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Abstract: Obesity leads to a chronic inflammatory state throughout the body, with increased
infiltration of immune cells and inflammatory factors in skeletal muscle tissue, and, at
the same time, the level of intracellular mitochondrial oxidative stress rises. Meanwhile,
obesity is closely related to the development of skeletal muscle fibrosis and can affect
the metabolic function of skeletal muscle, triggering metabolic disorders such as insulin
resistance (IR) and type 2 diabetes (T2D). However, whether there is a mutual regulatory
effect between the two pathological states of inflammation and fibrosis in obese skeletal
muscle and the specific molecular mechanisms have not been fully clarified. This review
focuses on the pathological changes of skeletal muscle inflammation and fibrosis induced by
obesity, covering the metabolic changes it causes, such as lipid deposition, mitochondrial
dysfunction, and dysregulation of inflammatory factors, aiming to reveal the intricate
connections between the two. In terms of intervention strategies, aerobic exercise, dietary
modification, and pharmacotherapy can improve skeletal muscle inflammation and fibrosis.
This article provides insight into the important roles of inflammation and fibrosis in the
treatment of obesity and the management of skeletal muscle diseases, aiming to provide
new ideas for the diagnosis and treatment of metabolic diseases such as obesity and IR.
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1. Introduction
Obesity has become a global public health issue affecting human health. Due to

lifestyle changes and dietary adjustments, such as a sedentary lifestyle and consuming large
amounts of processed meats, refined grains, and sugary drinks, the prevalence of obesity
has significantly increased. The chronic systemic inflammation caused by obesity may lead
to insulin resistance (IR) and β-cell dysfunction, ultimately resulting in type 2 diabetes
(T2D) [1]. Thus, obesity is a major driver of the T2D epidemic. This chronic inflammation
also significantly raises the risk of long-term diabetes complications like cardiovascular
diseases, kidney diseases, non-alcoholic fatty liver disease (NAFLD), stroke, and peripheral
vascular diseases, and may underlie the association between T2D and other diseases such
as polycystic ovary syndrome, gout, Alzheimer’s disease, and osteoarthritis [2]. In the past
three decades, the number of people with diabetes worldwide has quadrupled, with 90%
being T2D, and diabetes has become the ninth leading cause of death [3].
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Skeletal muscle, as the principal target organ for glucose uptake upon insulin stim-
ulation, serves as the primary driving force for controlling systemic blood glucose and
enhances its sensitivity to insulin stimulation via muscle contraction [4]. Additionally, as an
endocrine organ, skeletal muscle generates and secretes a substantial number of bioactive
molecules known as “myokines”, which function as autocrine, paracrine, or endocrine
intercellular signal transduction molecules and play a crucial role in regulating skeletal
muscle mass, transforming muscle fibers, and modulating glucose and lipid metabolism [5].
Abnormalities in skeletal muscle metabolism can significantly impact systemic glucose
homeostasis and insulin sensitivity. Recent research has revealed that obesity can lead to the
infiltration of immune cells in skeletal muscle, as well as the pro-inflammatory activation of
adipose tissue between and around muscle cells, thereby inducing inflammation in muscle
cells [6]. Moreover, ectopic lipid deposition [7], an increase in intracellular mitochondrial
oxidative stress levels [8], and metabolic disorders in muscle cells can occur, resulting in IR.
Concurrently, studies have demonstrated that in the skeletal muscle of obese mice induced
by a high-fat diet (HFD), an increase in the level of inflammatory factors is accompanied by
an increase in the degree of fibrosis [9]. Consequently, as shown in Figure 1, obesity can
trigger poor metabolic function in skeletal muscle tissue and is closely associated with the
occurrence and development of IR and T2D.
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Figure 1. Effects of obesity on skeletal muscle metabolism (by Figdraw). In the obese state, skeletal
muscle undergoes tissue remodeling through ectopic lipid deposition, inflammatory responses,
mitochondrial oxidative stress, and collagen fiber accumulation, resulting in metabolic disorders that
in turn disrupt systemic glucose homeostasis, and are closely associated with the development of
insulin resistance, type 2 diabetes mellitus, and nonalcoholic fatty liver disease.

However, at present, the relationship between skeletal muscle inflammation and fi-
brosis induced by obesity remains incompletely understood, and relevant research still
requires further in-depth exploration. Consequently, this paper deeply explores the rela-
tionship between skeletal muscle inflammation and fibrosis due to obesity, focusing on the
specific mechanisms of their occurrence and development, providing a theoretical basis
for uncovering the pathogenesis of obesity-related diseases and seeking preventive and
treatment measures.
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2. The Development of Skeletal Muscle Inflammation Caused by Obesity
2.1. Lipid Deposition

An increasing amount of evidence indicates that obesity can trigger inflammatory re-
sponses in skeletal muscle and exert a negative regulatory effect on muscle cell metabolism [6].
In the state of obesity, the elevation of fat content polarizes macrophages in adipose tissue
towards the M1 phenotype, augmenting the expression of pro-inflammatory cytokines
and adipokines, thereby inducing systemic low-grade inflammation and resulting in the
emergence of metabolic syndrome (MS), IR, and T2D [1]. As shown in Figure 2, although
obese adipose tissue compensates by altering the volume (hypertrophy) and number (hy-
perplasia) of adipocytes, its fat-storing capacity is limited. Excessive energy intake by the
body leads to the overproduction of free fatty acids [10], causing abnormal lipid deposition
in tissues, such as the liver, skeletal muscle, and heart, and instigating chronic tissue in-
flammation [6,7,11]. When lipids and their derivatives are deposited within the muscle,
the capacity for cellular mitochondrial β-oxidation is impaired with an increase in reactive
oxygen species production to create a lipotoxic environment and concurrently the secretion
of some pro-inflammatory myokines is enhanced [8]. At this point, skeletal muscle, which
is responsible for processing the majority of glucose, experiences metabolic dysregulation,
thereby influencing whole-body homeostasis.
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Figure 2. Effects of obesity on adipose tissue (by Figdraw). Adipose tissue in the obese state com-
pensates by increasing adipocyte volume and increasing adipocyte number, while an inflammatory
response occurs, as evidenced by M1 macrophage predominance and increased secretion of proin-
flammatory cytokines and adipokines. With further increases in fat content, ectopic lipid deposition
occurs in the liver, skeletal muscle, and heart, leading to metabolic disorders.

2.2. Mitochondrial Dysfunction

Researchers have witnessed an elevated phosphorylation level of AMPK in the
soleus [12] and gastrocnemius [13] muscles of HFD-induced obese mice. It is known
that AMPK activation stimulates mitochondrial gene transcription mediated by PPAR delta
and PGC-1α. Under obese conditions, the augmented inflammatory signals and lipotoxicity
can undermine AMPK signaling within skeletal muscle, thereby reducing mitochondrial
biogenesis [14]. This, in turn, results in a decline in the mitochondrial oxidative capacity of
skeletal muscle cells and triggers the accumulation of fatty acids [15]. In obese rats, the mi-
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tochondrial function of the quadriceps femoris is impaired [16], accompanied by excessive
accumulation of fatty acids, as well as enhanced inflammatory responses and oxidative
stress [10]. In the gastrocnemius muscle of obese mice, not only are the expression levels of
inflammatory factors (such as tumor necrosis factor α (TNF-α), Toll-like receptor 2 (TLR2),
Toll-like receptor 4 (TLR4), and monocyte chemoattractant protein 1 (MCP1)) elevated, but
also the levels of fatty acids, triglycerides, and cholesterol in the muscle are significantly
increased [13]. Moreover, the increased fatty acids, lipopolysaccharides, and TNF-α can
reduce the activities of protein kinase B (AKT) and AMPK [15], and, consequently, obesity
ultimately leads to a reduction in the glucose uptake and lipid oxidation capacity of skeletal
muscle, thereby exacerbating IR.

Simultaneously, in a study of obese individuals, it has been demonstrated that as the
body mass index rises, the mitochondrial respiration and oxidative capacity of skeletal
muscle decrease, which is associated with elevated levels of inflammatory molecules
such as C-reactive protein (CRP), TNF-α, interferon-gamma (IFN-γ), and interleukin-8
(IL-8) in the circulation [17]. Additionally, research has revealed that the functions of the
immunoproteasome and total proteasome in obese muscles are significantly diminished
and that there is a negative correlation between the proteasome function and the level of
oxidatively damaged proteins in the muscle, indicating that immunoproteasome (iProt)
dysregulation might be a crucial factor contributing to muscle oxidative stress [18]. This
dysregulation can damage proteins within the muscle, endanger muscle integrity, and lead
to obesity-related IR. Collectively, both animal and human studies suggest that the systemic
inflammation caused by obesity is associated with impaired mitochondrial function in
skeletal muscle.

In HFD rats, a shift of skeletal muscle energy substrate distribution towards fatty acid
oxidation has been observed and muscles with higher fatty acid oxidation rates are rich in
intermediate lipids like diacylglycerol (DAG) and ceramide [19]. Thus, obesity-induced
skeletal muscle mitochondrial dysfunction leads to more significant intermediate lipid
accumulation, exacerbating metabolic dysfunctions such as IR.

2.3. Insulin Resistance

Glucose transporter type 4 (GLUT4), the principal glucose transporter in skeletal
muscle, and AKT, the primary mediator of insulin-induced GLUT4 translocation to the
plasma membrane, play crucial roles in glucose metabolism, and the activation of the insulin
receptor substrate 1 (IRS-1)/phosphoinositide 3-kinase (PI3K)/AKT promotes glucose
uptake within skeletal muscle [20,21]. A reduction in AKT phosphorylation can trigger
IR, thereby decreasing glucose uptake [22]. Given that skeletal muscle is the main site of
postprandial glucose uptake, accounting for about 70–80% of whole-body glucose uptake,
decreased glucose uptake can lead to hyperglycemia [23,24]. Moreover, the compensatory
elevation in insulin secretion, which is stimulated by skeletal muscle IR, can further induce
β-cell hypertrophy and hyperinsulinemia [25].

The nuclear factor kappa-B (NF-κB) signaling has been demonstrated to contribute to
the development of IR and systemic chronic inflammation by facilitating the transcription of
pro-inflammatory cytokines and chemokines [26]. Research has revealed that in individuals
with IR (including those with obesity and T2D), the gene expression of interleukin-6 (IL-6)
in skeletal muscle is enhanced, accompanied by an augmented activation of the NF-κB
pathway [27,28]. Concurrently, in the soleus muscle of HFD-induced obese mice, NF-κB
nuclear translocation and an increased level of kappa B (IκB) phosphorylation have been
observed [12]. In the skeletal muscle of obese mice, it has been found that inflammation is
increased through the NF-κB signaling pathway with the manifestation of inflammatory
factors’ (elevated levels of interleukin-1β (IL-1β) and NF-κB proteins) infiltration, while the
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activation of the IRS-1/PI3K/AKT signaling pathway is weakened and the expression and
translocation of GLUT4 are inhibited [29]. Therefore, the muscle’s glucose uptake ability is
reduced, the skeletal muscle’s metabolic function is disrupted, and, finally, IR occurs.

2.4. Other Metabolic Alterations

Besides being associated with lipid deposition, mitochondrial oxidative stress, and
IR, the inflammatory response of skeletal muscle induced by obesity also exerts an impact
on the thermogenic capacity of brown adipose tissue. Brown adipose tissue engages in
energy balance through thermogenesis mediated by uncoupling protein-1 (UCP-1), while
inflammatory cytokines and lipotoxicity can decrease the UCP-1 activity and thermogenic
potential of brown adipocytes [30]. In obese mice induced by a HFD, the skeletal muscle
exhibits reduced oxygen consumption, mitochondrial activity, and AKT protein phospho-
rylation level. Concurrently, an enlargement of adipocytes in both subcutaneous adipose
tissue (SAT) and visceral adipose tissue (VAT) has been noted, and numerous enlarged
vacuoles are present in brown adipocytes, indicating metabolic dysfunction and steatosis
within the brown adipose tissue [31]. Consequently, the impaired mitochondrial function of
skeletal muscle in obesity is accompanied by a decrease in energy and oxygen consumption,
which promotes fat accumulation. This, in turn, impairs the thermogenic capacity of brown
adipose tissue, further intensifying energy imbalance and obesity.

In summary, obesity, on the one hand, directly triggers an inflammatory response
in skeletal muscle via the NF-κB signaling pathway. On the other hand, it activates the
AMPK signaling pathway through ectopic lipid deposition, thereby causing mitochon-
drial dysfunction and, in turn, giving rise to the accumulation of intermediate lipids
and aggravating the inflammatory response in skeletal muscle. The combined action of
these two aspects affects glucose uptake in skeletal muscle, resulting in skeletal muscle
metabolic dysfunction.

3. The Development of Skeletal Muscle Fibrosis Caused by Obesity
3.1. Pathological Changes

Skeletal muscle tissue fibrosis is a pathological phenomenon characterized by the
excessive accumulation of extracellular matrix (ECM) components, especially collagen,
which is caused by either excessive production of the ECM, alterations in ECM degradation
activities, or both [32]. Myogenic stem cells, namely satellite cells [33], are regulated by
fibro/adipogenic progenitor cells (FAPs) [34,35] and play a role in muscle growth [36]
and/or repair [37]. In metabolically normal skeletal muscle, paracrine factors derived from
FAPs facilitate satellite cell differentiation. Nevertheless, under pathological conditions,
the dysregulation of FAPs can result in an increased accumulation of skeletal muscle fiber
and adipose tissue [34,38]. Skeletal muscle can conduct energy regulation, adaptation, and
remodeling in response to metabolic and nutritional stimuli. However, if pathological
fibrosis occurs during the remodeling process, it will limit the plasticity of skeletal muscle
tissue and cause it to lose its function.

3.2. Impaired Regeneration

Models of obesity resulting from the cytotoxicity of monosodium glutamate to the
nuclei of the hypothalamus are widely utilized within the literature [39]. In the obese rat
models induced by this approach, reductions in muscle mass, attenuated oxidative capac-
ity, and elevated fibrosis have been identified [40]. Concurrently, a HFD can prompt the
diminution of regenerated muscle fibers within skeletal muscle, an increment in collagen
fibers, a decrease in the expression of myogenic genes, and an augmentation in the expres-
sion of fibrotic genes (including Tcf4, α-Sma, Col1α, and Col3α), thereby indicating that
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obesity can undermine muscle regeneration [41]. Research has demonstrated that the quan-
tity of PDGFRα-positive FAPs in the skeletal muscle of obese mice is significantly lower,
while the number of surviving FAPs in regenerated muscle is relatively higher [41]. This
implies that obesity impairs skeletal muscle regeneration by weakening the proliferation of
FAPs during the early phase and impeding the clearance of FAPs in the later stage. IL-6,
recognized as a paracrine factor of FAPs, can curtail the secretion of insulin-like growth
factor 1 (IGF-1) and reduce muscle sensitivity to insulin, thus exerting a negative regulatory
effect on the differentiation and growth of muscle fibers [42,43]. Intriguingly, in obese mice
fed a HFD [9] and animal models of obesity induced by monosodium glutamate [40], a
downward trend in IL-6 expression has been observed in conjunction with the occurrence
of skeletal muscle dysfunction.

Collectively, the aforementioned evidence suggests that obesity can impair the muscle
regeneration capacity of skeletal muscle and give rise to dysfunctions such as fibrosis,
though skeletal muscle might possess a compensatory function during the initial stage.

3.3. Mitochondrial Dysfunction

Obesity can result in a decrease in the function of mitochondrial oxidative phos-
phorylation and an increase in the generation of reactive oxygen species (ROS) [44,45].
Simultaneously, ROS can activate the transforming growth factor-β (TGF-β) signaling
pathway, thereby facilitating the activation and proliferation of myofibroblasts [46]. Myofi-
broblasts are cells with the ability to synthesize and secrete extracellular matrix components,
such as collagen. The activation and proliferation of these cells can lead to the excessive
deposition of collagen in skeletal muscle, consequently triggering skeletal muscle fibrosis.
In the chronic ischemia model of mice [47], it has been observed that obesity can induce
mitochondrial pathology and dysfunction in ischemic muscles, accompanied by oxidative
stress and inflammation. Concurrently, the level of connective tissue growth factor (CTGF),
a potent pro-fibrotic growth factor, increases significantly [47], and it has been demon-
strated to promote the excessive accumulation of ECM under hypoxic conditions and in
the presence of TGF-β [48,49]. Hence, mitochondrial dysfunction is closely associated with
the occurrence of skeletal muscle fibrosis.

3.4. Changes in Different Types of Skeletal Muscle

Skeletal muscles in the human body are mainly divided into three types: slow oxidative
(Type 1 fibers), fast-twitch oxidative glycolytic (2A fibers), and fast-twitch glycolytic (2B
fibers) fibers [50]. The impact of the obese state on different types of muscles in the body is
also different, which is reflected in aspects such as metabolic changes and inflammatory
responses. IR caused by obesity affects the ability of muscles to take up and utilize glucose.
Different types of muscle fibers are affected differently by obesity. Studies have found that
after exercise intervention in rats fed with a HFD, insulin-stimulated glucose uptake can
be enhanced in all fiber types, except Type 1 fibers [51]. After HFD intervention, almost
no change was observed in the expression of glucose transport-related proteins in slow-
twitch muscles, while the expression of glucose transport-related proteins in fast-twitch
muscles decreased significantly [52]. A HFD can also lead to an increase in the content of
intramyocellular lipids (IMCLs) and changes in muscle fiber size. Moreover, in the fast-
twitch gastrocnemius muscles, the accumulation of IMCLs is more obvious than that in the
slow-twitch soleus muscles [53]. In addition, studies have found that 2B fibers also exhibit
an inflammatory phenotype, with NF-κB being one of the core transcription factors [54].
And the inflammatory response can activate immune cells and release cytokines, further
exacerbating muscle damage and fibrosis.
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During the process of obesity, all three types of fibers will atrophy. However, 2B fibers
are larger in volume and have a greater impact on overall muscle atrophy [54]. During the
process of obesity, the proportion of oxidative fibers in muscles dominated by oxidative
fibers remains unchanged, while the proportion of oxidative fibers in muscles dominated
by glycolytic fibers decreases significantly [54].

In conclusion, the occurrence of fibrosis in obese skeletal muscles is closely related
to muscle types. Differences in aspects such as metabolism, inflammatory responses, and
mechanical stress among different muscle types lead to their varying susceptibilities to
fibrosis under obese conditions.

3.5. Closely Related to Metabolic Diseases

Diet-induced obesity (DIO) can augment the muscle fat content [9]. Moreover, obesity
has been demonstrated to increase the area of adipocytes expressing PERILIPIN and the
expression of adipogenic genes (including C-ebpα and PPAR-γ) within regenerated skeletal
muscle [41], indicating that obesity induces fat infiltration in skeletal muscle. In the general
population of China, an elevation in muscle fat content has been identified to be positively
associated with NAFLD [55]. Simultaneously, in a survey of obese individuals, it has been
found that patients with non-alcoholic steatohepatitis (NASH) exhibit higher values of
skeletal muscle fat infiltration. The degree of muscle fat infiltration is correlated with the
high risk of NASH and severe liver fibrosis in severely obese patients [56], suggesting that
the fat content in skeletal muscle can serve as a medium-to-high-risk factor for advanced
fibrosis in NAFLD.

Sarcopenia, an age-associated disease, is characterized by the progressive loss of
muscle mass and function [57]. Skeletal muscle serves as the principal tissue accountable
for insulin signaling. In the context of sarcopenia, the reduction of skeletal muscle mass
results in diminished insulin signaling, consequently giving rise to IR [58]. IR constitutes
a significant mechanism underlying the development of NAFLD and liver fibrosis in
sarcopenic obese patients [59,60]. In recent years, the ratio of skeletal muscle mass to
the visceral fat area (SV ratio) has been adopted as an index for measuring sarcopenic
obesity and has been demonstrated to be closely correlated with cardiometabolic diseases,
including T2D, MS, and arterial stiffness [61,62]. Research findings indicate that the negative
correlation between the SV ratio and NAFLD is more pronounced in non-obese individuals
than in obese participants and that obesity can significantly modify the association between
them [63]. Hence, a low SV value represents an indicator that complements traditional
obesity measures when evaluating the risk of NAFLD.

Therefore, obesity can impair the regenerative ability and mitochondrial function of
skeletal muscle, leading to an increase in collagen fibers and intramuscular fibrosis, which
will disrupt the glucose uptake function, trigger IR and metabolic disorders, and different
types of skeletal muscle also undergo distinct changes. Meanwhile, obesity can result in an
increase in lipid infiltration in skeletal muscle, a decline in muscle mass and function, and
an increase in the morbidity and mortality of complications such as NAFLD. In summary,
obesity can cause the occurrence of skeletal muscle fibrosis and is closely related to the
body’s metabolic diseases (as shown in Figure 3).
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Figure 3. Effects of obesity on different types of skeletal muscle (by Figdraw). Under the condition of
obesity, fast-twitch muscles, and slow-twitch muscles will undergo pathological changes to varying
degrees, including inflammatory cell infiltration, dysregulation of fibro/adipogenic progenitors,
increased intramyocellular lipids, reduced muscle area, and increased production of the extracellular
matrix. Skeletal muscle fibrosis causes its dysfunction and is closely associated with the occurrence
of various metabolic diseases, such as insulin resistance, type 2 diabetes, non-alcoholic fatty liver
disease, metabolic dysfunction-associated fatty liver disease, and cardiovascular diseases.

4. The Association Between Inflammation and Fibrosis in Skeletal
Muscle Caused by Obesity
4.1. Changes in Inflammatory Factors: The Close Association with the Occurrence of Fibrosis

Many studies have found that skeletal muscle inflammation and fibrosis caused by
obesity coexist, and they usually occur simultaneously. In the DIO model of rats fed with
a high-fat/high-sucrose (HFS) diet, concurrent augmentations in intramuscular lipids,
inflammatory cells, and muscle tissue fibrosis within the quadriceps femoris have been
identified [64]. Furthermore, obese mice on a HFD exhibit an upward trend in the expres-
sion of p-NFκB and TGFβ1 [9]. Experimental evidence has shown that in the gastrocnemius
muscle of obese mice induced by a HFD [13], the mRNA expression levels of inflammatory
factors including TNF-α, TLR2, TLR4, and MCP1 are elevated. This elevation is concomi-
tant with a reduction in the size and number of muscle fibers and an up-regulation of the
expression of atrophy factors such as FoxO1, FoxO3, MuRF1, and atrogin1. The elevation of
the TNF-α level has been demonstrated to be associated with decreased insulin sensitivity,
enhanced muscle catabolism, sarcomere ubiquitination, and NADPH oxidation [42,43].
Collectively, these alterations may exert a negative influence on muscle development and
differentiation. In the obese animal model induced by glutamate, an increase in plasma
TNF-α secretion has been observed, along with a diminished availability of the paracrine
effect of MyoD. This results in a decreased differentiation of myoblasts into myocytes, a
reduction in myotube fusion [40], and a decline in skeletal muscle function. Moreover,
various inflammatory cytokines, namely C-reactive protein (CRP), IL-6, interleukin-10
(IL-10), interleukin-15 (IL-15), and TNF-α, have been verified to be responsible for the
reduction in muscle mass and the increase in macrophage infiltration, thereby facilitating
the transformation of skeletal muscle into a fibrotic state [65,66]. Accordingly, changes



Biomolecules 2025, 15, 20 9 of 16

in inflammatory factors in obese skeletal muscle play an important role in the process of
fibrosis development. However, there is still a lack of evidence regarding both the sequence
of occurrence of the two and the existence of mutual regulation between them; thus, a large
number of studies are still needed to explore the specific molecular mechanisms involved.

4.2. Co-Regulation of Adipose–Liver–Skeletal Muscle Tissue Network

Some studies have pointed out that there is a complex inter-tissue and intra-tissue
co-expression network among skeletal muscle, adipose tissue, and the liver. Obesity results
in chronic, low-grade, systemic inflammation, and the adipose tissue and skeletal muscle
of obese patients both present a chronic low-grade inflammatory state. Experiments have
demonstrated that T cells and macrophages residing in extramyocellular adipose tissue
(EMAT) of skeletal muscle cells can induce the expression of pro-inflammatory chemokines,
thereby expanding the inflammatory response and IR of skeletal muscle through the Janus
kinase/signal transducer and the activator of the transcription (JAK/STAT) signaling
pathway [67]. The adipokine WISP1 has also been proven to promote skeletal muscle
IR through the TLR4-activated inflammation/c-Jun N-terminal kinase (JNK) signaling
pathway [12]. It illustrates that under the condition of obesity, the changes among various
tissues are not isolated, but rather influence and regulate each other.

It has been demonstrated that the occurrence of liver fibrosis is associated with the
activation of the NF-κB inflammatory signaling pathway. Through the elevation of the
expression of inflammatory factors, this activation augments the level of oxidative stress
within the liver, exacerbates hepatocyte damage, and triggers the activation of hepatic
stellate cells (HSC) [68]. Consequently, a substantial deposition of collagen-based ECM
in the liver tissue ensues, leading to the formation of fibrosis [69], which indicates that
the inflammatory response in the liver regulates the occurrence of fibrosis. Moreover,
inflammation in adipose tissue and skeletal muscle induced by obesity has also been
verified to be closely linked to liver fibrosis [66]. A cohort study revealed that the concurrent
presence of metabolic-associated fatty liver disease (MAFLD) and sarcopenia is associated
with significant fibrosis and is also strongly correlated with a remarkable increase in the
risk of death related to cardiovascular diseases and diabetes [70]. This finding implies that
sarcopenia is associated with a high mortality risk in MAFLD. These pieces of evidence
once again confirm the situation that the adipose–liver–skeletal muscle tissue network
coordinately regulates metabolic activities.

Given that these three tissues simultaneously serve as target organs for glucose up-
take and pathophysiological processes such as inflammation, ectopic lipid deposition,
oxidative stress, and fibrosis occur in all of them under the condition of obesity, there is a
co-expression network regulating metabolic activities. Thus, we speculate that there is an
inflammation-regulated fibrosis process within the co-expression network. Obesity leads to
the overexpression of inflammatory factors like TNF-α, resulting in a systemic inflamma-
tory state. In skeletal muscle, it exacerbates the inflammatory response by activating the
NF-κB signaling pathway and causes muscle regeneration impairment, collagen fiber depo-
sition, fibrosis, and other dysfunctions through ectopic lipid deposition and mitochondrial
oxidative stress. Subsequently, it triggers metabolic disorders such as IR, T2D, and NAFLD.
Meanwhile, the pathological changes in adipose tissue and the liver also have an impact
on the metabolic function of skeletal muscle. However, the evidence regarding skeletal
muscle inflammation and fibrosis under the condition of obesity is still insufficient, and, to
a large extent, the regulatory relationship between them remains unclear. Our speculation
put forward based on the existing evidence requires more research to confirm its reliability.
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5. Intervention Strategies
5.1. Aerobic Exercise

Aerobic exercise exerts a positive influence on the inflammatory response within
skeletal muscle and the insulin-signaling pathway. Research indicates that aerobic exercise
can significantly decrease the expression levels of inflammatory factors, such as TNF-α and
IL-6, in the skeletal muscle of obese rats [71]. Simultaneously, aerobic exercise can enhance
the insulin-signaling pathway by increasing the expression of phosphorylated AKT and
GLUT4, while reducing the expression of protein tyrosine phosphatase 1B. This, in turn,
augments the uptake and utilization of glucose in skeletal muscle and alleviates IR [29].
Furthermore, exercise training has been demonstrated to increase the cross-sectional area
of muscle fibers and the number of satellite cells dedicated to the myogenic lineage as well
as improve the morphology of irradiated muscles and satellite cell dynamics [9].

Therefore, aerobic exercise can improve both inflammation and fibrosis of skeletal
muscle in obesity, protect the function of skeletal muscle, and is of great significance for the
maintenance of systemic homeostasis.

5.2. Dietary Modification

Fructose plays a significant role in skeletal muscle inflammation and fibrosis induced
by obesity. Researchers have demonstrated that fructose can influence skeletal muscle
health via multiple pathways. Over 50% of fructose is metabolized via fructolysis in the
liver [72]. Excessive fructose intake can up-regulate the carbohydrate response element-
binding protein (ChREBP) in the liver, which activates glucose-6-phosphatase (G6Pase)
and enhances gluconeogenesis to convert it into glucose [73]. Meanwhile, part of it is
converted into lactic acid and released into circulation, and the production of intermediate
products in the tricarboxylic acid cycle is increased to promote the synthesis of fatty acids.
Glucose generated from glucose-6-phosphate hydrolyzed by G6Pase in the liver [74] will
be transported out of liver cells through glucose transporter type 2 (GLUT2) and then
enter the bloodstream [75,76], and be transported to tissues and organs throughout the
body. Fructose can induce hyperlactatemia, thereby inhibiting GLUT4, reducing the uptake
and utilization of glucose in skeletal muscle, and leading to IR [72]. A high-fructose diet
can induce myocardial lipid accumulation, fibrosis, and inflammatory responses in mice,
suggesting a potential connection between fructose and inflammation and fibrosis [77].
Meanwhile, fructose can promote the accumulation of skeletal muscle fat by increasing lipid
synthesis and lipid transport in skeletal muscle, resulting in skeletal muscle inflammation
and fibrosis. For example, long-term intake of fructose and glucose significantly increased
the lipid content in the skeletal muscle of rats, and the level of the pro-inflammatory factor
IL-6 in the blood and skeletal muscle also increased significantly [64,78].

Therefore, controlling fructose intake is crucial for preventing skeletal muscle inflam-
mation and fibrosis induced by obesity. Reducing the consumption of high-fructose foods,
such as sugary drinks and processed foods, can decrease the adverse effects of fructose on
skeletal muscle.

5.3. Pharmacotherapy

Currently, most of the targeted therapy research on skeletal muscle metabolic dys-
function mainly focuses on aspects such as anti-inflammatory, anti-oxidative stress, and
anti-fibrosis-inducing factors. Empagliflozin has been demonstrated to enhance the phos-
phorylation of AMP-activated protein kinase and acetyl-CoA carboxylase within skeletal
muscle, as well as increase the level of fibroblast growth factor 21 in plasma [79]. By facilitat-
ing fatty acid oxidation in skeletal muscle, it can reduce tissue fibrosis and IR resulting from
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ectopic fat deposition. Moreover, attenuating the phosphorylation of JNK and ERK1/2 can
alleviate obesity-induced inflammation and metabolic alterations.

Furthermore, in animal experiments, it has been demonstrated that luteolin (LU)
can enhance muscle mass and function. This is achieved by suppressing the degradation
of proteins within adipose tissue, plasma, and muscle in vivo, as well as by mitigating
lipid accumulation and inflammation [13]. CDDO-ethyl amide (CDDO-EA) has also been
verified to impede the expression of endotoxin-induced TNF-α and MCP-1 genes through
the inhibition of the NF-κB signaling pathway in rat myotube cells [80]. Consequently, this
suppresses the inflammatory responses of macrophages and myocytes. Moreover, in the
soleus muscles of mice supplemented with fucoxanthin (FCX), a significant augmentation in
the expression of genes associated with mitochondrial biogenesis and fatty acid β-oxidation
has been noted [81]. This is accompanied by an improvement in skeletal muscle function,
enhanced mitochondrial function, reduced fat accumulation, decreased reactive oxygen
species generation, and alleviation of chronic inflammation [82,83]. Retinoic acid (RA) can
augment the proliferation of FAPs during the early phase of skeletal muscle regeneration.
Simultaneously, during the remodeling stage, RA can inhibit the differentiation of FAPs and
promote apoptosis [41]. Supplementation of RA in obese mice not only rescues the impaired
muscle fiber regeneration but also restrains the infiltration of fat and fibrotic tissues during
the muscle repair process. Collectively, these studies furnish a robust theoretical foundation
for exploring the mechanism underlying the occurrence and development of obesity-related
skeletal muscle inflammation and fibrosis. Additionally, they present potential targets for
the treatment of metabolic diseases.

Lifestyle modifications, dietary adjustments, and drug interventions can exert their
effects on aspects such as inflammatory responses, lipid deposition, oxidative stress, and
factors that induce fibrosis. Through these means, skeletal muscle function can be enhanced
and IR can be improved. Nevertheless, currently, the majority of the treatments for obese
skeletal muscle dysfunction are mainly confined to short-term animal experiments or
small-scale clinical studies, lacking evidence from long-term clinical follow-up. Further
research on specific molecular mechanisms and long-term clinical studies are still required.
Consequently, in the future, the “obesity-targeted” anti-inflammatory and anti-fibrosis
treatments for metabolic diseases, along with the exploration of personalized intervention
strategies, will continue to be the direction that we strive for.

6. Discussion
This study has conducted an in-depth exploration of the relationship between skeletal

muscle inflammation and fibrosis resulting from obesity. Firstly, the process of obesity de-
velopment is accompanied by the occurrence of inflammatory responses and tissue fibrosis
remodeling. Skeletal muscle fibrosis is triggered by the energy balance disorder caused by
obesity, and, simultaneously, it exacerbates obesity-related metabolic disorders. Obesity
can induce a chronic inflammatory state in skeletal muscle, which leads to mitochondrial
oxidative stress, an increase in fatty acids, and an elevation in the secretion of inflammatory
factors. Subsequently, these changes will activate the inflammatory signaling pathways.
Along with the progression of fibrosis, they will lead to skeletal muscle dysfunction, impair
glucose uptake ability, reduce metabolic function, and further contribute to the emergence
of metabolic diseases such as IR, diabetes, and NAFLD. Hence, the prevention of skeletal
muscle dysfunction constitutes an effective strategy for improving energy metabolism and
blood glucose balance.

To date, the majority of our current knowledge has been derived from animal stud-
ies. Although animal models are of critical importance for understanding the biological
properties of skeletal muscle, it remains to be determined whether the metabolic regulation
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within these models parallels that in humans. Given that our ultimate objective is to apply
these findings to human diseases, the research conclusions obtained thus far require further
verification in human subjects. Additionally, most existing research has primarily focused
on demonstrating the close association between obesity and skeletal muscle inflammation.
Specifically, inflammation is accompanied by muscle atrophy, fibrosis, and poor function at
the muscle cell level. However, the relevant regulatory mechanisms have not been clearly
described, and it remains unknown whether these processes regulate the occurrence of
sarcopenia, fibrosis, diabetic muscle dysfunction, and chronic muscular myopathy atrophy.

Currently, intervention strategies for obesity mainly encompass exercise interven-
tion, dietary regulation, and bariatric surgery, while effective drugs targeting associated
complications are yet to be developed. Aerobic exercises can ameliorate skeletal muscle
inflammation and fibrosis, and, furthermore, controlling fructose intake and maintaining a
balanced diet are also vital for preventing obesity-induced skeletal muscle inflammation
and fibrosis. It has been thus identified that both pharmacological and lifestyle interven-
tions can improve skeletal muscle function, potentially through anti-inflammatory effects,
reducing the incidence of fibrosis and improving IR. In summary, skeletal muscle inflam-
mation and fibrosis caused by obesity represent complex processes involving multiple
mechanisms. Through an in-depth investigation of these mechanisms, we can gain a better
understanding of the pathogenesis of obesity-related diseases. This, in turn, inspires us to
focus on improving skeletal muscle inflammation and maintaining skeletal muscle plastic-
ity, thereby providing novel perspectives for the treatment of skeletal muscle fibrosis caused
by obesity. Based on the relationship between inflammation, fibrosis, and obesity-related
metabolic dysfunction, anti-inflammatory and anti-fibrotic approaches are also regarded as
promising treatment strategies for obesity-related metabolic disorders.

Future research could further explore the following aspects. Firstly, an in-depth
examination of the specific mechanisms of action of different cells and molecules in skeletal
muscle inflammation and fibrosis induced by obesity aims to provide targets for the
development of targeted therapeutic drugs. Secondly, the exploration of more personalized
intervention strategies to formulate the most suitable exercise and diet regimens based
on factors such as the degree of obesity, physical condition, and genetic background of
individuals. Third is conducting long-term clinical studies to verify the preventive and
therapeutic effects of exercise and diet interventions on skeletal muscle inflammation and
fibrosis in obese patients, thereby providing more reliable evidence for clinical practice.

7. Conclusions
This review clearly shows that there are intricate and close connections between

obesity, skeletal muscle inflammation, and fibrosis. Among them, inflammation most likely
plays a key role in regulating the occurrence and development of fibrosis. However, at
present, the specific occurrence and development mechanisms of the two have not been
fully clarified and still need to be further explored in depth. Analyzing the pathogenesis
of obesity more deeply is expected to explore new targets for the treatment of metabolic
diseases, thus bringing new breakthroughs and hopes to the relevant medical fields.

Author Contributions: Y.L., Conceptualization, drafting of the manuscript, and producing the figure
(created with Figdraw.com); W.K., W.G. and H.L., investigation; Y.W. and X.L.: research of the
literature; W.K., writing—review and editing the manuscript. The manuscript was drafted, revised,
and approved by the authors according to the ICJME authorship criteria. The corresponding author
had full access to all the data in the study and had final responsibility for the decision to submit it for
publication. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (Grant
No. 81974107) and the Bethune-Merck Diabetes Research Foundation (grant number G-X-2019-056).



Biomolecules 2025, 15, 20 13 of 16

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Varra, F.N.; Varras, M.; Varra, V.K.; Theodosis-Nobelos, P. Molecular and pathophysiological relationship between obesity

and chronic inflammation in the manifestation of metabolic dysfunctions and their inflammation-mediating treatment options
(Review). Mol. Med. Rep. 2024, 29, 95. [CrossRef] [PubMed]

2. Rohm, T.V.; Meier, D.T.; Olefsky, J.M.; Donath, M.Y. Inflammation in obesity, diabetes, and related disorders. Immunity 2022, 55,
31–55. [CrossRef] [PubMed]

3. Zheng, Y.; Ley, S.H.; Hu, F.B. Global aetiology and epidemiology of type 2 diabetes mellitus and its complications. Nat. Rev.
Endocrinol. 2018, 14, 88–98. [CrossRef] [PubMed]

4. Sylow, L.; Tokarz, V.L.; Richter, E.A.; Klip, A. The many actions of insulin in skeletal muscle, the paramount tissue determining
glycemia. Cell Metab. 2021, 33, 758–780. [CrossRef]

5. Mengeste, A.M.; Rustan, A.C.; Lund, J. Skeletal muscle energy metabolism in obesity. Obesity 2021, 29, 1582–1595. [CrossRef]
6. Wu, H.; Ballantyne, C.M. Skeletal muscle inflammation and insulin resistance in obesity. J. Clin. Investig. 2017, 127, 43–54.

[CrossRef]
7. Longo, M.; Zatterale, F.; Naderi, J.; Parrillo, L.; Formisano, P.; Raciti, G.A.; Beguinot, F.; Miele, C. Adipose Tissue Dysfunction as

Determinant of Obesity-Associated Metabolic Complications. Int. J. Mol. Sci. 2019, 20, 2358. [CrossRef]
8. Kalinkovich, A.; Livshits, G. Sarcopenic obesity or obese sarcopenia: A cross talk between age-associated adipose tissue and

skeletal muscle inflammation as a main mechanism of the pathogenesis. Ageing Res. Rev. 2017, 35, 200–221. [CrossRef]
9. D’Souza, D.; Roubos, S.; Larkin, J.; Lloyd, J.; Emmons, R.; Chen, H.; De Lisio, M. The Late Effects of Radiation Therapy on Skeletal

Muscle Morphology and Progenitor Cell Content are Influenced by Diet-Induced Obesity and Exercise Training in Male Mice. Sci.
Rep. 2019, 9, 6691. [CrossRef]

10. Bielawiec, P.; Harasim-Symbor, E.; Sztolsztener, K.; Konstantynowicz-Nowicka, K.; Chabowski, A. Attenuation of Oxidative
Stress and Inflammatory Response by Chronic Cannabidiol Administration Is Associated with Improved n-6/n-3 PUFA Ratio in
the White and Red Skeletal Muscle in a Rat Model of High-Fat Diet-Induced Obesity. Nutrients 2021, 13, 1603. [CrossRef]

11. van Herpen, N.A.; Schrauwen-Hinderling, V.B. Lipid accumulation in non-adipose tissue and lipotoxicity. Physiol. Behav. 2008, 94,
231–241. [CrossRef] [PubMed]

12. Jung, T.W.; Kang, C.; Goh, J.; Chae, S.I.; Kim, H.C.; Lee, T.J.; Abd El-Aty, A.M.; Jeong, J.H. WISP1 promotes non-alcoholic fatty
liver disease and skeletal muscle insulin resistance via TLR4/JNK signaling. J. Cell Physiol. 2018, 233, 6077–6087. [CrossRef]
[PubMed]

13. Kim, J.W.; Shin, S.K.; Kwon, E.Y. Luteolin Protects Against Obese Sarcopenia in Mice with High-Fat Diet-Induced Obesity by
Ameliorating Inflammation and Protein Degradation in Muscles. Mol. Nutr. Food Res. 2023, 67, e2200729. [CrossRef] [PubMed]

14. Pagel-Langenickel, I.; Bao, J.; Joseph, J.J.; Schwartz, D.R.; Mantell, B.S.; Xu, X.; Raghavachari, N.; Sack, M.N. PGC-1alpha
integrates insulin signaling, mitochondrial regulation, and bioenergetic function in skeletal muscle. J. Biol. Chem. 2008, 283,
22464–22472. [CrossRef] [PubMed]

15. Corpeleijn, E.; Saris, W.H.; Blaak, E.E. Metabolic flexibility in the development of insulin resistance and type 2 diabetes: Effects of
lifestyle. Obes. Rev. 2009, 10, 178–193. [CrossRef]

16. Jorgensen, W.; Rud, K.A.; Mortensen, O.H.; Frandsen, L.; Grunnet, N.; Quistorff, B. Your mitochondria are what you eat: A
high-fat or a high-sucrose diet eliminates metabolic flexibility in isolated mitochondria from rat skeletal muscle. Physiol. Rep.
2017, 5, e13207. [CrossRef]

17. Kunz, H.E.; Hart, C.R.; Gries, K.J.; Parvizi, M.; Laurenti, M.; Dalla Man, C.; Moore, N.; Zhang, X.; Ryan, Z.; Polley, E.C.; et al.
Adipose tissue macrophage populations and inflammation are associated with systemic inflammation and insulin resistance in
obesity. Am. J. Physiol. Endocrinol. Metab. 2021, 321, E105–E121. [CrossRef]

18. Fletcher, E.; Wiggs, M.; Greathouse, K.L.; Morgan, G.; Gordon, P.M. Impaired proteostasis in obese skeletal muscle relates to
altered immunoproteasome activity. Appl. Physiol. Nutr. Metab. 2022, 47, 555–564. [CrossRef]

19. Jani, S.; Da Eira, D.; Hadday, I.; Bikopoulos, G.; Mohasses, A.; de Pinho, R.A.; Ceddia, R.B. Distinct mechanisms involving
diacylglycerol, ceramides, and inflammation underlie insulin resistance in oxidative and glycolytic muscles from high fat-fed rats.
Sci. Rep. 2021, 11, 19160. [CrossRef]

20. Rowland, A.F.; Fazakerley, D.J.; James, D.E. Mapping insulin/GLUT4 circuitry. Traffic 2011, 12, 672–681. [CrossRef]
21. Alvim, R.O.; Cheuhen, M.R.; Machado, S.R.; Sousa, A.G.; Santos, P.C. General aspects of muscle glucose uptake. An. Acad. Bras.

Cienc. 2015, 87, 351–368. [CrossRef] [PubMed]
22. Huang, X.; Liu, G.; Guo, J.; Su, Z. The PI3K/AKT pathway in obesity and type 2 diabetes. Int. J. Biol. Sci. 2018, 14, 1483–1496.

[CrossRef]
23. Teng, S.; Huang, P. The effect of type 2 diabetes mellitus and obesity on muscle progenitor cell function. Stem Cell Res. Ther. 2019,

10, 103. [CrossRef]

https://doi.org/10.3892/mmr.2024.13219
https://www.ncbi.nlm.nih.gov/pubmed/38606791
https://doi.org/10.1016/j.immuni.2021.12.013
https://www.ncbi.nlm.nih.gov/pubmed/35021057
https://doi.org/10.1038/nrendo.2017.151
https://www.ncbi.nlm.nih.gov/pubmed/29219149
https://doi.org/10.1016/j.cmet.2021.03.020
https://doi.org/10.1002/oby.23227
https://doi.org/10.1172/JCI88880
https://doi.org/10.3390/ijms20092358
https://doi.org/10.1016/j.arr.2016.09.008
https://doi.org/10.1038/s41598-019-43204-8
https://doi.org/10.3390/nu13051603
https://doi.org/10.1016/j.physbeh.2007.11.049
https://www.ncbi.nlm.nih.gov/pubmed/18222498
https://doi.org/10.1002/jcp.26449
https://www.ncbi.nlm.nih.gov/pubmed/29319180
https://doi.org/10.1002/mnfr.202200729
https://www.ncbi.nlm.nih.gov/pubmed/36708177
https://doi.org/10.1074/jbc.M800842200
https://www.ncbi.nlm.nih.gov/pubmed/18579525
https://doi.org/10.1111/j.1467-789X.2008.00544.x
https://doi.org/10.14814/phy2.13207
https://doi.org/10.1152/ajpendo.00070.2021
https://doi.org/10.1139/apnm-2021-0764
https://doi.org/10.1038/s41598-021-98819-7
https://doi.org/10.1111/j.1600-0854.2011.01178.x
https://doi.org/10.1590/0001-3765201520140225
https://www.ncbi.nlm.nih.gov/pubmed/25761221
https://doi.org/10.7150/ijbs.27173
https://doi.org/10.1186/s13287-019-1186-0


Biomolecules 2025, 15, 20 14 of 16

24. Carnagarin, R.; Dharmarajan, A.M.; Dass, C.R. Molecular aspects of glucose homeostasis in skeletal muscle—A focus on the
molecular mechanisms of insulin resistance. Mol. Cell Endocrinol. 2015, 417, 52–62. [CrossRef]

25. Oh, Y.S.; Bae, G.D.; Baek, D.J.; Park, E.Y.; Jun, H.S. Fatty Acid-Induced Lipotoxicity in Pancreatic Beta-Cells During Development
of Type 2 Diabetes. Front. Endocrinol. 2018, 9, 384. [CrossRef] [PubMed]

26. Catrysse, L.; van Loo, G. Inflammation and the Metabolic Syndrome: The Tissue-Specific Functions of NF-kappaB. Trends Cell Biol.
2017, 27, 417–429. [CrossRef] [PubMed]

27. Reyna, S.M.; Ghosh, S.; Tantiwong, P.; Meka, C.S.; Eagan, P.; Jenkinson, C.P.; Cersosimo, E.; Defronzo, R.A.; Coletta, D.K.;
Sriwijitkamol, A.; et al. Elevated toll-like receptor 4 expression and signaling in muscle from insulin-resistant subjects. Diabetes
2008, 57, 2595–2602. [CrossRef] [PubMed]

28. Libermann, T.A.; Baltimore, D. Activation of interleukin-6 gene expression through the NF-kappa B transcription factor. Mol. Cell
Biol. 1990, 10, 2327–2334. [CrossRef]

29. Li, N.; Shi, H.; Guo, Q.; Gan, Y.; Zhang, Y.; Jia, J.; Zhang, L.; Zhou, Y. Aerobic Exercise Prevents Chronic Inflammation and Insulin
Resistance in Skeletal Muscle of High-Fat Diet Mice. Nutrients 2022, 14, 3730. [CrossRef]

30. Brondani, L.A.; Assmann, T.S.; Duarte, G.C.; Gross, J.L.; Canani, L.H.; Crispim, D. The role of the uncoupling protein 1 (UCP1) on
the development of obesity and type 2 diabetes mellitus. Arq. Bras. Endocrinol. Metabol. 2012, 56, 215–225. [CrossRef]

31. Delgadillo-Puga, C.; Torre-Villalvazo, I.; Noriega, L.G.; Rodriguez-Lopez, L.A.; Aleman, G.; Torre-Anaya, E.A.; Carino-Cervantes,
Y.Y.; Palacios-Gonzalez, B.; Furuzawa-Carballeda, J.; Tovar, A.R.; et al. Pecans and Its Polyphenols Prevent Obesity, Hepatic
Steatosis and Diabetes by Reducing Dysbiosis, Inflammation, and Increasing Energy Expenditure in Mice Fed a High-Fat Diet.
Nutrients 2023, 15, 2591. [CrossRef] [PubMed]

32. Mahdy, M.A.A. Skeletal muscle fibrosis: An overview. Cell Tissue Res. 2019, 375, 575–588. [CrossRef] [PubMed]
33. Mauro, A. Satellite cell of skeletal muscle fibers. J. Biophys. Biochem. Cytol. 1961, 9, 493–495. [CrossRef] [PubMed]
34. Uezumi, A.; Fukada, S.; Yamamoto, N.; Takeda, S.; Tsuchida, K. Mesenchymal progenitors distinct from satellite cells contribute

to ectopic fat cell formation in skeletal muscle. Nat. Cell Biol. 2010, 12, 143–152. [CrossRef] [PubMed]
35. Uezumi, A.; Ito, T.; Morikawa, D.; Shimizu, N.; Yoneda, T.; Segawa, M.; Yamaguchi, M.; Ogawa, R.; Matev, M.M.; Miyagoe-Suzuki,

Y.; et al. Fibrosis and adipogenesis originate from a common mesenchymal progenitor in skeletal muscle. J. Cell Sci. 2011, 124,
3654–3664. [CrossRef]

36. Schiaffino, S.; Dyar, K.A.; Ciciliot, S.; Blaauw, B.; Sandri, M. Mechanisms regulating skeletal muscle growth and atrophy. FEBS J.
2013, 280, 4294–4314. [CrossRef]

37. Fry, C.S.; Lee, J.D.; Mula, J.; Kirby, T.J.; Jackson, J.R.; Liu, F.; Yang, L.; Mendias, C.L.; Dupont-Versteegden, E.E.; McCarthy, J.J.; et al.
Inducible depletion of satellite cells in adult, sedentary mice impairs muscle regenerative capacity without affecting sarcopenia.
Nat. Med. 2015, 21, 76–80. [CrossRef]

38. Joe, A.W.; Yi, L.; Natarajan, A.; Le Grand, F.; So, L.; Wang, J.; Rudnicki, M.A.; Rossi, F.M. Muscle injury activates resident
fibro/adipogenic progenitors that facilitate myogenesis. Nat. Cell Biol. 2010, 12, 153–163. [CrossRef]

39. Hernandez Bautista, R.J.; Mahmoud, A.M.; Konigsberg, M.; Lopez Diaz Guerrero, N.E. Obesity: Pathophysiology, monosodium
glutamate-induced model and anti-obesity medicinal plants. Biomed. Pharmacother. 2019, 111, 503–516. [CrossRef]

40. Zazula, M.F.; Saraiva, D.F.; Theodoro, J.L.; Maciel, M.; Sepulveda, E.; Zanardini de Andrade, B.; Boaretto, M.L.; Maciel, J.;
Bronczek, G.A.; Soares, G.M.; et al. An Early and Sustained Inflammatory State Induces Muscle Changes and Establishes
Obesogenic Characteristics in Wistar Rats Exposed to the MSG-Induced Obesity Model. Int. J. Mol. Sci. 2023, 24, 4730. [CrossRef]

41. Zhao, L.; Son, J.S.; Wang, B.; Tian, Q.; Chen, Y.; Liu, X.; de Avila, J.M.; Zhu, M.J.; Du, M. Retinoic acid signalling in fibro/adipogenic
progenitors robustly enhances muscle regeneration. EBioMedicine 2020, 60, 103020. [CrossRef] [PubMed]

42. Sharma, B.; Dabur, R. Role of Pro-inflammatory Cytokines in Regulation of Skeletal Muscle Metabolism: A Systematic Review.
Curr. Med. Chem. 2020, 27, 2161–2188. [CrossRef] [PubMed]

43. Bian, A.L.; Hu, H.Y.; Rong, Y.D.; Wang, J.; Wang, J.X.; Zhou, X.Z. A study on relationship between elderly sarcopenia and
inflammatory factors IL-6 and TNF-alpha. Eur. J. Med. Res. 2017, 22, 25. [CrossRef] [PubMed]

44. Reynaud, O.; Wang, J.; Ayoub, M.B.; Leduc-Gaudet, J.P.; Mayaki, D.; Dulac, M.; Hussain, S.N.A.; Bergeron, R.; Gouspillou, G. The
impact of high-fat feeding and parkin overexpression on skeletal muscle mass, mitochondrial respiration, and H2O2 emission.
Am. J. Physiol. Cell Physiol. 2023, 324, C366–C376. [CrossRef] [PubMed]

45. Nisr, R.B.; Shah, D.S.; Ganley, I.G.; Hundal, H.S. Proinflammatory NFkB signalling promotes mitochondrial dysfunction in
skeletal muscle in response to cellular fuel overloading. Cell Mol. Life Sci. 2019, 76, 4887–4904. [CrossRef]

46. Cai, L.; Shi, L.; Peng, Z.; Sun, Y.; Chen, J. Ageing of skeletal muscle extracellular matrix and mitochondria: Finding a potential
link. Ann. Med. 2023, 55, 2240707. [CrossRef]

47. Fletcher, E.; Miserlis, D.; Sorokolet, K.; Wilburn, D.; Bradley, C.; Papoutsi, E.; Wilkinson, T.; Ring, A.; Ferrer, L.; Haynatzki, G.; et al.
Diet-induced obesity augments ischemic myopathy and functional decline in a murine model of peripheral artery disease. Transl.
Res. 2023, 260, 17–31. [CrossRef]

https://doi.org/10.1016/j.mce.2015.09.004
https://doi.org/10.3389/fendo.2018.00384
https://www.ncbi.nlm.nih.gov/pubmed/30061862
https://doi.org/10.1016/j.tcb.2017.01.006
https://www.ncbi.nlm.nih.gov/pubmed/28237661
https://doi.org/10.2337/db08-0038
https://www.ncbi.nlm.nih.gov/pubmed/18633101
https://doi.org/10.1128/MCB.10.5.2327
https://doi.org/10.3390/nu14183730
https://doi.org/10.1590/S0004-27302012000400001
https://doi.org/10.3390/nu15112591
https://www.ncbi.nlm.nih.gov/pubmed/37299553
https://doi.org/10.1007/s00441-018-2955-2
https://www.ncbi.nlm.nih.gov/pubmed/30421315
https://doi.org/10.1083/jcb.9.2.493
https://www.ncbi.nlm.nih.gov/pubmed/13768451
https://doi.org/10.1038/ncb2014
https://www.ncbi.nlm.nih.gov/pubmed/20081842
https://doi.org/10.1242/jcs.086629
https://doi.org/10.1111/febs.12253
https://doi.org/10.1038/nm.3710
https://doi.org/10.1038/ncb2015
https://doi.org/10.1016/j.biopha.2018.12.108
https://doi.org/10.3390/ijms24054730
https://doi.org/10.1016/j.ebiom.2020.103020
https://www.ncbi.nlm.nih.gov/pubmed/32980698
https://doi.org/10.2174/0929867326666181129095309
https://www.ncbi.nlm.nih.gov/pubmed/30488792
https://doi.org/10.1186/s40001-017-0266-9
https://www.ncbi.nlm.nih.gov/pubmed/28701179
https://doi.org/10.1152/ajpcell.00388.2022
https://www.ncbi.nlm.nih.gov/pubmed/36571445
https://doi.org/10.1007/s00018-019-03148-8
https://doi.org/10.1080/07853890.2023.2240707
https://doi.org/10.1016/j.trsl.2023.05.002


Biomolecules 2025, 15, 20 15 of 16

48. Valle-Tenney, R.; Rebolledo, D.; Acuna, M.J.; Brandan, E. HIF-hypoxia signaling in skeletal muscle physiology and fibrosis. J. Cell
Commun. Signal 2020, 14, 147–158. [CrossRef]

49. Valle-Tenney, R.; Rebolledo, D.L.; Lipson, K.E.; Brandan, E. Role of hypoxia in skeletal muscle fibrosis: Synergism between
hypoxia and TGF-beta signaling upregulates CCN2/CTGF expression specifically in muscle fibers. Matrix Biol. 2020, 87, 48–65.
[CrossRef]

50. Schiaffino, S.; Reggiani, C. Fiber types in mammalian skeletal muscles. Physiol. Rev. 2011, 91, 1447–1531. [CrossRef]
51. Pataky, M.W.; Yu, C.S.; Nie, Y.; Arias, E.B.; Singh, M.; Mendias, C.L.; Ploutz-Snyder, R.J.; Cartee, G.D. Skeletal muscle fiber

type-selective effects of acute exercise on insulin-stimulated glucose uptake in insulin-resistant, high-fat-fed rats. Am. J. Physiol.
Endocrinol. Metab. 2019, 316, E695–E706. [CrossRef] [PubMed]

52. Li, C.; Li, N.; Zhang, Z.; Song, Y.; Li, J.; Wang, Z.; Bo, H.; Zhang, Y. The specific mitochondrial unfolded protein response in fast-
and slow-twitch muscles of high-fat diet-induced insulin-resistant rats. Front. Endocrinol. 2023, 14, 1127524. [CrossRef] [PubMed]

53. Umek, N.; Horvat, S.; Cvetko, E. Skeletal muscle and fiber type-specific intramyocellular lipid accumulation in obese mice. Bosn.
J. Basic. Med. Sci. 2021, 21, 730–738. [CrossRef] [PubMed]

54. Zhang, F.M.; Wu, H.F.; Wang, K.F.; Yu, D.Y.; Zhang, X.Z.; Ren, Q.; Chen, W.Z.; Lin, F.; Yu, Z.; Zhuang, C.L. Transcriptome profiling
of fast/glycolytic and slow/oxidative muscle fibers in aging and obesity. Cell Death Dis. 2024, 15, 459. [CrossRef]

55. Guo, W.; Zhao, X.; Cheng, D.; Liang, X.; Miao, M.; Li, X.; Lu, J.; Xu, N.; Hu, S.; Zhang, Q. Muscle Fat Content Is Associated with
Nonalcoholic Fatty Liver Disease and Liver Fibrosis in Chinese Adults. J. Nutr. Health Aging 2023, 27, 960–965. [CrossRef]

56. Han, E.; Kim, M.K.; Lee, H.W.; Ryu, S.; Kim, H.S.; Jang, B.K.; Suh, Y. Muscle fat contents rather than muscle mass determines
nonalcoholic steatohepatitis and liver fibrosis in patients with severe obesity. Obesity 2022, 30, 2440–2449. [CrossRef]

57. Cruz-Jentoft, A.J.; Sayer, A.A. Sarcopenia. Lancet 2019, 393, 2636–2646. [CrossRef]
58. Kim, T.N.; Park, M.S.; Lim, K.I.; Choi, H.Y.; Yang, S.J.; Yoo, H.J.; Kang, H.J.; Song, W.; Choi, H.; Baik, S.H.; et al. Relationships

between sarcopenic obesity and insulin resistance, inflammation, and vitamin D status: The Korean Sarcopenic Obesity Study.
Clin. Endocrinol. 2013, 78, 525–532. [CrossRef]

59. Angulo, P.; Alba, L.M.; Petrovic, L.M.; Adams, L.A.; Lindor, K.D.; Jensen, M.D. Leptin, insulin resistance, and liver fibrosis in
human nonalcoholic fatty liver disease. J. Hepatol. 2004, 41, 943–949. [CrossRef]

60. Marchesini, G.; Brizi, M.; Morselli-Labate, A.M.; Bianchi, G.; Bugianesi, E.; McCullough, A.J.; Forlani, G.; Melchionda, N.
Association of nonalcoholic fatty liver disease with insulin resistance. Am. J. Med. 1999, 107, 450–455. [CrossRef]

61. Kim, T.N.; Park, M.S.; Lim, K.I.; Yang, S.J.; Yoo, H.J.; Kang, H.J.; Song, W.; Seo, J.A.; Kim, S.G.; Kim, N.H.; et al. Skeletal muscle
mass to visceral fat area ratio is associated with metabolic syndrome and arterial stiffness: The Korean Sarcopenic Obesity Study
(KSOS). Diabetes Res. Clin. Pract. 2011, 93, 285–291. [CrossRef]

62. Wang, Q.; Zheng, D.; Liu, J.; Fang, L.; Li, Q. Skeletal muscle mass to visceral fat area ratio is an important determinant associated
with type 2 diabetes and metabolic syndrome. Diabetes Metab. Syndr. Obes. 2019, 12, 1399–1407. [CrossRef]

63. Cho, Y.; Chang, Y.; Ryu, S.; Jung, H.S.; Kim, C.W.; Oh, H.; Kim, M.K.; Sohn, W.; Shin, H.; Wild, S.H.; et al. Skeletal muscle mass to
visceral fat area ratio as a predictor of NAFLD in lean and overweight men and women with effect modification by sex. Hepatol.
Commun. 2022, 6, 2238–2252. [CrossRef] [PubMed]

64. Collins, K.H.; Paul, H.A.; Hart, D.A.; Reimer, R.A.; Smith, I.C.; Rios, J.L.; Seerattan, R.A.; Herzog, W. A High-Fat High-Sucrose
Diet Rapidly Alters Muscle Integrity, Inflammation and Gut Microbiota in Male Rats. Sci. Rep. 2016, 6, 37278. [CrossRef]
[PubMed]

65. Wahlin-Larsson, B.; Carnac, G.; Kadi, F. The influence of systemic inflammation on skeletal muscle in physically active elderly
women. Age 2014, 36, 9718. [CrossRef] [PubMed]

66. Chasapi, A.; Balampanis, K.; Kourea, E.; Kalfarentzos, F.; Lambadiari, V.; Lambrou, G.I.; Melachrinou, M.; Sotiropoulou-Bonikou,
G. Can obesity-induced inflammation in skeletal muscle and intramuscular adipose tissue accurately detect liver fibrosis?
J. Musculoskelet. Neuronal Interact. 2018, 18, 509–524. [PubMed]

67. Khan, I.M.; Perrard, X.Y.; Brunner, G.; Lui, H.; Sparks, L.M.; Smith, S.R.; Wang, X.; Shi, Z.Z.; Lewis, D.E.; Wu, H.; et al.
Intermuscular and perimuscular fat expansion in obesity correlates with skeletal muscle T cell and macrophage infiltration and
insulin resistance. Int. J. Obes. 2015, 39, 1607–1618. [CrossRef] [PubMed]

68. Sanchez-Valle, V.; Chavez-Tapia, N.C.; Uribe, M.; Mendez-Sanchez, N. Role of oxidative stress and molecular changes in liver
fibrosis: A review. Curr. Med. Chem. 2012, 19, 4850–4860. [CrossRef]

69. Reeves, H.L.; Friedman, S.L. Activation of hepatic stellate cells--a key issue in liver fibrosis. Front. Biosci. 2002, 7, d808–d826.
[CrossRef]

70. Zhao, Q.; Yin, Y.; Deng, Y. Metabolic associated fatty liver disease and sarcopenia additively increase mortality: A real-world
study. Nutr. Diabetes 2023, 13, 21. [CrossRef]

71. Pedraza-Vazquez, G.; Mena-Montes, B.; Hernandez-Alvarez, D.; Gomez-Verjan, J.C.; Toledo-Perez, R.; Lopez-Teros, M.T.;
Konigsberg, M.; Gomez-Quiroz, L.E.; Luna-Lopez, A. A low-intensity lifelong exercise routine changes miRNA expression in

https://doi.org/10.1007/s12079-020-00553-8
https://doi.org/10.1016/j.matbio.2019.09.003
https://doi.org/10.1152/physrev.00031.2010
https://doi.org/10.1152/ajpendo.00482.2018
https://www.ncbi.nlm.nih.gov/pubmed/30753114
https://doi.org/10.3389/fendo.2023.1127524
https://www.ncbi.nlm.nih.gov/pubmed/37008907
https://doi.org/10.17305/bjbms.2021.5876
https://www.ncbi.nlm.nih.gov/pubmed/34082690
https://doi.org/10.1038/s41419-024-06851-y
https://doi.org/10.1007/s12603-023-2015-9
https://doi.org/10.1002/oby.23576
https://doi.org/10.1016/S0140-6736(19)31138-9
https://doi.org/10.1111/j.1365-2265.2012.04433.x
https://doi.org/10.1016/j.jhep.2004.08.020
https://doi.org/10.1016/S0002-9343(99)00271-5
https://doi.org/10.1016/j.diabres.2011.06.013
https://doi.org/10.2147/DMSO.S211529
https://doi.org/10.1002/hep4.1975
https://www.ncbi.nlm.nih.gov/pubmed/35503803
https://doi.org/10.1038/srep37278
https://www.ncbi.nlm.nih.gov/pubmed/27853291
https://doi.org/10.1007/s11357-014-9718-0
https://www.ncbi.nlm.nih.gov/pubmed/25311555
https://www.ncbi.nlm.nih.gov/pubmed/30511955
https://doi.org/10.1038/ijo.2015.104
https://www.ncbi.nlm.nih.gov/pubmed/26041698
https://doi.org/10.2174/092986712803341520
https://doi.org/10.2741/reeves
https://doi.org/10.1038/s41387-023-00250-6


Biomolecules 2025, 15, 20 16 of 16

aging and prevents osteosarcopenic obesity by modulating inflammation. Arch. Gerontol. Geriatr. 2023, 105, 104856. [CrossRef]
[PubMed]

72. Zhang, D.M.; Jiao, R.Q.; Kong, L.D. High Dietary Fructose: Direct or Indirect Dangerous Factors Disturbing Tissue and Organ
Functions. Nutrients 2017, 9, 335. [CrossRef] [PubMed]

73. Kim, M.S.; Krawczyk, S.A.; Doridot, L.; Fowler, A.J.; Wang, J.X.; Trauger, S.A.; Noh, H.L.; Kang, H.J.; Meissen, J.K.; Blatnik,
M.; et al. ChREBP regulates fructose-induced glucose production independently of insulin signaling. J. Clin. Investig. 2016, 126,
4372–4386. [CrossRef] [PubMed]

74. Lizak, B.; Szarka, A.; Kim, Y.; Choi, K.S.; Nemeth, C.E.; Marcolongo, P.; Benedetti, A.; Banhegyi, G.; Margittai, E. Glucose
Transport and Transporters in the Endomembranes. Int. J. Mol. Sci. 2019, 20, 5898. [CrossRef] [PubMed]

75. Adeva-Andany, M.M.; Perez-Felpete, N.; Fernandez-Fernandez, C.; Donapetry-Garcia, C.; Pazos-Garcia, C. Liver glucose
metabolism in humans. Biosci. Rep. 2016, 36, e00416. [CrossRef]

76. Navale, A.M.; Paranjape, A.N. Glucose transporters: Physiological and pathological roles. Biophys. Rev. 2016, 8, 5–9. [CrossRef]
77. Xie, X.W. Liquiritigenin attenuates cardiac injury induced by high fructose-feeding through fibrosis and inflammation suppression.

Biomed. Pharmacother. 2017, 86, 694–704. [CrossRef]
78. Collins, K.H.; Hart, D.A.; Smith, I.C.; Issler, A.M.; Reimer, R.A.; Seerattan, R.A.; Rios, J.L.; Herzog, W. Acute and chronic changes

in rat soleus muscle after high-fat high-sucrose diet. Physiol. Rep. 2017, 5, e13270. [CrossRef]
79. Xu, L.; Nagata, N.; Nagashimada, M.; Zhuge, F.; Ni, Y.; Chen, G.; Mayoux, E.; Kaneko, S.; Ota, T. SGLT2 Inhibition by

Empagliflozin Promotes Fat Utilization and Browning and Attenuates Inflammation and Insulin Resistance by Polarizing M2
Macrophages in Diet-induced Obese Mice. EBioMedicine 2017, 20, 137–149. [CrossRef]

80. Chang, P.F.; Acevedo, D.; Mandarino, L.J.; Reyna, S.M. Triterpenoid CDDO-EA inhibits lipopolysaccharide-induced inflammatory
responses in skeletal muscle cells through suppression of NF-kappaB. Exp. Biol. Med. 2023, 248, 175–185. [CrossRef]

81. Kim, M.B.; Bae, M.; Lee, Y.; Kang, H.; Hu, S.; Pham, T.X.; Park, Y.K.; Lee, J.Y. Consumption of Low Dose Fucoxanthin Does Not
Prevent Hepatic and Adipose Inflammation and Fibrosis in Mouse Models of Diet-Induced Obesity. Nutrients 2022, 14, 2280.
[CrossRef] [PubMed]

82. de Mello, A.H.; Costa, A.B.; Engel, J.D.G.; Rezin, G.T. Mitochondrial dysfunction in obesity. Life Sci. 2018, 192, 26–32. [CrossRef]
[PubMed]

83. Serviddio, G.; Sastre, J.; Bellanti, F.; Vina, J.; Vendemiale, G.; Altomare, E. Mitochondrial involvement in non-alcoholic steatohep-
atitis. Mol. Asp. Med. 2008, 29, 22–35. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.archger.2022.104856
https://www.ncbi.nlm.nih.gov/pubmed/36399890
https://doi.org/10.3390/nu9040335
https://www.ncbi.nlm.nih.gov/pubmed/28353649
https://doi.org/10.1172/JCI81993
https://www.ncbi.nlm.nih.gov/pubmed/27669460
https://doi.org/10.3390/ijms20235898
https://www.ncbi.nlm.nih.gov/pubmed/31771288
https://doi.org/10.1042/BSR20160385
https://doi.org/10.1007/s12551-015-0186-2
https://doi.org/10.1016/j.biopha.2016.12.066
https://doi.org/10.14814/phy2.13270
https://doi.org/10.1016/j.ebiom.2017.05.028
https://doi.org/10.1177/15353702221139188
https://doi.org/10.3390/nu14112280
https://www.ncbi.nlm.nih.gov/pubmed/35684079
https://doi.org/10.1016/j.lfs.2017.11.019
https://www.ncbi.nlm.nih.gov/pubmed/29155300
https://doi.org/10.1016/j.mam.2007.09.014
https://www.ncbi.nlm.nih.gov/pubmed/18061659

	Introduction 
	The Development of Skeletal Muscle Inflammation Caused by Obesity 
	Lipid Deposition 
	Mitochondrial Dysfunction 
	Insulin Resistance 
	Other Metabolic Alterations 

	The Development of Skeletal Muscle Fibrosis Caused by Obesity 
	Pathological Changes 
	Impaired Regeneration 
	Mitochondrial Dysfunction 
	Changes in Different Types of Skeletal Muscle 
	Closely Related to Metabolic Diseases 

	The Association Between Inflammation and Fibrosis in Skeletal Muscle Caused by Obesity 
	Changes in Inflammatory Factors: The Close Association with the Occurrence of Fibrosis 
	Co-Regulation of Adipose–Liver–Skeletal Muscle Tissue Network 

	Intervention Strategies 
	Aerobic Exercise 
	Dietary Modification 
	Pharmacotherapy 

	Discussion 
	Conclusions 
	References

