. Therefore, fat infiltration of skeletal muscles is an important marker in NAFLD"™'. Although
knowledge about the clinical significance of muscles fat infiltration in NAFLD is scarce, many common
underlying mechanisms provide a strong basis for their association. A common factor is insulin resistance
that crosstalks with NAFLD, sarcopenia, and myosteatosis"*. Studies report that myosteatosis is more
common in NAFLD as compared to other liver problems. Moreover, adverse muscle composition
(myosteatosis and low muscle volume) is very frequent in NAFLD patients'*. According to a study in Expert
Review of Gastroenterology & Hepatology, sarcopenia was associated with adverse events such as poor life
quality, premature mortality, and hepatic decompensation""”. A study on rodent models assessed the effect
of low muscle, myosteatosis, and low muscle strength on NAFLD severity and NASH. The study reported a
substantial link of myosteatosis with inflammation and hepatocellular damage during the early development
of NASH that makes myosteatosis a novel marker of NASH"*"\.

A cross-sectional study of 9545 participants was conducted in Sweden to determine the association of
adverse muscle composition with NAFLD. Different factors such as free muscle volume, liver fat, and
muscle fat infiltration were determined by MRI. Out of all participants, 1204 had NAFLD issues, and,
among NAFLD patients, 14% had adverse muscle composition*”. Myosteatosis is not only linked to
NAFLD problems but has a profound effect on other liver problems as well. A follow-up study of 48 obese
patients showed a strong correlation of liver stiffness with myosteatosis and a decrease in myosteatosis after
dietary intervention improved liver stiffness"””. In another retrospective cross-sectional study, researchers
investigated the possible link of myosteatosis and sarcopenia with different stages of NAFLD. The study
included 48 obese patients. The incidence of sarcopenia was only 8.3%, while skeletal muscle fat index was
relatively higher in patients with liver stiffness. These results provide a strong basis of myosteatosis
association with liver stiffness in NAFLD and a sharp reduction in liver stiffness with a decrease in
myosteatosis after three months™*. Another cross-sectional study with 5132 participants focused on
investigating the correlation of muscle-related issues with NAFLD. Low muscle strength and low muscle
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mass were common in NAFLD patients. The incidence of NAFLD was higher in patients with sarcopenia,
while the presence of both obesity and sarcopenia put the patients at higher risk of severe NAFLD"*.

Sarcopenia and myosteatosis are also linked with liver problems other than NAFLD that shows their key
role in liver problems. A Canadian review study reported a high prevalence of myosteatosis and sarcopenia
in patients with liver abnormalities such as cirrhosis"””. In a Korean cohort, it was found that the severity of
fibrosis in NAFLD is strongly associated with visceral fat content and quality and quantity of muscles. A
follow-up study of 521 NAFLD assessed the skeletal muscles index, visceral adipose tissue index, and muscle
attenuation via computed tomography. Out of all cirrhosis patients, 45.1% had low skeletal muscle mass,
46.1% had myosteatosis, and 46.9% had visceral adiposity. Hence, myosteatosis, low skeletal muscle mass,
and visceral adiposity are independent risk factors for fibrosis in NAFLD patients"*".

NAFLD PATHOPHYSIOLOGY AND MUSCLE LOSS

The overlap in the pathophysiology of NAFLD and sarcopenia is widely recognized. However, the specific
pathways implicated in the pathogenesis of these diseases are still unclear. It is unknown whether
sarcopenia is the cause or consequence of NAFLD progression. IR, obesity, physical inactivity, aging, and
specific cytokines are at the base of the pathophysiology of both disorders"*’ [Figure 1].

Liver, skeletal muscle, and adipose tissue are essential organs involved in metabolic energy storage and
regulation of systemic energy homeostasis that can sense and respond to nutrient demands through
multiple crosstalks between themselves and other tissues. The control of systemic energy homeostasis is
achieved in part by the regulation of glucose and lipid metabolism. Dysregulation of either process can lead
to metabolic dysfunction and contribute to the development of IR"*.,

The liver is the main organ for the storage of metabolic energy as glycogen and TGs and is essential in the
control of systemic glucose homeostasis. Additionally, it has the unique property of exporting glucose in
response to energy demands"”". The true character of NAFLD refers to the accumulation of TGs in the
liver, which are the esterification products of glycerol and free FAs. These FAs arise from different sources
that include diet, lipolysis, and de novo lipogenesis. The body either utilizes FAs through re-esterification to
TGs, B-oxidation, or storage in the form of LDs or exports them as very-low-density lipoproteins. Any
imbalance in these processes raises the liver content of TGs. Therefore, decreased fat export, increased fat
uptake or synthesis, or decreased fat oxidation can result in fat accumulation within the hepatocytes, leading
to NAFLD"),

Under hyperinsulinemic conditions, the free FAs efflux from the expanding adipose tissue mass leads to an
enhanced fat uptake by the liver"””. In addition, insulin continues to activate lipogenesis, enhancing FAs
synthesis and hepatic TGs accumulation, further driving NAFLD!"*!. Hepatic FAs uptake and de novo lipid
synthesis increase even more as the oxidation and export of FAs cannot compensate for such a rise. This
situation may result in cellular damage and disease progression by inducing oxidative stress with
compromised mitochondrial and peroxisomal oxidative activity!**.

During chronic hyperinsulinemia, there is an increase in adipose tissue inflammation and in local and
hepatic IR that occurs via the production of proinflammatory cytokines, mainly TNF-a and IL-6, which in
turn causes ectopic fat deposition in many organs. Insulin-resistant adipose tissue thus creates a vicious
cycle of accumulating lipotoxic metabolites, steatosis, and IR"**. Hyperinsulinemia, hepatic IR, and
steatosis are caused by augmented JNK-1 signaling in the adipose tissue!**"*”. JNK-1 is an essential element
of a metabolic stress signaling pathway that regulates IL-6 expression in fatty tissue*”. NAFLD and NASH
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Figure 1. Common risk factors between sarcopenia and NAFLD. The figure depicts the most common etiologies of both diseases and
their reinforcing relation. NAFLD: Nonalcoholic fatty liver disease.

patients have serum IL-6 levels significantly greater than healthy individuals"*. Due to the pleiotropic
nature of IL-6 in the regulation of inflammation and metabolism, a chronic low-grade inflammation
mediated by IL-6 in adipose tissue can be related to the progression of NAFLD!"**!],

Skeletal muscle also utilizes lipids, in addition to glucose, as important energy substrates. However,
increased lipid overload and free FAs influx might impair insulin signaling"*. High levels of lipid
metabolites such as long-chain fatty acyl-CoAs, diacylglycerols, and ceramides can activate intracellular
kinases that promote inhibitory serine/threonine phosphorylation of the insulin receptor and insulin
receptor substrate 1 (IRS1), affecting the insulin action in skeletal muscles"*. Skeletal muscle also express
pro-inflammatory molecules in response to lipid excess, contributing to low-grade systemic inflammation
and IR"*. Early studies have shown that TNF-a can induce inhibitory phosphorylation of the IRS1 and
decrease the stimulatory phosphorylation of Akt kinase, promoting IR and compromising glucose
metabolism in skeletal muscles"*”. Muscle metabolism is impaired and proteolysis is triggered, resulting in a
progressive loss of muscle mass.

Dysregulation of glucose and lipid metabolism responds to the multiple crosstalks among liver, skeletal
muscle, and adipose tissue and with other tissues through different factors and cytokines, contributing to
the development of IR [Figure 2].

IR, in turn, affects the expression of some adipokines. Thus, adiponectin secretion decreases while that of
leptin increases. High-leptin serum levels promote hepatic inflammation and fibrogenesis and have been
linked to NAFLD progression in experimental and clinical studies"**'*”. In contrast, serum adiponectin
levels become reduced in patients with NAFLD, NASH, obesity, and T2DM"*"*|, Leptin directly affects
glucose and FAs metabolism in skeletal muscle through the insulin signaling pathways at the levels of IRS
and phosphatidylinositol-3 kinase"”. In addition, leptin directly activates 5'-AMP-activated protein kinase
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Figure 2. Crosstalk among adipose tissue, liver, and skeletal muscle. The figure shows the main adipokines, hepatokines, and myokines
interplaying with target organs under insulin resistance condition. | In red represents a decrease and fin green represents an increase in
action. FFA: Free fatty acids; TNF-a: tumor necrosis factor alpha; IL-6: interleukin-6; LECT2: leukocyte cell-derived chemotaxin 2; SelP:
selenoprotein P; IGF-1: insulin growth factor; 11-HSD1: 11B-hydroxysteroid dehydrogenase type 1; 113-HSD2: 11B-hydroxysteroid
dehydrogenase type 2.

(AMPK) in skeletal muscle, holding anabolic pathways and enhancing catabolism in response to a decrease
in the ATP/AMP ratio"*"*.

The liver secretes an ample number of hepatokines. Several of them show a positive correlation with IR, are
increased in NAFLD, and are directly implicated in the liver-muscle crosstalk"****.. This group comprises
angiopoietin-like proteins, fetuin-A, follistatin, hepassocin, leukocyte cell-derived chemotaxin 2 (LECT2),
and selenoprotein P [Figure 2].

Fetuin A is an inhibitor of the insulin receptor tyrosine kinase in the liver and skeletal muscle. The plasma
fetuin-A levels correlate positively with high liver fat content, early atherosclerosis, and MetS in middle-
aged and elderly patients"*"*". In addition, fetuin-A induces IR and inflammation via multiple mechanisms,

157]

including inhibition of insulin-sensitizing adiponectin production*”.

Follistatin (FST) is a multi-faceted glycoprotein that is involved in multiple functions. Although secreted by
a broad range of cell types, the liver contributes mainly to the circulating FST levels in humans"*. FST is
acutely regulated by the glucagon-to insulin ratio. Thus, glucagon is stimulatory, whereas insulin inhibits
FST secretion in vivo and in vitro, mediated via cAMP in the hepatocyte**. It inhibits members of the
TGF-B superfamily, including myostatin and activins'™*”, affecting muscle growth. Additionally, FST induces
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proinflammatory cytokine expression that promotes hepatic fibrosis progression and IR in adipose tissue

and skeletal muscle!*.,

Hepassocin (HPS) is another hepatokine involved in skeletal muscle IR through an AMPK-dependent
mechanism. Increased expression of HPS in hepatocytes contributes to the development of IR in skeletal
muscle via the EGFR/JNK-mediated pathway"*').

LECT2 is implicated in NAFLD, and its expression is positively correlated with body weight and IR in
humans. LECT2 activates JNK in myocytes and inhibits insulin signaling via increased serine
phosphorylation of IRS1"**.

Finally, selenoprotein P (SelP) is a hepatokine usually involved in selenium transport. However, its secretion
increases in NAFLD, prediabetes, and T2DM. It contributes to hyperglycemia in T2DM by inducing IR in
the liver and skeletal muscle. SelP impairs insulin signaling and dysregulates glucose metabolism in
hepatocytes and myocytes via AMPK inhibition"*".

In contrast to the effects of preceding hepatokines, IGF1 levels decrease in patients with obesity and
NAFLD. Low plasma levels of IGF1 are correlated with IR and increased risk of MetS'"**. IGF1 is secreted
into the circulation by the liver in response to growth hormone stimulation (GH)"*. IGF1 acts primarily on
skeletal muscle, where it elicits its insulin-sensitizing effects"*". The binding of IGF1 to its receptor (IGF1R)
phosphorylates intracellular adaptor proteins and activates MAPK and PI3K/AKT signaling pathways. IGF1
is regulated by an IGF-binding protein (IGFBP) with equal or greater affinity for IGF1 than that of IGF1R.
IGF1BP1 levels are increased in T2DM patients and counteract the hypoglycemic effect of insulin through
IGF1 inhibition.

IGF1 administration improves insulin sensitivity and lowers glucose levels in patients with and without
T2DM. In contrast, a reduction in IGF levels occurs in patients with obesity and NAFLD, consistent with an
inhibitory effect of high levels of free FAs on the GH/IGF-1 axis, which generally plays a protective role in
age-related muscle loss and muscle regeneration"”*.

Skeletal muscle secretes myokines involved in the pathophysiological mechanisms of NAFLD. Myonectin,
irisin, and IL-6 increase in response to physical exercise and protect against NAFLD development by
preventing obesity-induced lipid accumulation and associated IR. Aerobic exercise suppresses the
expression of myostatin®. Initially discovered as a regulator of skeletal muscle mass, myostatin has hepatic
effects due to its action on skeletal muscle metabolism. Decreasing myostatin levels not only increase
muscle mass but also protect from fatty liver and improve IR*"'”., Myostatin levels are significantly elevated
in patients with end-stage liver disease and associated with a reduced overall survival rate in liver cirrhosis
patients"”"'72,

ROLE OF CORTISOL SIGNALING IN SARCOPENIA AND NAFLD

Cortisol, a member of the GCs family, is a steroid hormone secreted by the adrenal cortex that plays
different roles. Its secretion follows a circadian rhythm destined to control tissue repair, immune stability,
and metabolic processes. In response to stress conditions, there is an elevated and transient release of
cortisol that allows regulation of lipid, carbohydrate, and protein metabolism for maintaining adequate
glucose levels in the brain and other organs.
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GCs secretion is under the control of the hypothalamic-pituitary-adrenal (HPA) axis. The hypothalamus
secretes corticotropin-releasing hormone (CRH) in response to physiological or psychological stress. CRH
stimulates the anterior pituitary gland to secrete the adrenocorticotropic hormone (ACTH), which induces
the synthesis and secretion of cortisol. CRH and ACTH synthesis and release are inhibited by cortisol-
mediated negative feedback, contributing to the suppression of the HPA axis regulation of GCs levels. The
concentration of active GCs can be modulated locally by two 11-B-hydroxysteroid-dehydrogenases
(11B-HSD1 and 118-HSD2). In humans, 118-HSD1 converts inactive cortisone to the active cortisol and
11B-HSD2 conversely inactivates cortisol into cortisone. 113-HSD1 is expressed in most cells and tissues,
with high expression levels in the liver, muscle, and adipose tissues, suggesting that cortisol bioavailability
could be increased in these tissues. Cortisol binds intracellularly to the glucocorticoid receptor (GR) and the
mineralocorticoid receptor (MR) with high affinity. GR is a cortisol-specific low-affinity receptor expressed
in all tissues, whereas MR binds different types of steroids, including aldosterone and progesterone””.

During stress conditions, cortisol affects the metabolism to elevate blood glucose by mobilizing metabolites
through gluconeogenesis and glycogenolysis. Lipolysis from peripheral fat stores and protein degradation
from muscle increases circulating free FAs and amino acids to provide substrates for hepatic glucose
synthesis”". However, when cortisol levels are chronically elevated (hypercortisolism), body fat distribution
is disturbed (increased visceral adiposity), insulin signaling decays, and metabolic abnormalities arise,
resulting in MetS"””. Hypercortisolism is a condition characteristic of Cushing’s syndrome. Individuals with
this syndrome show increased and abnormal distribution of fatty mass (central obesity), hypertension, and
IR. In addition, they are prone to develop NAFLD due to fat accumulation in liver and adipose tissue and
decreased muscle mass (sarcopenia) by GCs’ stimulation of protein breakdown and inhibition of protein
synthesis"”.

GCs are employed in numerous autoimmune and inflammatory diseases due to their anti-inflammatory
and immunosuppressive capacities. Long-term administration of a high dose of some GCs is frequently
associated with hyperglycemia, fat mass redistribution, and IR, effects similar to those seen in Cushing’s
syndrome. High-dose long-term use of glucocorticoids can induce painless myopathy that usually resolves
after treatment withdrawal and exercise!””. Moreover, fatty liver development also represents a typical side-
effect of long-term systemic glucocorticoids treatment during anti-inflammatory therapy that may
contribute to hepatic steatosis!”.

Dysregulation of adipose tissue physiology is one of the primary events in the development of IR
syndrome"”). Skeletal muscle and liver also play an important role given their characteristic response to
insulin®**!. In liver and adipose tissue, the ability of GCs to bind and activate the GR is controlled by
118-HSD1, which is highly expressed in these tissues to amplify local GC’s action"*'l. Although 11p-HSD1
activity regulates insulin sensitivity and lipid metabolism in skeletal muscle, its expression is lower than that

found in liver and adipose tissue'*.

The relationship between the 118-HSD1 function and metabolic disorders has been well established in
murine models. Deletion of 11p-HSD1 protects against GC-induced hepatic IR and skeletal muscle
myopathy. In contrast, hepatic over-expression of this enzyme increases liver TG content, supporting the
notion of the emergence of an adverse metabolic profile in the presence of elevated cortisol"*'*,
Additionally, pharmacological inhibition of 113-HSD1 protects against high-fat diet-induced hepatic
steatosis by inhibiting lipolysis in adipose tissues and lipogenesis in the liver"*. 11-HSD1 antisense
oligonucleotide treatment protected C57BL/6] mice from hepatic steatosis induced by a Western-type diet
by decreasing de novo lipogenesis and increasing p-oxidation"*!. In humans, 11p-HSD1 gene expression
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does not seem to be involved in the pathogenesis of fatty liver or NASH"*. However, in subjects with
hepatic steatosis, there is induction of hepatic 11p-HSD1 expression and activity that enhances hepatic
cortisol levels, apparently due to the inflammatory response present in NASH"*". In obese individuals,
overexpression of 118-HSD1 in visceral adipose tissue but not in the liver is associated with the presence of
NAFLD",

A growing body of evidence appears to implicate GCs in the development and progression of NAFLD.
Patients with NAFLD show overactivity of the HPA axis, leading to a subclinical hypercortisolism state
closely associated with the severity of the liver histopathology"*'. Additionally, a patient with autonomous
cortisol secretion due to an adrenal adenoma showed biochemical remission of NAFLD when treated with
mifepristone (a competitive GR antagonist). The authors pointed out that autonomous cortisol secretion
from adrenal adenomas could contribute to metabolic and liver abnormalities in patients with NAFLD!"*!,
GCs enhance adipocyte lipolysis through an increased expression of lipases and a decrease in glucose uptake
by downregulating GLUT1 and GLUT4 transporters, which promote IR via a decrease in IRS1 expression
and activity. As a consequence of adipose tissue IR, the lipids originating from the adipose tissue are re-
esterified and accumulated in the liver. The mechanisms allowing GCs to switch from glucose storage to
hepatic glucose production in an acute stressful situation are similar to those promoting hepatic IR by
counteracting the effects of insulin on the liver. In the liver, the activation of the GC-GR signaling pathway
inhibits the insulin receptor pathway and Akt activity and induces FOXO1, which in turn stimulates
phosphoenolpyruvate carboxykinase and glucose-6-phosphatase expression and, ultimately, glucose
production”>*"],

At the muscle level, hypercortisolemia disrupts the metabolism and alters mitochondrial functions. The
decrease of skeletal muscle mass, associated with fat accumulation within the muscle, drives sarcopenia and
myosteatosis development"*?. Skeletal muscle mass decreases as a result of both increased proteolysis and
decreased protein synthesis. Cortisol activates the ubiquitin-proteasome and autophagy lysosomal systems
through the increased expression of genes involved in muscular atrophy, namely FOXO transcription
factors family, Atrogin-1, and MuRF-1 (muscle-specific E3 ubiquitin ligases). Inhibition of muscle protein
synthesis results mainly from the GC-induced reduction of the mammalian target of rapamycin (mTOR)
signaling pathway"***". GCs also exacerbate the loss of protein and muscle mass by inhibiting IGF-1 and
increasing myostatin expression*”. Myostatin negatively regulates AKT/mTOR signaling pathway, which
controls protein synthesis and is activated by insulin and IGF-1. Factors that modulate the insulin/IGF-1
signaling pathway are potential regulators of the catabolic effects of GCs"*". Thus, myostatin is involved in
the effect of GCs on muscle atrophy, reducing the IGF-1/PI3K/AKT signaling pathway by inhibiting AKT
phosphorylation”.

Mildly elevated cortisol concentration due to chronic stress is becoming more frequent in the general
population, with the consequent risk of developing hepatic steatosis and muscle wasting. Mood disorders
seem related to NAFLD and sarcopenia. NAFLD is significantly associated with depression and severe
NAFLD with anxiety compared to non-NAFLD in women"*”. Another study performed in patients with
NAFLD demonstrated that depression is associated with more severe liver histological abnormalities
(hepatocyte ballooning)"”. A relationship between psychological health and sarcopenia also has been
recognized. In a cross-sectional observational study in China, diagnostic features of sarcopenia such as
strength of the leg muscles (chair stand test) and physical performance (gait speed and standing balance

test) are associated with depressive mood™”

. These pieces of evidence indicate that anxiety and depressive
symptoms alter the functioning of the HPA axis, which in turn might contribute to the development of

diseases associated with chronic hypercortisolism.
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CONCLUSION

Sarcopenia is a muscle-related disorder characterized by the gradual loss of muscle mass and function, while
NAFLD is the hepatic accumulation of lipids that leads to end-stage liver problems. Improving diet quality
and an increase in physical activity reduce the risk of developing NAFLD and improve skeletal muscle
functional capacity on sarcopenia. Sarcopenia and NAFLD, although being different disorders, are
significantly correlated, and their progression seems to occur in a mutually synergistic fashion, leading to
augmented adverse outcomes. However, it is not yet known if sarcopenia is the cause or consequence of
NAFLD progression. These diseases share pathophysiological drivers. Ageing, chronic inflammation,
obesity, and dyslipidemia promote insulin resistance that constitutes the principal driver of these disorders.
Biochemical liver-muscle crosstalks, through various signaling pathways modulated by insulin resistance,
lead to the progression of both disorders. Cortisol is strongly associated with insulin sensitivity and controls
it negatively, providing an essential role in the muscle-liver axis. Hypercortisolism has been related to the
development of NAFLD and sarcopenia, demonstrating that increased cortisol is a risk factor for either
disease. Mood disorders are among the factors that lead to hypercortisolism and could be a feature to
consider for the diagnosis of sarcopenia and NAFLD.
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