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Abstract: Inflammatory bowel diseases (IBDs) are intricate systemic conditions that can extend
beyond the gastrointestinal tract through both direct and indirect mechanisms. Sarcopenia, character-
ized by a reduction in muscle mass and strength, often emerges as a consequence of the clinical course
of IBDs. Indeed, sarcopenia exhibits a high prevalence in Crohn’s disease (52%) and ulcerative colitis
(87%). While computed tomography and magnetic resonance imaging remain gold-standard methods
for assessing muscle mass, ultrasound is gaining traction as a reliable, cost-effective, and widely
available diagnostic method. Muscle strength serves as a key indicator of muscle function, with grip
strength test emerging nowadays as the most reliable assessment method. In IBDs, sarcopenia may
arise from factors such as inflammation, malnutrition, and gut dysbiosis, leading to the formulation
of the ‘gut-muscle axis” hypothesis. This condition determines an increased need for surgery with
poorer post-surgical outcomes and a reduced response to biological treatments. Sarcopenia and its
consequences lead to reduced quality of life (QoL), in addition to the already impaired QoL. Of
emerging concern is sarcopenic obesity in IBDs, a challenging condition whose pathogenesis and
management are still poorly understood. Resistance exercise and nutritional interventions, particu-
larly those aimed at augmenting protein intake, have demonstrated efficacy in addressing sarcopenia
in IBDs. Furthermore, anti-TNF biological therapies showed interesting outcomes in managing this
condition. This review seeks to furnish a comprehensive overview of sarcopenia in IBDs, elucidating
diagnostic methodologies, pathophysiological mechanisms, and clinical implications and manage-
ment. Attention will also be paid to sarcopenic obesity, exploring the pathophysiology and possible
treatment modalities of this condition.

Keywords: inflammatory bowel disease; sarcopenia; sarcopenic obesity; malnutrition; inflammation;

muscle mass; gut microbiota

1. Introduction

The term “sarcopenia”, introduced by Rosenberg in 1988 to describe the loss of muscle
mass in older adults, has been subject to various definitions [1]. Recently, sarcopenia has
been classified as a condition marked by a significant reduction in muscle mass, along with
a decrease in muscle strength, where poor physical performance is often considered as an
indicator of severe sarcopenia [2].

The prevalence of sarcopenia in the general population is currently highly variable,
ranging from 0.2% to 86.5% due to the use of different classification systems and cut-offs [2].
According to the latest revision of the European consensus on sarcopenia (EWGSOP2), it is
more frequent in men than in women, with a prevalence of 11% and 2%, respectively [3].
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It is a challenging condition that can affect people of all ages; however age-related
factors are often the primary cause of sarcopenia, leading to a loss of lean mass and reduced
functionality. Secondary sarcopenia can be caused by various factors [3]. Among these,
inflammatory bowel diseases (IBDs)—which mainly include Crohn’s disease (CD) and
ulcerative colitis (UC)—represent a high-risk factor for the development of sarcopenia
as they are characterized by chronic inflammation, malabsorption, and increased basal
energy expenditure due to an inflammatory state, with significant alterations in lipid and
carbohydrate metabolism and altered dietary intake. A recent meta-analysis by Ryan et al.,
including 658 IBD patients, found a prevalence of sarcopenia in 52% of patients with CD
and 37% with UC [4]. Therefore, it is crucial to address these underlying causes and take
proactive steps to prevent or manage sarcopenia.

It is well established that individuals diagnosed with inflammatory bowel disease
(IBD) are at a greater risk of developing sarcopenia, a condition that can have detrimental
effects on clinical outcomes. In fact, recent research has demonstrated that the presence of
sarcopenia in IBD patients significantly increases the likelihood of requiring surgery and
experiencing postoperative complications [5] such as infections and blood clots, which can
lead to prolonged hospitalization [6-8].

Moreover, sarcopenia has been associated with an increased risk of re-hospitalization,
an impaired quality of life (QoL), increased healthcare costs [8], and poor response to
therapy [9].

It is noteworthy that sarcopenia is a critical factor that negatively impacts biological
therapy. Specifically, it represents an adverse prognostic factor for the achievement of endo-
scopic remission and has also been found to be associated with primary loss of response [10].
As such, patients with sarcopenia may experience inferior outcomes in response to biologi-
cal therapy. Given the importance of achieving positive treatment outcomes, healthcare
professionals and researchers must be aware of the negative impact of sarcopenia when
considering treatment options for patients with inflammatory bowel disease.

It is now widely recognized that sarcopenia is not limited to individuals with low
body weight. According to a recent study by Wei et al. 2023, it often affects normal or
overweight patients and can even lead to the development of sarcopenic obesity [11]. This
condition requires particular attention in the management of IBD patients as 15% to 40%
of individuals with IBD are obese [12-15], and it is often associated with greater adverse
complications compared to patients exclusively affected by either obesity or sarcopenia [16].
A comprehensive assessment of sarcopenia should therefore be conducted in all IBD
patients to evaluate body composition, muscle function, and physical performance [3].

This review aims to provide a comprehensive summary of the current understand-
ing of sarcopenia in individuals with IBD. The focus will be on the diagnostic methods
employed, the pathophysiological mechanisms underlying sarcopenia in IBD patients,
and the associated clinical outcomes. Additionally, we will review the different treatment
approaches utilized to manage sarcopenia in individuals with IBD.

Lastly, in light of the emerging issue of sarcopenic obesity in IBD, we will direct our atten-
tion to this relatively understudied entity, exploring its implications and potential treatments.

2. Diagnostic Methods to Identify Sarcopenia in IBD Patients

In 2018, the European Working Group on Sarcopenia in the Elderly (EWGSOP2) came
up with an updated agreement applicable to sarcopenic patients of all ages according to
which the diagnosis of sarcopenia is determined by the assessment of three key factors:
muscle mass, muscle strength, and physical performance [3].

2.1. Muscle Mass Assessment

Currently, several methods are available for assessing muscle mass, each with its
strengths and limitations. While magnetic resonance imaging (MRI) and computed tomog-
raphy (CT) are considered the gold standards, they have certain drawbacks that limit their
use [17,18]. Dual-energy X-ray absorptiometry (DXA) and bioimpedance analysis (BIA)
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are also reliable and cost-effective techniques for evaluating skeletal muscle mass [19,20].
Additionally, ultrasound is gaining popularity as a reliable method for diagnosis [21].

Computed tomography is increasingly used to analyze sarcopenia due to its high
resolution and ability to distinguish muscle from surrounding tissue. It can assess both
the quantity and quality of muscles by estimating the total muscle mass and calculating
the visceral adipose and subcutaneous tissues, thereby producing an estimate of the body
composition. The validity of the parameters revealed by CT on body composition has
been verified in IBD patients by numerous studies [22-25]. A recent retrospective mul-
ticenter study of 187 IBD patients compared various parameters that could be obtained
from cross-sectional CT images at the third lumbar vertebrae (L3) level. Results revealed
that muscle volume was strongly associated with the short-term prognosis of prolonged
hospital stay. Furthermore, muscle volume and visceral adipose tissue volume were found
to be correlated with the long-term prognosis of bowel resection [26]. Importantly, CT
has inherent limitations, including exposing patients to harmful ionizing radiation and
high economic costs. However, IBD patients often undergo CT scans to monitor disease
progression, meaning that a single examination could provide significant information
regarding IBD and body composition without posing additional risks to the patient.

Magnetic resonance imaging has emerged as a reliable method for assessing muscle
quantity and quality abnormalities, including muscle injury, edema, myosteatosis, or my-
ofibrosis [27,28]. It can even assess muscle elasticity and contraction, making it an optimal
method for estimating body composition and assessing sarcopenia [29]. In a recent study,
35 CD patients were evaluated using routine MRI enterography to measure skeletal muscle
signal intensity. The study found that patients with increased muscle fat content, and
therefore lower skeletal muscle intensity, underwent bowel resection sooner. These findings
suggest that enteroRM is a reliable tool to predict unfavorable disease outcomes and has
good reproducibility in CD patients [30]. An RCT of CD patients undergoing surgical
resection analyzed CT and MRI images taken in the 12 months prior to enrolment showing
that excessive visceral adiposity is associated with worse outcomes in CD patients [31]. MRI
is safer than CT as it does not expose patients to radiation. However, it remains an expensive
imaging technique with limited availability compared to other methods [32].

Bioelectrical impedance analysis (BIA) is a valid, convenient, and non-invasive tool
to indirectly assess body composition and works by applying a weak electric current that
passes through the body and encounters different levels of resistance depending on the tissue
involved. Parameters like reactance, resistance, and phase angle are combined with anthro-
pometric variables (weight and height), sex, and age to analyze body composition [33,34].
A recent study conducted on IBD patients has found that phase angle can be a useful
nutritional indicator to predict disease severity and response to treatment. However, inflam-
mation can affect the phase angle in IBD patients, leading to inaccurate results. Nevertheless,
the reliability of BIA in assessing body composition in IBD patients has been shown [35] and
was further confirmed by a recent retrospective study of 139 IBD patients, which additionally
described that the results varied depending on the disease’s activity status. Specifically,
patients with inactive disease had significantly higher values for body moisture, muscle
mass, skeletal muscle mass, body mass index (BMI), and minerals [36].

BIA is convenient, cost-effective, fast, and safe to use but is considered less reliable
than other methods and assumes fixed tissue hydration, which may not apply to critically
ill patients. As a result, interpretation can be more challenging [20].

Dual-energy X-ray absorptiometry (DXA), the gold standard for diagnosing and
monitoring osteopenia and osteoporosis, uses a dual-energy beam generated by an X-ray
source that attenuates as it passes through the body, influenced by energy intensity and
tissue thickness and density [37,38]. It can also quantify fat mass, distinguishing it into
visceral adipose tissue (VAT), subcutaneous adipose tissue (SAT), and bone mineral content.
In a recent prospective study, the use of DXA was evaluated as a valid tool for analyzing
body composition in IBD patients. The study also noted an improvement in skeletal muscle
index upon resolution of inflammation [39]. DXA is an excellent method for analyzing
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body composition [21], but many physicians are reluctant to accept it as the gold standard
due to its limitations, which include radiation exposure, albeit slight, and the need for
constant hydration of lean soft tissue, which is also a variable factor [38,40].

Ultrasonography imaging is a further safe, precise, widely available and easy-to-use
method, which allows for a quick and accurate estimation of quality and quantity of
individual muscle groups [41]. Quantity can be assessed using parameters such as muscle
volume (MV), CSA, and muscle thickness (MT), whereas echo intensity (EI), pennation
angle (PA), fascicle length (FL), and physiological cross-sectional area (PCSA) qualitatively
describe the muscle [42—44]. EI reflects the adipose and fibrous tissue within the muscle
and thus allows assessment of possible conditions of myosteatosis and myofibrosis, often
associated with sarcopenia [45]. Mulinacci et al., in a prospective study of 153 IBD patients,
showed that muscle ultrasound has good diagnostic accuracy in detecting sarcopenia
compared to BIA [46]. Nguyen et al. conducted a study to assess muscularity using various
techniques in both IBD patients and healthy controls. They found that ultrasound was the
most accurate method for measuring muscle mass compared to BIA and DXA. Furthermore,
they discovered that ultrasound had the highest level of agreement with the DXA-derived
muscle mass index compared to BIA [47]. Ultrasound is indeed gaining popularity in the
assessment of sarcopenia. However, there is no full agreement on standardized methods,
and universal reference cut-offs are still lacking [21], especially in IBD patients.

In summary, various diagnostic methods are available to assess skeletal muscle, which
are summarized in Table 1. DXA and BIA offer quantitative assessments, while CT and
MRI provide both qualitative and quantitative measures of muscle. However, these tools
have limitations for clinical practice, particularly due to radiation exposure and high costs.
Ultrasound, on the other hand, is a very safe method that can provide precise qualitative
and quantitative assessments of muscle. It is closely related to MRI [48,49], CT [50], and
DXA [51], thus offering several advantages over other methods.

Table 1. Diagnostic methods to assess muscle mass.

DIAGNOSTIC METHODS
Assessment Advantages Limits IBD
CT CSA . High precision Ionizing radiation Commonly gsed n
Myosteatosis . . IBD clinical
[22-25] . . Reliable outcomes High costs .
Myofibrosis practice
CSA Non-exposure to High costs .
. I . Commonly used in
MRI Muscle quality radiation Long image IBD clinical
[29-32,34] Myofibrosis Accurate for body capture time ractice
Myosteatosis composition Limited availability p
CSA Accurate Lack qf Commonly 1.1sed in
. . standardized IBD clinical
us Muscle thickness Easily repeatable cut-offs ractice
[21,43-49] Myofibrosis Safe p
. Operator- Influenced by
Myosteatosis Low-cost d . -
ependent inflammation
Visceral tissue Non-invasive Indirect assessment Valid tool for
DXA Subcutaneous - .
. . Low radiation exposure Influenced by analyzing body
[38-42] adipose tissue . -
Low-cost hydration status composition
Total lean mass
Fat mass Rapid Reliability in
Muscle mass P Indirect assessment assessing body
BIA Portable L
Membrane . . Influenced by composition
[20,35-38] . . Non-invasive .
integrity Low-cost hydration status Influenced by
Cellularity inflammation

CT: computed tomography; MRI: magnetic resonance imaging; US: ultrasonography; DXA: dual-energy X-ray
absorptiometry; BIA: bioelectrical impedance analysis; CSA: cross-sectional area.
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2.2. Muscle Strength Assessment

Muscle strength is currently the most reliable indicator of muscle function and is
recognized as the main parameter for conducting an initial assessment of sarcopenia [3].
This parameter is mainly investigated with the grip strength test, which is a reliable
indicator of the maximum force generated by the extrinsic and intrinsic muscles of the
hand [52-54]. This test is useful in identifying the risk of sarcopenia in normal weight or
overweight patients [55,56]. A recent study found that individuals with IBD exhibit lower
grip strength compared to healthy individuals [57]. However, this test can be influenced by
inflammation, corticosteroids, hypoxia, electrolyte imbalances, and oxidative stress [58]
which could limit its usefulness in IBD patients.

2.3. Physical Performance Assessment

Sarcopenia can impact physical performance, which is a measure of whole-body func-
tion related to movement. It is important to note that physical performance tests are not
commonly used for patients with inflammatory bowel disease (IBD). These physical per-
formance tests are only effective in severe cases of sarcopenia [18,59]; in mild or moderate
cases of sarcopenia, these tests seem to be less effective, as physical performance, such as
the ability to sit on a chair, is generally not significantly affected [59].

2.4. Malnutrition Risk Screening

Malnutrition is one of the contributing factors to the development of sarcopenia.
In this regard, nutritional screening, using questionnaires and anamnesis, is useful to
make an initial assessment of the risk of malnutrition to allow early intervention and
prevent its progression. Currently, there are several questionnaires available. Some of
these are specifically designed for individuals with inflammatory bowel disease (IBD),
such as the IBD-NST and SaskIBD-NR questionnaires. These tools have been shown to be
effective in identifying factors that may lead to malnutrition in IBD [60]; however, markers
of inflammation, which significantly influence nutritional status, are not included. The
Malnutrition Inflammation Risk Tool (MIRT) was the first questionnaire to incorporate CRP
scores and is now one of the most recommended tools for these patients [61]. MIRT can be
helpful and convenient, but it has limitations as it heavily relies on BML

Indeed, these screening tools are primarily based on weight or BMI indices, which
may not always accurately indicate the presence of sarcopenia. Therefore, it can be inferred
that these questionnaires are not entirely reliable and may not always provide accurate
results [60].

3. Pathogenetic Mechanisms of Sarcopenia in IBD

The hypothesis of a “gut-muscle axis” has recently gained traction in the scientific
community. According to this hypothesis, sarcopenia is influenced by a combination of
inflammation, gut dysbiosis, and malnutrition, and their intricate relationship appears to
play a significant role in its pathogenesis [62,63]. Indeed, a premature and “accelerated”
development of sarcopenia has been identified in groups which share common features
such as chronic inflammation, malnutrition, and immobility, IBD being one of them [4].

3.1. Primary Sarcopenia

When discussing muscle quantity and quality, it is important to acknowledge that
sarcopenia can be categorized into two types: primary sarcopenia, attributed to aging, and
secondary sarcopenia, caused by other factors, including IBD [3]. However, primary and
secondary sarcopenia may overlap and share some pathogenic mechanisms. Moreovert, the
mechanisms of primary sarcopenia may have an acceleration in IBD.

As individuals age, the balance between anabolic and catabolic muscle processes dete-
riorates, leading to a gradual decline in muscle cells resulting in a generalized loss of muscle,
muscle strength, and physical performance [64]. These alterations are attributable to the
significant reduction in motor neurons innervating muscle fibers and to the deterioration of
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skeletal muscle cells. Multiple factors are involved in these processes, including diminished
mitochondrial function, changes in gene expression, decreased insulin sensitivity, and
altered neuromuscular signaling [65-67].

With age, the secretion of several hormones that impact skeletal muscle also declines,
including testosterone, estradiol, growth hormone (GH), and insulin-like growth factor
(IGF1). This decrease in anabolic hormones occurs concurrently with an increase in catabolic
hormones like cortisol and angiotensin II, which may contribute to age-related muscle
atrophy [68]. Studies have shown that the physiology of muscles can be affected by
additional factors, including thyroid hormones, vitamin D, and adipokines [69,70]. Upon
these events, a reduction in both the quantity and scale of type Il muscle fibers is observed,
and this, in turn, leads to the promotion of intramuscular and intermuscular adipose
tissues [66,67]. Concomitant with the process of aging, various systemic factors that
regulate the activity and differentiation of muscle stem cells, namely satellite cells (SCs),
including muscle stem cell niche factors, myogenin, and transforming growth factor beta
(TGF-B), may undergo alterations, leading to a decline in their population numbers [71].
Consequently, the SCs lose their functionality, thereby compromising their ability to replace
and restore damaged muscle fibers [72].

The pathogenesis of primary sarcopenia involves chronic inflammation and oxidative
stress, primarily driven by the accumulation of Reactive Oxygen Species (ROS) due to
decreased cellular antioxidant activity [73,74]. This leads to muscle atrophy and cell death,
with prolonged muscle regeneration fueled by ROS-induced DNA damage and respira-
tory chain dysfunction, creating a self-perpetuating cycle [75,76]. Excessive anion radical
production, coupled with insufficient neutralization by the superoxide dismutase (SOD)
enzyme system, induces metabolic and contractile changes in muscle tissue [77]. Reduced
physical activity with aging exacerbates muscle imbalance, fostering a pro-inflammatory
environment that accelerates muscle deterioration [78]. Activation of atrophic factors in
myotubes is influenced by levels of tumor necrosis factor alpha (TNF-«) and interleukin 6
(IL-6) in plasma and muscles, which also impair macrophage regenerative capacity [79].

3.2. Inflammation in IBD

The inflammatory state in the intestines of IBD patients could be the starting point for
muscle depletion as it activates pathways similar to those in primary sarcopenia [35,80].
Increased levels of pro-inflammatory cytokines, causing persistent systemic inflammation,
are crucial in the development of this challenging condition [80,81]. Patients sharing
common features such as chronic inflammation, malnutrition, and immobility, including
those with IBD, exhibit an accelerated onset of sarcopenia [4].

Tumor necrosis factor alpha has pleiotropic functions and is considered the main
cause of disruption of the intestinal barrier by damaging the epithelial tight junctions (I]s),
leading to an increase in gut permeability with a consequent translocation of lipopolysac-
charide (LPS) into systemic circulation [82]. High levels of TNF-o are also associated with
reduced muscle mass and apoptosis in muscle cells [77] through various mechanisms.
For instance, the activation of the NF-kB signaling pathway leads to the expression of
“atrogenes” (atrophy-related genes), which are related to muscle atrophy and promote
the degradation of proteins such as muscle RING-finger protein-1 (MurF1) and Atrogin
through the transcription of the E3 ligases of the ubiquitin proteasome. Moreover, TNF-o
may trigger the release of nitric oxide (NO) by activating local vascular endothelial cells,
leading to increased vascular permeability, which allows the passage of proinflammatory
cells and triggers excessive inflammation. Bian, Ai-Lin et al. [83] focused on the relationship
between sarcopenia and inflammatory factors IL-6 and TNF-« and found that serum levels
of these cytokines could increase two to four times, along with an increase in C-reactive
protein (CRP). In their study, increased serum levels of inflammatory cytokines and proteins
were closely related to imbalanced skeletal muscle content and strength [84,85].

Interleukin 6 is often elevated in IBD and can promote skeletal muscle wasting by
increasing skeletal muscle protein degradation and reducing both muscle proteosynthesis
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and muscle tissue anabolism. These activities seem to follow the activation of three different
cellular signaling pathways, all starting from the binding of IL-6 and its receptor: the Janus
kinase/signal transducer and activator of transcription (JAK/STAT) signaling pathway,
the Mitogen-activated protein kinase/Extracellular signal-regulated kinases (MAPK/ERK)
pathway, and the Phosphoinositide 3-kinase/Protein kinase B/mammalian target of ra-
pamycin (PI3K/AKT/mTOR) pathway [86]. One signaling pathway in particular, the
JAK/STAT pathway, is highly involved in IBD pathogenesis [87]. In IBD, IL-6 produced
by macrophages and T cells is able to upregulate the production of pro-inflammatory
cytokines and inhibit T cell apoptosis through IL-6 receptors, which are linked to the
family of cytokine class I receptor involving Janus kinases/signal transducers and acti-
vators of transcription (JAK/STAT) pathways. Activation of JAK ends with the activator
of transcription 3 (§TAT3), subsequently contributing to the disruption of skeletal muscle
proteosynthesis [88]. Indeed, it has been observed that a persistent increase in serum levels
of this cytokine is associated with muscle atrophy and sarcopenia [83,89]. The JAK/STAT
signaling pathway, in addition to being involved in the pathogenesis of IBD, appears to be
one of several pathways activated by IL-6 involved in the increased protein degradation of
muscle tissue [83]. Finally, IL-6 is also involved in the development of insulin resistance
through various pathways, as well as TNF-«. In IBD insulin resistance condition could
derive from a variety of factors like chronic exposure to IL-6, which potentiates low-grade
tissue-specific and/or systemic inflammation that lastly results in insulin resistance [90,91].
It has been observed that IL-6 and TNF-« can also lead to sarcopenia establishing an insulin
resistance condition since insulin is implicated in acceleration of protein synthesis and in
cellular calcium uptake: insulin resistance may lead to decreased calcium uptake, which is
not conducive to muscle contraction [92].

Lipopolysaccharide may indirectly affect the muscle in IBD. As a result of the dam-
age and increased permeability of the intestinal barrier, which leads to translocation of
LPS present on the surface of some intestinal Gram-negative bacteria into the systemic
circulation. LPS can bind to toll-like receptor-2 (TLR-2) and toll-like receptor-4 (TLR-4),
which are expressed by skeletal muscle fibers, resulting in an increase in the production
of ROS [93]. While the precise role of mitochondrial stress in the development of IBD
remains to be fully elucidated [94], existing research [95] has established the significant role
of mitochondrial dysfunction in the pathogenesis of sarcopenia. The potential link between
these two clinical conditions has been the subject of recent investigations, yielding some
preliminary evidence to support a connection [96].

3.3. Gut Microbiota and Intestinal Permeability

Dysbiosis may contribute to the pathogenesis of IBD by disrupting the balance between
protective and aggressive microbial species [97]. Moreover, disruption of the intestinal
barrier is also a primary cause of IBD pathogenesis, and preclinical data support this
hypothesis [98]. An abnormal immune response to microbiota and barrier disruption in
genetically predisposed individuals is one of the most accepted theories behind the etiology
of IBD [99].

Although the effect of dysbiosis and a disrupted intestinal barrier on the development
of sarcopenia in IBD patients remains to be fully clarified, emerging preclinical evidence
suggests that these may play a role in the pathogenesis of sarcopenia [100]. An increased
abundance of genera belonging to the phylum of Profeobacteria, which leads to an increased
translocation of LPS, has been widely documented in IBD [101,102]. These aspects have
also been correlated with a loss of muscle mass.

According to a study by Bindels et al., increased intestinal permeability in cachectic
mice is linked to a microbiome imbalance [103]. Further investigations in mouse models
and a few studies in humans have confirmed that high intestinal permeability is associated
with lower muscle mass [104-110]. Additionally, a number of mouse models have shown
that interventions aimed at reducing intestinal permeability lead to a reduction in muscle
mass loss [106-108,110].



Biomedicines 2024, 12, 1218

8 of 26

Studies have shown that LPS, which is a component of the outer membrane of Gram-
negative bacteria, can pass through a weakened gut barrier and lead to changes in skeletal
muscles, similarly to the muscle phenotype of aging [111]. These findings are supported
by research showing that an increased presence of Gram-negative Proteobacteria in the gut
microbiota is significantly associated with weaker grip strength, while a positive associa-
tion was found between Gram-positive Actinobacteria and stronger skeletal muscle [112].
Furthermore, an increase in intestinal permeability and the presence of LPS have been
linked to a decline in skeletal muscle strength [112] and physical function in both healthy
adults and the elderly [113].

Gut microbiota also appear to have some influence in the development of sarcopenia,
through their production of metabolites and influence on gut-associated lymphoid tissue
(GALT) immune cells in the production of pro-inflammatory cytokines [82]. In addition,
recent studies have found that gut microbiota play a role in maintaining muscle strength [87]
and physical functioning [114,115].

Studies indicate that older adults with higher muscle strength harbor increased levels
of Prevotella and Barnesiella genera in their gut microbiome compared to those with weaker
muscles. Transfer of fecal samples from these individuals to germ-free mice resulted in
enhanced grip strength, particularly in mice with high-functioning colons [116]. Moreover,
less frail adults exhibit a higher relative abundance of Prevotella and Barnesiella compared
to frailer individuals, suggesting a potential role of these bacteria in maintaining muscle
function [42,116]. Conversely, patients with inflammatory bowel disease (IBD) and frail
individuals tend to exhibit reduced levels of microbial species producing short-chain
fatty acids (SCFAs), such as Faecalibacterium prausnitzii, which plays a crucial role in IBD
development [117].

SCFAs, but also secondary bile acids, water-soluble B vitamins, and polyphenols, are
key for modulating the gut-muscle axis. They promote insulin sensitivity, amino acid
biosynthesis, mitochondrial biogenesis, and muscle anabolism [118,119]. SCFAs also play a
positive role in the expression of mitochondrial proteins involved in energy production,
redox balance, and modulation of the inflammatory cascade [120]. Studies have shown
that patients with reduced relative abundance of SCFA-producing species, like Lactobacillus
bifidobacteria, also have decreased levels of bacteria involved in protein degradation to
amino acids in the intestine, stimulation of the IGF-1/mTOR pathway, and increased
expression of genes responsible for muscle protein synthesis [120,121]. Similarly, Klebsiella
and Escherichia coli have been found to play a role in skeletal muscle anabolism and cell
proliferation by stimulating the IGF-1/mTOR pathway [5].

It is worth noting that the microbiota can modulate amino acid bioavailability [121,122].
Research has revealed that some bacterial species can affect the entry of amino acids into
the portal circulation for use throughout the body [123]. Others have the ability to facilitate
the de novo synthesis of essential amino acids (EAAs), which are essential for amino acid
homeostasis in the host [124].

3.4. Malnutrition

Malnutrition, as defined by the European Society for Clinical Nutrition and Metabolism
(ESPEN), manifests as inadequate food intake or nutritional deficiencies, resulting in al-
terations in body composition and cell mass. This condition ultimately leads to impaired
physical and cognitive function and potentially adverse clinical outcomes [125]. Patients
with inflammatory bowel disease (IBD) frequently experience malnutrition due to chronic
intestinal inflammation, resulting in significant nutritional and metabolic deficiencies and
subsequent impaired nutrient absorption. The pathogenesis of malnutrition in IBD involves
multifaceted factors such as reduced food intake, intestinal malabsorption, chronic protein
loss in stool, and increased energy demands due to hypercatabolism [4,126]. Malnutrition
in IBD appears to precede the loss of muscle mass and is attributed to the disease-induced
systemic inflammatory response. Factors such as cytokines (e.g., TNF), chemokines (e.g.,
IL-6, IL-1), and molecules like leptin contribute to appetite loss, weight reduction, and
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muscle wasting, resulting in protein-energy malnutrition [127]. Despite variations in preva-
lence, malnutrition can occur across all disease activity levels, shortly after diagnosis, and
independently of BMI, highlighting its clinical significance [128].

While much attention is given to macronutrient intake in managing IBD, the impor-
tance of micronutrients cannot be overlooked. Micronutrient deficiencies are common,
influenced by disease activity, dietary intake, and supplementation. Addressing these defi-
ciencies, particularly vitamin D and zinc, is crucial for immune function and inflammatory
regulation [4]. The presence of micronutrient deficiencies within the IBD population is
frequently underestimated; therefore, our attention will now be directed toward this aspect.

Vitamin D stands out among micronutrients as the sole one for which dosage recom-
mendations are provided by the European Crohn’s and Colitis Organisation (ECCO) and
the European Society of Gastrointestinal and Abdominal Radiology for all patients with
IBD [129]. Vitamin D has multiple and pleiotropic functions; however, interestingly animal
studies suggest that vitamin D deficiency exacerbates intestinal inflammation by activating
inflammatory signaling pathways, and this is one of the mechanisms that may contribute
to sarcopenia [5].

Zinc deficiency has garnered attention for its potential role in exacerbating IBD patho-
genesis and disease course [126,130,131]. Furthermore, zinc plays a crucial role in main-
taining epithelial barrier integrity and immune cell function [132]. A recent metanalysis
showed evidence of the relationship between zinc deficiency and sarcopenia [133].

Other micronutrient deficiencies, including vitamins A, K, C, B6, and B1, as well as
selenium, have been associated with sarcopenia in numerous studies [134-136]. These
deficiencies are commonly observed in patients with IBD despite the absence of specific
studies conducted on this population. Nevertheless, these micronutrients play diverse
immunomodulatory roles and are essential for various physiological processes, including
antioxidant defense and tissue repair. Therefore, their deficiency is likely linked to sarcope-
nia in individuals with IBD. Potential pathogenetic mechanisms that can cause sarcopenia
in IBD are illustrated in Figure 1.
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Figure 1. Pathogenetic mechanisms of sarcopenia in IBD. SCFAs: short-chain fatty acids; LPSs:
lipopolysaccharides.

4. Impact of Sarcopenia on IBD Clinical Settings

4.1. Outcomes in IBD

The impact of malnutrition and sarcopenia in IBD patients is well described in terms
of a more severe disease course, poor response to biological agents [137], poor outcomes
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after surgery [19], and longer hospital stays [35]. A recent systematic review reported that
42% of IBD patients undergoing surgery had sarcopenia when assessed radiologically [4].
The correlation between sarcopenia and perioperative mortality has been demonstrated for
different types of surgeries [138-141] and is relevant for the management of IBD patients
who are mostly young, deeply malnourished, immunosuppressed, and often require urgent
surgical resolution for disease flare ups. Liu et al. [142] proposed a study in which they
evaluated the impact of sarcopenia, diagnosed according to the Asian Working Group
for Sarcopenia 2019 (AWGS2019) criteria, on clinical outcomes in patients with IBD. They
highlighted that sarcopenia is associated with poor outcomes after surgery complications,
longer hospital stays, and, subsequently, higher costs [143], altered body composition, and
a reduced QoL. Given the above, muscle function assessment could play a crucial role in
preventing sarcopenia as an early predictor of it, as function deteriorates more rapidly
than muscle mass. In IBD, along with the elevation of inflammatory direct indicators like
CRP and Erythrocyte Sedimentation Rate (ESR), which reflect the severe inflammatory re-
sponse [5], researchers identified lower BMI and albumin serum levels as other risk factors
for sarcopenia, which are directly connected to the patient’s nutritional status [128,144].
These factors may be detectable, making early screening, diagnosis, and intervention to
improve the prognosis in IBD patients feasible. A recent literature overview suggested
sarcopenia as an independent predictor of poor postoperative outcome after major surgery,
and the positive association has been evaluated in multiple retrospective cohort stud-
ies [143,145,146]. The meta-analysis conducted by Eros et al., which included ten studies
involving a total of 885 IBD patients, revealed sarcopenia as an independent predictor of
overall postoperative complications [147]. However, no discernible difference was identi-
fied when specific complications were analyzed individually. Knoedler et al. [148] delved
into specific peri-operative complications among sarcopenic patients undergoing colorectal
resection for IBD, juxtaposing outcomes with those of patients exhibiting normal muscle
mass. Their findings aligned with the literature trend, indicating heightened postoperative
and infectious complications in sarcopenic individuals. Additionally, they established
sarcopenia as an independent predictor for anastomotic leak following colorectal surgery.
These results suggest that radiological assessment of sarcopenia should be taken in consid-
eration in the multi-factorial decision to perform a primary anastomosis or diverting stoma
for patients undergoing colorectal surgery for IBD. Ge et al. [149] investigated the predic-
tive value of sarcopenia in the clinical course and postoperative outcomes of acute severe
ulcerative colitis (ASUC). According to the Oxford regimen, for ASUC patients who do
not respond to the first-line therapy with i.v. steroids, switching to medical rescue therapy
should be advised [150,151]. If rescue therapy fails, surgery should be performed; indeed,
although medical treatments progresses, approximately 20-40% of UC patients undergo
proctocolectomy with ileal pouch—anal anastomosis (IPAA), which is the most commonly
performed surgery [152,153]. In their study, Ge et al. evidenced a high prevalence of
sarcopenia in patients with ASUC, which was also identified as an independent risk factor
for intravenous steroid infusion (IVS) and refractory and medical rescue therapy failure. In
addition, they highlighted that sarcopenia was an independent biomarker for postoperative
complications in ASUC, defined as those that occurred before hospital discharge or within
30 days after surgery and classified based on the Clavien-Dindo system [152], in line with
recent meta-analysis findings.

In conclusion, sarcopenia has been demonstrated in multiple studies to be an inde-
pendent risk factor for surgery and postoperative complications, such as postoperative
abdomino-pelvic sepsis, surgical site infections, and thrombotic complications, including
greater and prolonged hospitalizations, hospital re-admission, and mortality, in patients
with IBD [6,7,19]. The clinical outcomes from the principal studies on sarcopenia in IBD are
summarized in Table 2.
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Table 2. Sarcopenia and clinical outcomes.
SARCOPENIA AND CLINICAL OUTCOMES
Author, (Year), Study Type Outcomes Patients (1) Results
Need for surgery (OR: 2.665; 95% CI 1.121-6.336;

Eros et al. (2020),
systematic review [147]

Sarcopenia on p =0.027);
. 885 . -
surgical outcomes postoperative complications
OR = 6.097; 95% CI 1.756-21.175; p = 0.004

Liu et al. (2022), prospective
cohort study [142]

Rates of surgery (OR = 6.651; 95% CI: 2.333-18.959;
p <0.001);
Sarcopenia on 110 re-hospitalization
clinical outcomes (OR = 6.344; 95%
CI: 2.874-14.003; p < 0.001);
death, p = 0.003

Knoedler et al. (2023),
systematic review [148]

Surgical complications
97,643 (OR 1.92; 95% CI:1.20-3.07;
p =0.007)

Sarcopenia on
surgical outcomes

Ge et al. (2021), retrospective
cohort study [149]

Colectomy (OR = 3.411; 95%
CI, 1.147-10.141; p = 0.027);
233 postoperative complications
(OR = 4.157; 95%
CI: 1.364-12.667; p = 0.012)

Sarcopenia on
clinical course of ASUC

Grova et al. (2023), retrospective Sarcopenia on

observational study [154]

Endoscopic remission (OR = 5.2; 95% CI 1.60-16.8;
. .y 358
endoscopic remission p = 0.006)

ASUC = acute severe ulcerative colitis.

4.2. Role of IBD Medications

In addition to well-established factors contributing to the loss of response to biological
therapies, such as the production of antidrug antibodies leading to accelerated monoclonal
antibody (mAb) clearance, other factors, including gender, body size, disease type, the
degree of systemic inflammation, malnutrition, and serum albumin concentration may
also play a role in this mechanism [155]. It has been demonstrated that IBD patients with
hypoalbuminemia exhibit lower infliximab response rates and experience an acceleration
in infliximab clearance. Similarly, sarcopenia has been associated with diminished response
to biologic therapies. For instance, Ding et al. conducted a study indicating that myopenia
was linked to primary nonresponse to anti-TNF in 106 patients with moderate to severe
CD [156]. Grova et al. [154] investigated the role of sarcopenia in predicting clinical and
endoscopic outcomes in patients with Crohn’s disease (CD), highlighting sarcopenia as
a negative prognostic factor for endoscopic remission (ER) in CD patients treated with
biologics. Another effort to assess the association between sarcopenia and biological agents
in CD patients was undertaken by Liu et al. [10]. The study, which included 94 CD patients,
revealed that sarcopenia serves as an independent risk factor for primary loss of response
(LOR). Moreover, the researchers developed a predictive model for LOR to biological agents
based on sarcopenia, Montreal L1 type, presence of perianal lesions, and serum monocyte
percentage available at baseline. They elucidated that the identification of sarcopenia
through CT or MRI prior to administering biologics correlates with LOR to biological
agents or infliximab in adult CD patients, alongside factors such as perianal lesions, a
higher serum monocyte percentage, and the isolated ileum type. A recent meta-analysis
conducted by Patsalos et al. [157] focused on the effects of TNF-a inhibitor therapy on body
weight and BMI, evidencing a significant increase in BMI but only a small increase in body
weight in adults with immune-mediated inflammatory diseases, including IBD, after TNF-a
inhibitor initiation, suggesting that weight gain during anti-TNF-a therapy may be due to a
restoration of normal body weight.

Hence, medications commonly used in IBD, in particular anti-TNF-« agents, are useful
agents to target not only the inflammatory bowel disease but also the associated sarcopenia
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due to shared pathogenetic pathways. Indeed, Subramaniam et al. demonstrated that
anti-TNF-« agents rapidly reversed sarcopenia and increased muscle volume and strength
by targeting inflammatory mediators involved in inflammatory pathways shared by both
IDB and sarcopenia [158]. Santos et al.’s [159] findings also corroborate an observation by
Subramaniam et al. which associates anti-TNF therapy with increases in body composition
parameters related to lean and fat mass. Anti-TNF-« agents are commonly used to treat
IBD because they are effective in induction and maintenance of response and remission of
disease [160]. Since anti-TNF-« agents like infliximab reduce levels of nuclear NF-«B in
targeted organs, they demonstrated improvement in both conditions, plus a demonstrated
improvement also in osteopenia [161,162].

To date, limited data are available concerning other commonly used drugs for IBD,
such as ustekinumab, vedolizumab, and tofacitinib [161,163]. Regarding anti-JAKs, as these
small-molecule drugs disrupt the Janus kinase signaling pathway, which includes IL-6
involved in its pro-inflammatory functions, they could theoretically improve nutritional
status and reduce muscle wasting [164]. Nonetheless, future studies should investigate
the impact of these drugs on sarcopenia in patients with IBD. Table 3 summarizes current
studies investigating the effects of IBD medications on sarcopenia.

Table 3. Sarcopenia and IBD medications.

SARCOPENIA AND IBD MEDICATIONS

Author, (Year),

Outcomes Patients (1) Medication Results
Study Type
Santos et al. (2017), . : - : 1T LM p < 0.0001
prospective cohort study [159] Anti-TNF-o therapy on BC 23 Anti-TNF-o 1T FM p < 0.0001
Primary LOR

Liu et al. (2023),
retrospective cohort study [10]

Sarcopenia and LOR to

. . 94 Anti-TNF-a (OR =287,
biologic agents

95% CL: 1.07-7.69)

Subramaniam et al. (2015),

1 muscle volume

. Anti-TNF-« on . : (p =0.010)
prospective muscle volume and strength 19 Anti-TNF-o 1 muscle strength
cohort study [158] (n = 0.002)
. . Primary non-response
Ding et al. (2017), BC on anti-TNF-« therapy 106 Anti-TNF-o (OR =2 gg CL 1 2};_ 671
systematic review [156] response .P M 0 (il). o

Patsalos et al. (2020),
systematic review [157]

1 body weight (SMCC = 0.23,
95% C10.10-0.37;

Anti-TNF-a on body weight . p = 0.0006)
and BMI 1245 Anti-TNF e gy sMcC = 0.26, 95% CI

0.13-0.39;

p < 0.0001)

BMI = body mass index; FM = fat mass; IBD = inflammatory bowel disease; LOR = loss of response; LM = lean
mass; SMCC = standardized mean change; TNF-« = tumor necrosis factor «.

4.3. Sarcopenic Obesity

To date, 15% to 40% of individuals with IBD are obese [165,166], defined by a BMI
> 30 kg/ m? [167], while 5% of individuals meet the criteria of sarcopenic obesity [168].
Research suggests that IBD patients may have an increased risk of developing obesity
and sarcopenic obesity. A recent study found that the percentage of patients with obesity
increased from 23% to 31% within 24 months after diagnosis, associated with a decrease
in the appendicular skeletal muscle mass index [169]. The reason is still partly unknown,
but certainly, the use of steroid therapy and lack of physical activity can lead to significant
changes in body weight and promote sarcopenic obesity in IBD patients [163]. Obesity is
known to be associated with a more severe IBD clinical course [170] and an increased risk
of postoperative complications [166,171]. Patients with obesity and IBD generally respond
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even less well to advanced treatments. In fact, pharmacokinetics and the ongoing inflam-
matory effects of obesity can interfere with the effectiveness of biologic treatments [163,166].
Obesity is associated with an increase in the production of pro-inflammatory adipokines,
which are produced by adipose tissue and are involved in various physiological functions,
including the immune response [171,172]. These hormones may play a role in maintaining
the activity of inflammatory bowel disease (IBD). Leptin, in particular, appears to play
a significant role in IBD by participating in various molecular pathways associated with
inflammation. Recent research suggests that leptin influences the regulation of CD4+ CD25+
regulatory T-cell proliferation, which could explain its involvement in the autoimmune
disease process [173]. Among effector T cells, leptin promotes orientation towards Th1 and
the production of pro-inflammatory cytokines such as TNF-«, IL-2, IL-6 [174], IL-18, and
plasminogen activator inhibitor (PAI-1) [79,175].

An experimental model of colitis showed that administering leptin antagonists pro-
moted the recruitment of T-reg cells while decreasing the infiltration of pro-inflammatory
cytokines into the colon [168,176].

IBD patients are prone to sarcopenia due to the processes related to the disease itself
and to all the mechanisms previously discussed. Moreover, obese sarcopenic patients may
also experience anabolic resistance, which occurs when fat accumulates within the muscles.
This resistance causes the body to become unresponsive to stimuli such as growth factors,
hormones, amino acids, and exercise, which ultimately leads to a decrease in muscle
protein synthesis [177] and thus an increased risk of sarcopenic obesity [178]. Aspects
related to sarcopenic obesity, including mechanisms, outcomes, and potential treatments
are summarized in Figure 2.
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Figure 2. Sarcopenic obesity in IBD.

5. Treatments

Insufficient oral food intake is a major cause of malnutrition in individuals with
inflammatory bowel disease (IBD). This is primarily due to self-imposed food limitations for
fear of experiencing symptoms and the presence of symptoms such as nausea, abdominal
pain, vomiting, and diarrhea. Furthermore, individuals with IBD often follow an altered
diet that lacks adequate nutritional content, which can lead to deficiencies [179].

To counteract sarcopenia, optimization of nutritional status is an effective countermea-
sure [180] in improving clinical and postoperative outcomes [4,181]. In cases of reduced
dietary intake, enteral nutrition (EN) can help maintain or restore nutritional status by
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providing beneficial effects on protein turnover [182,183]. When patients are unable to feed
themselves orally or enterally, parenteral nutrition is recommended [183].

Currently, there is no established evidence to support the role of specific dietary
patterns in preventing or treating sarcopenia in IBD [5]. However, it is well known that
protein intake plays a crucial role in preventing and treating sarcopenia. In IBD patients,
ESPEN guidelines recommend a daily protein intake of 1 g/kg/day in case of remission
and 1.2-1.5 g/kg/day in case of active disease [183]. Nonetheless, for effective management
of sarcopenia, it is essential to also consider protein quality [184]. Protein quality can be
assessed by its digestible indispensable amino acid score (DIAAS), a measure of the quality
of protein based on the content of indispensable amino acids and their digestibility [185].

5.1. Supplements

Amino acids intervene in stimulating protein synthesis and preventing muscle protein
degradation [186]. Several studies have demonstrated the effectiveness of essential amino
acid (EAA) supplementation alone in elderly people with sarcopenia in increasing lean body
mass [187-189]. Further studies found no significant results following protein or amino
acid supplementation in patients with sarcopenic obesity [190,191] without concomitant
nutritional or exercise intervention.

Leucine, among amino acids, has garnered significant attention in numerous stud-
ies. A systematic review and meta-analysis have highlighted that the ingestion of leucine
significantly increases the rate of fractional synthesis of muscle proteins in older individu-
als [192-195].

B-hydroxy B-methylbutyric acid (HMB), a metabolite of leucine [196], appears to
be a valuable ally in promoting muscle protein synthesis and inhibiting muscle protein
breakdown [196-200]. HMB supplementation has been shown to be effective in maintaining
muscle mass in patients during a 10-day rest period, where the control group showed a
significant decrease in total lean body mass [201]. However, there are currently no specific
studies on IBD patients.

Vitamin D supplementation improves muscle strength in adults [202]. When com-
bined with exercise and protein supplementation, it can also significantly improve grip
strength [203]. These results are not surprising, considering that vitamin D suppresses the
expression of myostatin in muscle tissue, which is an inhibitor of muscle growth [204] thus
theoretically leading to muscle synthesis. Moreover, vitamin D also plays an important
role in the metabolism of calcium and inorganic phosphate, both of which participate in
muscle contractility [205]. In IBD, limited studies have identified the effect of vitamin D
supplementation on muscle mass or strength [5], despite the demonstrated benefits of
vitamin D supplementation in the disease itself [206].

Omega-3 polyunsaturated fatty acids are involved in various processes, including
reducing pro-inflammatory cytokines that contribute to catabolism [207,208] and activating
the mTORC1 pathway, which increases muscle protein synthesis (MPS) and amino acid
transport [209,210]. In preclinical and clinical studies, an inverse association between
polyunsaturated fatty acids (PUFAs) and sarcopenia has been demonstrated [211-213]. It
appears that omega-3 supplementation can improve muscle mass, strength, and physical
performance [209], even without a concomitant training program [214]. Although a signifi-
cant amount of evidence supports the importance of implementing additional interventions
to prevent muscle loss and maintain strength and function, only a limited number of studies
have examined this effect in IBD patients specifically [215], and more research is needed to
better address the management of sarcopenia in these patients.

5.2. Resistance Training

Regular exercise has already been shown to improve body composition and control
inflammation by promoting an anti-inflammatory state [216]. A distinction can be made be-
tween endurance training (ET), which involves low-resistance work for prolonged periods
of time, and resistance training (RT), characterized by more powerful movements of shorter
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duration [217,218]. In chronic conditions such as IBD, there may be an imbalance between
the processes of proteolysis and muscle protein synthesis. Previous studies showed that
engaging in resistance exercises can boost the muscle protein synthesis rate, which leads to
a rise in the muscle amino acid balance for up to 48 h following the workout [219,220]. The
exact mechanisms behind this process are not yet fully understood, but it appears that IGF-1
plays a fundamental role. RT can lead to an increase in IGF-1 secretion by skeletal muscle,
which in turn promotes the hypertrophy of muscle fibers, enhances muscle strength, and
prevents muscle loss [221-223]. According to recent studies, patients with Crohn’s disease
who practiced RT showed significant improvements in muscle strength, muscle function,
and bone mineral density [224,225].

In patients with IBD and sarcopenic obesity, the goal of treatment is to reduce body
weight while preserving muscle mass to reduce complications and increase the response to
biological treatments [165]. Current guidelines suggest that these patients should have an
increased protein intake of 1.2-1.5 g/kg during both the active and remission phases of the
disease [165,226].

The efficacy of dietary intervention as a standalone treatment for increasing muscle
mass in patients remains uncertain [227]. However, exercise is believed to play a significant
role in patients with sarcopenic obesity. Indeed, on one hand, it contributes to increased
energy expenditure, and on the other hand, it is the main anabolic stimulus leading to
muscle protein synthesis [228,229]. The literature shows the effectiveness of both resistance
training [230], aerobic training [231], as well as simultaneous exercise [232]. Consequently,
the combination of a low-calorie, high-protein diet and physical training appears to be the
best strategy. In severe cases, obesity pharmacotherapy and bariatric surgery should be
considered as additional therapies for obese IBD patients [165]. We assert that effective
management of sarcopenia necessitates a multidisciplinary approach. This strategy should
encompass the collaboration of diverse health professionals, including a dedicated dietitian
who can provide ongoing and sustained nutritional support and exercise professionals
who can design tailored exercise programs. All these measures, which have not yet been
incorporated into daily clinical practice, would lead to a global improvement in patient
outcomes, particularly regarding disease activity, response to pharmacological, and surgical
treatments, and thus enhance their QoL. Further research is needed to integrate various
studies and establish novel management strategies for sarcopenia. Figure 3 summarizes
potential treatments for sarcopenia in IBD.
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Figure 3. Potential treatments for sarcopenia in IBD. DIAAS: digestible indispensable amino acid
score; EAAs: essential amino acids; HMB: 3-Hydroxy 3-methylbutyric acid.
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6. Conclusions

Integrating comprehensive assessments of muscle mass, strength, and function into
routine clinical practice can facilitate timely intervention and personalized treatment plans
tailored to individual patient needs, thus improving clinical outcomes. Several methods are
available to assess sarcopenia; MRI and CT are commonly used in clinical practice and can
provide valuable information about sarcopenia. DXA and BIA are also reliable methods,
although ultrasound is gaining popularity as a reliable, inexpensive, and widely available
diagnostic method. Nutritional interventions, including enteral and/or parenteral nutrition,
protein supplementation, and amino acid interventions, play a vital role in preserving
muscle mass and function while addressing the malnutrition commonly observed in IBD
patients. Moreover, emerging evidence suggests the potential benefits of gut microbiota
modulation, exercise interventions, and pharmacotherapy in mitigating muscle loss and
improving physical function in IBD-related sarcopenia. Future research efforts should
focus on elucidating the specific mechanisms underlying the gut-muscle axis, optimizing
therapeutic strategies, and evaluating the long-term efficacy and safety of interventions in
diverse patient populations.

In summary, the bidirectional relationship between IBD and sarcopenia represents a
significant clinical challenge with profound implications for patient outcomes and quality
of life. Comprehensive assessment, early detection, and targeted interventions addressing
inflammation, malnutrition, and muscle wasting are essential components of holistic
management strategies for individuals with IBD-related sarcopenia. Collaborative efforts
between clinicians, researchers, and allied health professionals are paramount in achieving
these goals and addressing the unmet needs of this vulnerable patient population. Future
research should enhance our comprehension of the biological mechanisms that underlie
the relationship between the gut and muscle in order to develop targeted therapies that
can modulate gut microbiota, muscle protein synthesis, and inflammatory processes to
maintain or improve muscle mass and functionality.

Author Contributions: Conceptualization, G.B., V.C., C.C. and I.M.; writing—original draft prepa-
ration, G.B., V.C., C.C. and G.P,; writing—review and editing, V.C., G.B. and G.E,; revised scientific
literature research, G.B., V.C., L.L. and M.E.A_; revised final paper, M.A.Z. and E.S.; supervision,
M.A.Z. and A.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Acknowledgments: Thanks to Fondazione Roma for the continuous support of our scientific research.
All figures were prepared using the academic version of BioRender (biorender.com, accessed on
5 March 2024).

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

1. Rosenberg, I.H. Sarcopenia: Origins and Clinical Relevance. J. Nutr. 1997, 127, 990S-991S. [CrossRef]

2. Petermann-Rocha, E; Balntzi, V.; Gray, S.R.; Lara, J.; Ho, EK,; Pell, ].P.; Celis-Morales, C. Global Prevalence of Sarcopenia and
Severe Sarcopenia: A Systematic Review and Meta-Analysis. J. Cachexia Sarcopenia Muscle 2022, 13, 86-99. [CrossRef]

3.  Cruz-Jentoft, A.J.; Bahat, G.; Bauer, J.; Boirie, Y.; Bruyere, O.; Cederholm, T.; Cooper, C.; Landi, F; Rolland, Y.; Sayer, A.A.; et al.
Sarcopenia: Revised European Consensus on Definition and Diagnosis. Age Ageing 2019, 48, 16-31. [CrossRef]

4. Ryan, E.;; McNicholas, D.; Creavin, B.; Kelly, M.E.; Walsh, T.; Beddy, D. Sarcopenia and Inflammatory Bowel Disease: A Systematic
Review. Inflamm. Bowel Dis. 2019, 25, 67-73. [CrossRef]

5. Dhaliwal, A.; Quinlan, ].I.; Overthrow, K.; Greig, C.; Lord, ].M.; Armstrong, M.].; Cooper, S.C. Sarcopenia in Inflammatory Bowel
Disease: A Narrative Overview. Nutrients 2021, 13, 656. [CrossRef]


https://doi.org/10.1093/jn/127.5.990S
https://doi.org/10.1002/jcsm.12783
https://doi.org/10.1093/Ageing/Afy169
https://doi.org/10.1093/ibd/izy212
https://doi.org/10.3390/nu13020656

Biomedicines 2024, 12, 1218 17 of 26

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Ananthakrishnan, A.N.; McGinley, E.L. Infection-Related Hospitalizations Are Associated with Increased Mortality in Patients
with Inflammatory Bowel Diseases. ]. Crohns Colitis 2013, 7, 107-112. [CrossRef]

Rocha, R.; Sousa, U.H.; Reis, T.L.M.; Santana, G.O. Nutritional Status as a Predictor of Hospitalization in Inflammatory Bowel
Disease: A Review. World |. Gastrointest. Pharmacol. Ther. 2019, 10, 50-56. [CrossRef]

Cawthon, PM.; Lui, L.-Y.; Taylor, B.C.; McCulloch, C.E.; Cauley, ].A.; Lapidus, J.; Orwoll, E.; Ensrud, K.E. Clinical Definitions of
Sarcopenia and Risk of Hospitalization in Community-Dwelling Older Men: The Osteoporotic Fractures in Men Study. . Gerontol.
A Biol. Sci. Med. Sci. 2017, 72, 1383-1389. [CrossRef]

Holt, D.Q.; Varma, P;; Strauss, B.].G.; Rajadurai, A.S.; Moore, G.T. Low Muscle Mass at Initiation of Anti-TNF Therapy for
Inflammatory Bowel Disease Is Associated with Early Treatment Failure: A Retrospective Analysis. Eur. J. Clin. Nutr. 2017, 71,
773-777. [CrossRef]

Liu, J.; Tang, H.; Lin, T.; Wang, J.; Cui, W,; Xie, C.; Wang, Z.; Chen, Y.; Chen, X. Sarcopenia Assessed by Computed Tomography
or Magnetic Resonance Imaging Is Associated with the Loss of Response to Biologic Therapies in Adult Patients with Crohn’s
Disease. Clin. Transl. Sci. 2023, 16, 2209-2221. [CrossRef]

Wei, S.; Nguyen, T.T.; Zhang, Y.; Ryu, D.; Gariani, K. Sarcopenic Obesity: Epidemiology, Pathophysiology, Cardiovascular Disease,
Mortality, and Management. Front. Endocrinol. 2023, 14, 1185221. [CrossRef]

Kaplan, G.G. The Global Burden of IBD: From 2015 to 2025. Nat. Rev. Gastroenterol. Hepatol. 2015, 12, 720-727. [CrossRef]
Seminerio, J.L.; Koutroubakis, L.E.; Ramos-Rivers, C.; Hashash, ].G.; Dudekula, A.; Regueiro, M.; Baidoo, L.; Barrie, A.; Swoger, J.;
Schwartz, M.; et al. Impact of Obesity on the Management and Clinical Course of Patients with Inflammatory Bowel Disease.
Inflamm. Bowel Dis. 2015, 21, 2857-2863. [CrossRef]

Pringle, PL.; Stewart, K.O.; Peloquin, ].M.; Sturgeon, H.C.; Nguyen, D.; Sauk, J.; Garber, ].].; Yajnik, V.; Ananthakrishnan, A.N;
Chan, A.T; et al. Body Mass Index, Genetic Susceptibility, and Risk of Complications Among Individuals with Crohn’s Disease.
Inflamm. Bowel Dis. 2015, 21, 2304-2310. [CrossRef]

Nic Suibhne, T.; Raftery, T.C.; McMahon, O.; Walsh, C.; O’'Morain, C.; O’Sullivan, M. High Prevalence of Overweight and Obesity
in Adults with Crohn’s Disease: Associations with Disease and Lifestyle Factors. ]. Crohns Colitis 2013, 7, E241-E248. [CrossRef]
[PubMed]

Adams, D.W.; Gurwara, S.; Silver, H.J.; Horst, S.N.; Beaulieu, D.B.; Schwartz, D.A.; Seidner, D.L. Sarcopenia Is Common in
Overweight Patients with Inflammatory Bowel Disease and May Predict Need for Surgery. Inflamm. Bowel Dis. 2017, 23, 1182-1186.
[CrossRef] [PubMed]

Ackermans, L.L.G.C.; Rabou, J.; Basrai, M.; Schweinlin, A.; Bischoff, S.C.; Cussenot, O.; Cancel-Tassin, G.; Renken, R.J.; Gémez, E.;
Sanchez-Gonzalez, P.; et al. Screening, Diagnosis and Monitoring of Sarcopenia. Clin. Nutr. ESPEN 2022, 48, 36—44. [CrossRef]
Beaudart, C.; McCloskey, E.; Bruyere, O.; Cesari, M.; Rolland, Y.; Rizzoli, R.; Araujo de Carvalho, I.; Amuthavalli Thiyagarajan,
J.; Bautmans, I.; Bertiere, M.-C.; et al. Sarcopenia in Daily Practice: Assessment and Management. BMC Geriatr. 2016, 16, 170.
[CrossRef]

Singh, A.; Wall, C.; Levine, A.; Midha, V.; Mahajan, R.; Sood, A. Nutritional Screening and Assessment in Inflammatory Bowel
Disease. Indian. ]. Gastroenterol. 2022, 41, 5-22. [CrossRef]

Moonen, HPFE.X.; Van Zanten, A.R.H. Bioelectric Impedance Analysis for Body Composition Measurement and Other Potential
Clinical Applications in Critical Illness. Curr. Opin. Crit. Care 2021, 27, 344-353. [CrossRef]

Nagae, M.; Umegaki, H.; Yoshiko, A.; Fujita, K. Muscle Ultrasound and Its Application to Point-of-Care Ultrasonography: A
Narrative Review. Ann. Med. 2023, 55, 190-197. [CrossRef] [PubMed]

Singh, A.; Midha, V.; Mahajan, R.; Verma, S.; Kakkar, C.; Grover, J.; Singh, D.; Kaur, R.; Masih, A.; Bansal, N.; et al. Evaluation of
Nutritional Characteristics Reveals Similar Prevalence of Malnutrition in Patients with Ulcerative Colitis and Crohn’s Disease.
Dig. Dis. Sci. 2023, 68, 580-595. [CrossRef] [PubMed]

Holt, D.Q; Strauss, B.J.G.; Lau, K.K.; Moore, G.T. Body Composition Analysis Using Abdominal Scans from Routine Clinical
Care in Patients with Crohn’s Disease. Scand. ]. Gastroenterol. 2016, 51, 842-847. [CrossRef] [PubMed]

Yadav, D.P; Kedia, S.; Madhusudhan, K.S.; Bopanna, S.; Goyal, S.; Jain, S.; Vikram, N.K,; Sharma, R.; Makharia, G.K.; Ahuja, V.
Body Composition in Crohn’s Disease and Ulcerative Colitis: Correlation with Disease Severity and Duration. Can. J. Gastroenterol.
Hepatol. 2017, 2017, 1215035. [CrossRef] [PubMed]

Boparai, G.; Kedia, S.; Kandasamy, D.; Sharma, R.; Madhusudhan, K.S.; Dash, N.R; Sahu, P; Pal, S.; Sahni, P.; Panwar, R.; et al.
Combination of Sarcopenia and High Visceral Fat Predict Poor Outcomes in Patients with Crohn’s Disease. Eur. J. Clin. Nutr.
2021, 75, 1491-1498. [CrossRef] [PubMed]

Bamba, S.; Inatomi, O.; Takahashi, K.; Morita, Y.; Imai, T.; Ohno, M.; Kurihara, M.; Takebayashi, K.; Kojima, M.; Iida, H.; et al.
Assessment of Body Composition From CT Images at the Level of the Third Lumbar Vertebra in Inflammatory Bowel Disease.
Inflamm. Bowel Dis. 2021, 27, 1435-1442. [CrossRef] [PubMed]

Fischer, M.A.; Pfirrmann, C.W.A_; Espinosa, N.; Raptis, D.A.; Buck, FM. Dixon-Based MRI for Assessment of Muscle-Fat Content
in Phantoms, Healthy Volunteers and Patients with Achillodynia: Comparison to Visual Assessment of Calf Muscle Quality. Eur.
Radiol. 2014, 24, 1366-1375. [CrossRef] [PubMed]

Chianca, V.; Albano, D.; Messina, C.; Gitto, S.; Ruffo, G.; Guarino, S.; Del Grande, F,; Sconfienza, L.M. Sarcopenia: Imaging
Assessment and Clinical Application. Abdom. Radiol. 2022, 47, 3205-3216. [CrossRef] [PubMed]


https://doi.org/10.1016/j.crohns.2012.02.015
https://doi.org/10.4292/wjgpt.v10.i2.50
https://doi.org/10.1093/gerona/glw327
https://doi.org/10.1038/ejcn.2017.10
https://doi.org/10.1111/cts.13621
https://doi.org/10.3389/fendo.2023.1185221
https://doi.org/10.1038/nrgastro.2015.150
https://doi.org/10.1097/MIB.0000000000000560
https://doi.org/10.1097/MIB.0000000000000498
https://doi.org/10.1016/j.Crohns.2012.09.009
https://www.ncbi.nlm.nih.gov/pubmed/23040290
https://doi.org/10.1097/MIB.0000000000001128
https://www.ncbi.nlm.nih.gov/pubmed/28410342
https://doi.org/10.1016/j.clnesp.2022.01.027
https://doi.org/10.1186/S12877-016-0349-4
https://doi.org/10.1007/S12664-021-01223-2
https://doi.org/10.1097/MCC.0000000000000840
https://doi.org/10.1080/07853890.2022.2157871
https://www.ncbi.nlm.nih.gov/pubmed/36538042
https://doi.org/10.1007/S10620-022-07652-z
https://www.ncbi.nlm.nih.gov/pubmed/36064826
https://doi.org/10.3109/00365521.2016.1161069
https://www.ncbi.nlm.nih.gov/pubmed/27001198
https://doi.org/10.1155/2017/1215035
https://www.ncbi.nlm.nih.gov/pubmed/29226115
https://doi.org/10.1038/S41430-021-00857-x
https://www.ncbi.nlm.nih.gov/pubmed/33531636
https://doi.org/10.1093/Ibd/Izaa306
https://www.ncbi.nlm.nih.gov/pubmed/33236765
https://doi.org/10.1007/S00330-014-3121-1
https://www.ncbi.nlm.nih.gov/pubmed/24604216
https://doi.org/10.1007/S00261-021-03294-3
https://www.ncbi.nlm.nih.gov/pubmed/34687326

Biomedicines 2024, 12, 1218 18 of 26

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.
39.
40.
41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Tagliafico, A.S.; Bignotti, B.; Torri, L.; Rossi, F. Sarcopenia: How to Measure, When and Why. Radiol. Med. 2022, 127, 228-237.
[CrossRef] [PubMed]

Spooren, C.E.G.M.; Lodewick, T.M.; Beelen, E.M.].; van Dijk, D.P]J.; Bours, M.J.L.; Haans, ].].; Masclee, A.A.M.; Pierik, M.].; Bakers,
F.C.H.; Jonkers, D.M.A.E. The Reproducibility of Skeletal Muscle Signal Intensity on Routine Magnetic Resonance Imaging in
Crohn'’s Disease. |. Gastroenterol. Hepatol. 2020, 35, 1902-1908. [CrossRef] [PubMed]

Holt, D.Q.; Moore, G.T.; Strauss, B.J.G.; Hamilton, A.L.; De Cruz, P.; Kamm, M.A. Visceral Adiposity Predicts Post-Operative
Crohn’s Disease Recurrence. Aliment. Pharmacol. Ther. 2017, 45, 1255-1264. [CrossRef] [PubMed]

Covello, C.; Becherucci, G.; Scaldaferri, F.; Laterza, L.; Gasbarrini, A.; Mentella, M.C. Popular Diets and Nutritional Assessment in
the Management of Irritable Bowel Syndrome in Inflammatory Bowel Disease: An Overview of Current Evidence. Pol. Arch.
Intern. Med. 2024, 134, 16659. [CrossRef] [PubMed]

Martins, P.C.; Alves Junior, C.A.S,; Silva, A.M.; Silva, D.A.S. Phase Angle and Body Composition: A Scoping Review. Clin. Nutr.
ESPEN 2023, 56, 237-250. [CrossRef] [PubMed]

Emerenziani, S.; Biancone, L.; Guarino, M.P.L.; Balestrieri, P,; Stasi, E.; Ribolsi, M.; Rescio, M.P,; Altomare, A.; Cocca, S.; Pallone,
F,; et al. Nutritional Status and Bioelectrical Phase Angle Assessment in Adult Crohn Disease Patients Receiving Anti-TNFax
Therapy. Dig. Liver Dis. 2017, 49, 495-499. [CrossRef] [PubMed]

Pizzoferrato, M.; de Sire, R.; Ingravalle, F; Mentella, M.C.; Petito, V.; Martone, A.M.; Landi, F.; Miggiano, G.A.D.; Mele, M.C,;
Lopetuso, L.R.; et al. Characterization of Sarcopenia in an IBD Population Attending an Italian Gastroenterology Tertiary Center.
Nutrients 2019, 11, 2281. [CrossRef] [PubMed]

Kim, S.H.; Kim, Y.S.; Lee, S.H.; Lee, HM.; Yoon, W.E.; Kim, S.H.; Myung, H.J.; Moon, J.S. Evaluation of Nutritional Status
Using Bioelectrical Impedance Analysis in Patients with Inflammatory Bowel Disease. Intest. Res. 2022, 20, 321-328. [CrossRef]
[PubMed]

Bazzocchi, A.; Ponti, F; Albisinni, U.; Battista, G.; Guglielmi, G. DXA: Technical Aspects and Application. Eur. |. Radiol. 2016, 85,
1481-1492. [CrossRef] [PubMed]

Kuriyan, R. Body Composition Techniques. Indian. |. Med. Res. 2018, 148, 648-658. [CrossRef]

Pons, P.T.; Rosen, P. Prehospital care: Procedures or transport? J. Emerg. Med. 1986, 4, 169-170. [CrossRef] [PubMed]

Albanese, C.V.; Diessel, E.; Genant, H.K. Clinical Applications of Body Composition Measurements Using DXA. J. Clin. Densitom.
2003, 6, 75-85. [CrossRef]

Worsley, PR.; Kitsell, F.; Samuel, D.; Stokes, M. Validity of Measuring Distal Vastus Medialis Muscle Using Rehabilitative
Ultrasound Imaging versus Magnetic Resonance Imaging. Man. Ther. 2014, 19, 259-263. [CrossRef] [PubMed]

Frontera, W.R; Reid, K.F; Phillips, E.M.; Krivickas, L.S.; Hughes, V.A.; Roubenoff, R.; Fielding, R.A. Muscle Fiber Size and
Function in Elderly Humans: A Longitudinal Study. J. Appl. Physiol. 2008, 105, 637-642. [CrossRef] [PubMed]

Giovannini, S.; Brau, E; Forino, R.; Berti, A.; D’'Ignazio, F,; Loreti, C.; Bellieni, A.; D’Angelo, E.; Di Caro, F.; Biscotti, L.; et al.
Sarcopenia: Diagnosis and Management, State of the Art and Contribution of Ultrasound. J. Clin. Med. 2021, 10, 5552. [CrossRef]
[PubMed]

Abe, T.; Patterson, K.M.; Stover, C.D.; Geddam, D.A.R; Tribby, A.C.; Lajza, D.G.; Young, K.C. Site-Specific Thigh Muscle Loss as
an Independent Phenomenon for Age-Related Muscle Loss in Middle-Aged and Older Men and Women. Age 2014, 36, 9634.
[CrossRef] [PubMed]

Caresio, C.; Molinari, F.; Emanuel, G.; Minetto, M.A. Muscle Echo Intensity: Reliability and Conditioning Factors. Clin. Physiol.
Funct. Imaging 2015, 35, 393-403. [CrossRef] [PubMed]

Mulinacci, G.; Pirola, L.; Gandola, D.; Ippolito, D.; Vigano, C.; Laffusa, A.; Gallo, C.; Invernizzi, P.; Danese, S.; Massironi, S. P466
Ultrasound Muscle Assessment for Sarcopenia Screening in Patients with Inflammatory Bowel Disease: A Prospective Study
(SarcUS-IBD). J. Crohn’s Colitis 2024, 18, 1937-1938. [CrossRef]

Nguyen, A.L.; Herath, M.; Burns, M.; Holt, D.; Ebeling, P.R.; Milat, F.; Gibson, PR.; Moore, G.T. The Value of Whole-Body
Dual-Energy X-ray Absorptiometry in Assessing Body Composition in Patients with Inflammatory Bowel Disease: A Prospective
Study. Eur. |. Gastroenterol. Hepatol. 2024, 36, 52—61. [CrossRef]

Sanada, K.; Kearns, C.F; Midorikawa, T.; Abe, T. Prediction and Validation of Total and Regional Skeletal Muscle Mass by
Ultrasound in Japanese Adults. Eur. J. Appl. Physiol. 2006, 96, 24-31. [CrossRef] [PubMed]

Reeves, N.D.; Maganaris, C.N.; Narici, M.V. Ultrasonographic Assessment of Human Skeletal Muscle Size. Eur. |. Appl. Physiol.
2004, 91, 116-118. [CrossRef] [PubMed]

Thomaes, T.; Thomis, M.; Onkelinx, S.; Coudyzer, W.; Cornelissen, V.; Vanhees, L. Reliability and Validity of the Ultrasound
Technique to Measure the Rectus Femoris Muscle Diameter in Older CAD-Patients. BMC Med. Imaging 2012, 12, 7. [CrossRef]
[PubMed]

Abe, T.; Fujita, E.; Thiebaud, R.S.; Loenneke, ].P.; Akamine, T. Ultrasound-Derived Forearm Muscle Thickness Is a Powerful
Predictor for Estimating DXA-Derived Appendicular Lean Mass in Japanese Older Adults. Ultrasound Med. Biol. 2016, 42,
2341-2344. [CrossRef] [PubMed]

Norman, K.; Stobdus, N.; Smoliner, C.; Zocher, D.; Scheufele, R.; Valentini, L.; Lochs, H.; Pirlich, M. Determinants of Hand Grip
Strength, Knee Extension Strength and Functional Status in Cancer Patients. Clin. Nutr. 2010, 29, 586-591. [CrossRef]

Mitsionis, G.; Pakos, E.E.; Stafilas, K.S.; Paschos, N.; Papakostas, T.; Beris, A.E. Normative Data on Hand Grip Strength in a Greek
Adult Population. Int. Orthop. 2009, 33, 713-717. [CrossRef] [PubMed]


https://doi.org/10.1007/S11547-022-01450-3
https://www.ncbi.nlm.nih.gov/pubmed/35041137
https://doi.org/10.1111/Jgh.15068
https://www.ncbi.nlm.nih.gov/pubmed/32267571
https://doi.org/10.1111/Apt.14018
https://www.ncbi.nlm.nih.gov/pubmed/28244124
https://doi.org/10.20452/Pamw.16659
https://www.ncbi.nlm.nih.gov/pubmed/38226581
https://doi.org/10.1016/j.Clnesp.2023.05.015
https://www.ncbi.nlm.nih.gov/pubmed/37344079
https://doi.org/10.1016/j.Dld.2016.12.026
https://www.ncbi.nlm.nih.gov/pubmed/28096060
https://doi.org/10.3390/Nu11102281
https://www.ncbi.nlm.nih.gov/pubmed/31554166
https://doi.org/10.5217/Ir.2021.00022
https://www.ncbi.nlm.nih.gov/pubmed/34275256
https://doi.org/10.1016/j.Ejrad.2016.04.004
https://www.ncbi.nlm.nih.gov/pubmed/27157852
https://doi.org/10.4103/Ijmr.IJMR_1777_18
https://doi.org/10.1016/0736-4679(86)90081-8
https://www.ncbi.nlm.nih.gov/pubmed/3794275
https://doi.org/10.1385/Jcd:6:2:75
https://doi.org/10.1016/j.Math.2014.02.002
https://www.ncbi.nlm.nih.gov/pubmed/24582328
https://doi.org/10.1152/Japplphysiol.90332.2008
https://www.ncbi.nlm.nih.gov/pubmed/18556434
https://doi.org/10.3390/Jcm10235552
https://www.ncbi.nlm.nih.gov/pubmed/34884255
https://doi.org/10.1007/S11357-014-9634-3
https://www.ncbi.nlm.nih.gov/pubmed/24569919
https://doi.org/10.1111/Cpf.12175
https://www.ncbi.nlm.nih.gov/pubmed/24902991
https://doi.org/10.1093/Ecco-Jcc/Jjad212.0596
https://doi.org/10.1097/MEG.0000000000002675
https://doi.org/10.1007/S00421-005-0061-0
https://www.ncbi.nlm.nih.gov/pubmed/16235068
https://doi.org/10.1007/S00421-003-0961-9
https://www.ncbi.nlm.nih.gov/pubmed/14639480
https://doi.org/10.1186/1471-2342-12-7
https://www.ncbi.nlm.nih.gov/pubmed/22471726
https://doi.org/10.1016/j.Ultrasmedbio.2016.05.008
https://www.ncbi.nlm.nih.gov/pubmed/27321173
https://doi.org/10.1016/j.Clnu.2010.02.007
https://doi.org/10.1007/S00264-008-0551-x
https://www.ncbi.nlm.nih.gov/pubmed/18414855

Biomedicines 2024, 12, 1218 19 of 26

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Roberts, H.C.; Denison, H.J.; Martin, H.].; Patel, H.P; Syddall, H.; Cooper, C.; Sayer, A.A. A Review of the Measurement of Grip
Strength in Clinical and Epidemiological Studies: Towards a Standardised Approach. Age Ageing 2011, 40, 423-429. [CrossRef]
[PubMed]

Hulens, M.; Vansant, G.; Lysens, R.; Claessens, A.L.; Muls, E.; Brumagne, S. Study of Differences in Peripheral Muscle Strength of
Lean versus Obese Women: An Allometric Approach. Int. J. Obes. Relat. Metab. Disord. 2001, 25, 676-681. [CrossRef] [PubMed]
Tanner, C.J.; Barakat, H.A.; Dohm, G.L.; Pories, W.J.; MacDonald, K.G.; Cunningham, P.R.G.; Swanson, M.S.; Houmard, J.A.
Muscle Fiber Type Is Associated with Obesity and Weight Loss. Am. . Physiol. Endocrinol. Metab. 2002, 282, E1191-E1196.
[CrossRef] [PubMed]

Lin, S.; Zhang, C.; Chen, C.; Fan, Y.; Yang, F. Exploring the Causal Relationship between Inflammatory Bowel Disease and
Sarcopenia-Related Traits: A Two-Sample Mendelian Randomization Analysis. Aging 2023, 16, 799-819. [CrossRef] [PubMed]
Wagenmakers, A.J. Muscle Function in Critically Ill Patients. Clin. Nutr. 2001, 20, 451-454. [CrossRef]

Kara, M.; Kaymak, B.; Frontera, W.; Ata, A.M.; Ricci, V.; Ekiz, T.; Chang, K.-V,; Han, D.-S.; Michail, X.; Quittan, M.; et al.
Diagnosing Sarcopenia: Functional Perspectives and a New Algorithm from the ISarcoPRM. J. Rehabil. Med. 2021, 53, Jrm00209.
[CrossRef] [PubMed]

Haskey, N.; Pefia-Sanchez, ].N.; Jones, J.L.; Fowler, S.A. Development of a Screening Tool to Detect Nutrition Risk in Patients with
Inflammatory Bowel Disease. Asia Pac. . Clin. Nutr. 2018, 27, 756-762. [CrossRef] [PubMed]

Jansen, L; Prager, M.; Valentini, L.; Biining, C. Inflammation-Driven Malnutrition: A New Screening Tool Predicts Outcome in
Crohn’s Disease. Br. J. Nutr. 2016, 116, 1061-1067. [CrossRef] [PubMed]

Ehlers, L.; Bannert, K.; Rohde, S.; Berlin, P; Reiner, J.; Wiese, M.; Doller, J.; Lerch, M.M.; Aghdassi, A.A.; Meyer, E; et al. Preclinical
Insights into the Gut-Skeletal Muscle Axis in Chronic Gastrointestinal Diseases. J. Cell Mol. Med. 2020, 24, 8304-8314. [CrossRef]
[PubMed]

Ticinesi, A.; Lauretani, F.; Milani, C.; Nouvenne, A.; Tana, C.; Del Rio, D.; Maggio, M.; Ventura, M.; Meschi, T. Aging Gut
Microbiota at the Cross-Road between Nutrition, Physical Frailty, and Sarcopenia: Is There a Gut-Muscle Axis? Nutrients 2017, 9,
1303. [CrossRef] [PubMed]

Sayer, A.A.; Cruz-Jentoft, A. Sarcopenia Definition, Diagnosis and Treatment: Consensus Is Growing. Age Ageing 2022, 51,
Afac220. [CrossRef] [PubMed]

Guo, M;; Yao, J.; Li, J.; Zhang, J.; Wang, D.; Zuo, H.; Zhang, Y.; Xu, B.; Zhong, Y.; Shen, F,; et al. Irisin Ameliorates Age-Associated
Sarcopenia and Metabolic Dysfunction. J. Cachexia Sarcopenia Muscle 2023, 14, 391-405. [CrossRef] [PubMed]

Par, A.; Hegyi, ].P; Vancsa, S.; Par, G. Sarcopenia-2021: Pathophysiology, Diagnosis, Therapy. Orv. Hetil. 2021, 162, 3-12.
[CrossRef] [PubMed]

Banack, H.R.; LaMonte, M.].; Manson, ].E.; Zhu, K.; Evans, W.].; Shankaran, M.; Wactawski-Wende, J. Association of Muscle Mass
Measured by D3-Creatine (D3Cr), Sarcopenic Obesity, and Insulin-Glucose Homeostasis in Postmenopausal Women. PLoS ONE
2022, 17, E0278723. [CrossRef] [PubMed]

Priego, T.; Martin, A I.; Gonzalez-Hedstrém, D.; Granado, M.; Lépez-Calderén, A. Role of Hormones in Sarcopenia. Vitam. Horm.
2021, 115, 535-570. [CrossRef] [PubMed]

Remelli, F; Vitali, A.; Zurlo, A.; Volpato, S. Vitamin D Deficiency and Sarcopenia in Older Persons. Nutrients 2019, 11, 2861.
[CrossRef] [PubMed]

Yin, M.; Zhang, H.; Liu, Q.; Ding, F.; Hou, L.; Deng, Y.; Cui, T.; Han, Y.; Chen, Y.; Huang, C.; et al. Determination of Skeletal Muscle
Mass by Aspartate Aminotransferase/Alanine Aminotransferase Ratio, Insulin and FSH in Chinese Women with Sarcopenia.
BMC Geriatr. 2022, 22, 893. [CrossRef] [PubMed]

Cho, M.-R;; Lee, S.; Song, S.-K. A Review of Sarcopenia Pathophysiology, Diagnosis, Treatment and Future Direction. J. Korean
Med. Sci. 2022, 37, E146. [CrossRef] [PubMed]

Verdijk, L.B.; Snijders, T.; Drost, M.; Delhaas, T.; Kadi, F.; van Loon, L.J.C. Satellite Cells in Human Skeletal Muscle; from Birth to
Old Age. Age 2014, 36, 545-547. [CrossRef] [PubMed]

Belenguer-Varea, A.; Tarazona-Santabalbina, F].; Avellana-Zaragoza, J.A.; Martinez-Reig, M.; Mas-Bargues, C.; Inglés, M.
Oxidative Stress and Exceptional Human Longevity: Systematic Review. Free Radic. Biol. Med. 2020, 149, 51-63. [CrossRef]
[PubMed]

Chen, M.; Wang, Y.; Deng, S.; Lian, Z.; Yu, K. Skeletal Muscle Oxidative Stress and Inflammation in Aging: Focus on Antioxidant
and Anti-Inflammatory Therapy. Front. Cell Dev. Biol. 2022, 10, 964130. [CrossRef] [PubMed]

Shen, K; Pender, C.L.; Bar-Ziv, R.; Zhang, H.; Wickham, K.; Willey, E.; Durieux, ].; Ahmad, Q.; Dillin, A. Mitochondria as Cellular
and Organismal Signaling Hubs. Annu. Rev. Cell Dev. Biol. 2022, 38, 179-218. [CrossRef] [PubMed]

Kobayashi, M.; Nezu, Y.; Tagawa, R.; Higami, Y. Mitochondrial Unfolded Protein Responses in White Adipose Tissue: Lipoatrophy,
Whole-Body Metabolism and Lifespan. Int. J. Mol. Sci. 2021, 22, 2854. [CrossRef] [PubMed]

Mellen, R.H.; Girotto, O.S.; Marques, E.B.; Laurindo, L.F,; Grippa, P.C.; Mendes, C.G.; Garcia, L.N.H.; Bechara, M.D.; Barbalho,
S.M.; Sinatora, R.V,; et al. Insights into Pathogenesis, Nutritional and Drug Approach in Sarcopenia: A Systematic Review.
Biomedicines 2023, 11, 136. [CrossRef] [PubMed]

Pascual-Fernandez, J.; Fernandez-Montero, A.; Cérdova-Martinez, A.; Pastor, D.; Martinez-Rodriguez, A.; Roche, E. Sarcopenia:
Molecular Pathways and Potential Targets for Intervention. Int. J. Mol. Sci. 2020, 21, 8844. [CrossRef] [PubMed]


https://doi.org/10.1093/Ageing/Afr051
https://www.ncbi.nlm.nih.gov/pubmed/21624928
https://doi.org/10.1038/Sj.Ijo.0801560
https://www.ncbi.nlm.nih.gov/pubmed/11360150
https://doi.org/10.1152/Ajpendo.00416.2001
https://www.ncbi.nlm.nih.gov/pubmed/12006347
https://doi.org/10.18632/Aging.205421
https://www.ncbi.nlm.nih.gov/pubmed/38165807
https://doi.org/10.1054/Clnu.2001.0483
https://doi.org/10.2340/16501977-2851
https://www.ncbi.nlm.nih.gov/pubmed/34121127
https://doi.org/10.6133/Apjcn.112017.01
https://www.ncbi.nlm.nih.gov/pubmed/30045418
https://doi.org/10.1017/S0007114516003044
https://www.ncbi.nlm.nih.gov/pubmed/27546478
https://doi.org/10.1111/Jcmm.15554
https://www.ncbi.nlm.nih.gov/pubmed/32628812
https://doi.org/10.3390/Nu9121303
https://www.ncbi.nlm.nih.gov/pubmed/29189738
https://doi.org/10.1093/Ageing/Afac220
https://www.ncbi.nlm.nih.gov/pubmed/36273495
https://doi.org/10.1002/Jcsm.13141
https://www.ncbi.nlm.nih.gov/pubmed/36510115
https://doi.org/10.1556/650.2021.32015
https://www.ncbi.nlm.nih.gov/pubmed/33388736
https://doi.org/10.1371/Journal.Pone.0278723
https://www.ncbi.nlm.nih.gov/pubmed/36490255
https://doi.org/10.1016/Bs.vh.2020.12.021
https://www.ncbi.nlm.nih.gov/pubmed/33706961
https://doi.org/10.3390/Nu11122861
https://www.ncbi.nlm.nih.gov/pubmed/31766576
https://doi.org/10.1186/S12877-022-03491-9
https://www.ncbi.nlm.nih.gov/pubmed/36419004
https://doi.org/10.3346/Jkms.2022.37.E146
https://www.ncbi.nlm.nih.gov/pubmed/35535373
https://doi.org/10.1007/S11357-013-9583-2
https://www.ncbi.nlm.nih.gov/pubmed/24122288
https://doi.org/10.1016/j.Freeradbiomed.2019.09.019
https://www.ncbi.nlm.nih.gov/pubmed/31550529
https://doi.org/10.3389/Fcell.2022.964130
https://www.ncbi.nlm.nih.gov/pubmed/36111339
https://doi.org/10.1146/Annurev-Cellbio-120420-015303
https://www.ncbi.nlm.nih.gov/pubmed/35804477
https://doi.org/10.3390/Ijms22062854
https://www.ncbi.nlm.nih.gov/pubmed/33799894
https://doi.org/10.3390/Biomedicines11010136
https://www.ncbi.nlm.nih.gov/pubmed/36672642
https://doi.org/10.3390/Ijms21228844
https://www.ncbi.nlm.nih.gov/pubmed/33266508

Biomedicines 2024, 12, 1218 20 of 26

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Piischel, G.P; Klauder, ].; Henkel, ]. Macrophages, Low-Grade Inflammation, Insulin Resistance and Hyperinsulinemia: A Mutual
Ambiguous Relationship in the Development of Metabolic Diseases. J. Clin. Med. 2022, 11, 4358. [CrossRef]

Chhetri, ].K.; de Souto Barreto, P.; Fougere, B.; Rolland, Y.; Vellas, B.; Cesari, M. Chronic Inflammation and Sarcopenia: A
Regenerative Cell Therapy Perspective. Exp. Gerontol. 2018, 103, 115-123. [CrossRef]

Dalle, S.; Rossmeislova, L.; Koppo, K. The Role of Inflammation in Age-Related Sarcopenia. Front. Physiol. 2017, 8, 1045.
[CrossRef] [PubMed]

Nardone, O.M.; de Sire, R.; Petito, V.; Testa, A.; Villani, G.; Scaldaferri, F.; Castiglione, F. Inflammatory Bowel Diseases and
Sarcopenia: The Role of Inflammation and Gut Microbiota in the Development of Muscle Failure. Front. Immunol. 2021, 12,
694217. [CrossRef] [PubMed]

Bian, A.-L.; Hu, H.-Y,; Rong, Y.-D.; Wang, ].; Wang, J.-X.; Zhou, X.-Z. A Study on Relationship between Elderly Sarcopenia and
Inflammatory Factors IL-6 and TNF-o. Eur. |. Med. Res. 2017, 22, 25. [CrossRef] [PubMed]

Visser, M.; Pluijm, S.M.E,; Stel, V.S.; Bosscher, R.].; Deeg, D.J.H. Longitudinal Aging Study Amsterdam Physical Activity as a
Determinant of Change in Mobility Performance: The Longitudinal Aging Study Amsterdam. J. Am. Geriatr. Soc. 2002, 50,
1774-1781. [CrossRef] [PubMed]

Taaffe, D.R.; Harris, T.B.; Ferrucci, L.; Rowe, ]J.; Seeman, T.E. Cross-Sectional and Prospective Relationships of Interleukin-6 and
C-Reactive Protein with Physical Performance in Elderly Persons: MacArthur Studies of Successful Aging. J. Gerontol. A Biol. Sci.
Med. Sci. 2000, 55, M709-M715. [CrossRef] [PubMed]

Onesti, ] K.; Guttridge, D.C. Inflammation Based Regulation of Cancer Cachexia. Biomed. Res. Int. 2014, 2014, 168407. [CrossRef]
[PubMed]

Shivaji, U.N.; Nardone, O.M.; Cannatelli, R.; Smith, S.C.; Ghosh, S.; Iacucci, M. Small Molecule Oral Targeted Therapies in
Ulcerative Colitis. Lancet Gastroenterol. Hepatol. 2020, 5, 850-861. [CrossRef] [PubMed]

Atreya, R.; Mudeter, J.; Finotto, S.; Millberg, ].; Jostock, T.; Wirtz, S.; Schiitz, M.; Bartsch, B.; Holtmann, M.; Becker, C.; et al.
Blockade of Interleukin 6 Trans Signaling Suppresses T-Cell Resistance against Apoptosis in Chronic Intestinal Inflammation:
Evidence in Crohn Disease and Experimental Colitis in Vivo. Nat. Med. 2000, 6, 583-588. [CrossRef] [PubMed]

Steinbacher, P.; Eckl, P. Impact of Oxidative Stress on Exercising Skeletal Muscle. Biomolecules 2015, 5, 356-377. [CrossRef]
[PubMed]

Maresca, R.; Mignini, I.; Varca, S.; Calvez, V.; Termite, F,; Esposto, G.; Laterza, L.; Scaldaferri, F.; Ainora, M.E.; Gasbarrini, A.; et al.
Inflammatory Bowel Diseases and Non-Alcoholic Fatty Liver Disease: Piecing a Complex Puzzle Together. Int. . Mol. Sci. 2024,
25,3278. [CrossRef]

Rehman, K.; Akash, M.S.H.; Liaqat, A.; Kamal, S.; Qadir, M.I,; Rasul, A. Role of Interleukin-6 in Development of Insulin Resistance
and Type 2 Diabetes Mellitus. Crit. Rev. Eukaryot. Gene Expr. 2017, 27, 229-236. [CrossRef] [PubMed]

Serri, O.; St-Jacques, P.; Sartippour, M.; Renier, G. Alterations of Monocyte Function in Patients with Growth Hormone (GH)
Deficiency: Effect of Substitutive GH Therapy. J. Clin. Endocrinol. Metab. 1999, 84, 58-63. [CrossRef] [PubMed]

Peake, ] M.; Della Gatta, P.; Suzuki, K.; Nieman, D.C. Cytokine Expression and Secretion by Skeletal Muscle Cells: Regulatory
Mechanisms and Exercise Effects. Exerc. Immunol. Rev. 2015, 21, 8-25. [PubMed]

Alula, KM,; Jackson, D.N.; Smith, A.D.; Kim, D.S.; Turner, K.; Odstrcil, E.; Kaipparettu, B.A.; Dassopoulos, T.; Venuprasad, K,;
Feagins, L.A; et al. Targeting Mitochondrial Damage as a Therapeutic for Ileal Crohn’s Disease. Cells 2021, 10, 1349. [CrossRef]
VanderVeen, B.N,; Fix, D.K.; Carson, J.A. Disrupted Skeletal Muscle Mitochondrial Dynamics, Mitophagy, and Biogenesis during
Cancer Cachexia: A Role for Inflammation. Oxid. Med. Cell Longev. 2017, 2017, 3292087. [CrossRef] [PubMed]

Jackson, D.N.; Panopoulos, M.; Neumann, W.L.; Turner, K.; Cantarel, B.L.; Thompson-Snipes, L.; Dassopoulos, T.; Feagins, L.A.;
Souza, R.E; Mills, ].C.; et al. Mitochondrial Dysfunction during Loss of Prohibitin 1 Triggers Paneth Cell Defects and Ileitis. Gut
2020, 69, 1928-1938. [CrossRef] [PubMed]

Sartor, R.B.; Wu, G.D. Roles for Intestinal Bacteria, Viruses, and Fungi in Pathogenesis of Inflammatory Bowel Diseases and
Therapeutic Approaches. Gastroenterology 2017, 152, 327-339.E4. [CrossRef] [PubMed]

Liu, S.; Zhao, W.; Lan, P; Mou, X. The Microbiome in Inflammatory Bowel Diseases: From Pathogenesis to Therapy. Protein Cell
2021, 12, 331-345. [CrossRef] [PubMed]

Strober, W.; Fuss, I.; Mannon, P. The Fundamental Basis of Inflammatory Bowel Disease. J. Clin. Investig. 2007, 117, 514-521.
[CrossRef]

Van Krimpen, S.J.; Jansen, EA.C.; Ottenheim, V.L.; Belzer, C.; van Der Ende, M.; van Norren, K. The Effects of Pro-, Pre-, and
Synbiotics on Muscle Wasting, a Systematic Review-Gut Permeability as Potential Treatment Target. Nutrients 2021, 13, 1115.
[CrossRef] [PubMed]

Candelli, M.; Franza, L.; Pignataro, G.; Ojetti, V.; Covino, M.; Piccioni, A.; Gasbarrini, A.; Franceschi, F. Interaction between
Lipopolysaccharide and Gut Microbiota in Inflammatory Bowel Diseases. Int. ]. Mol. Sci. 2021, 22, 6242. [CrossRef] [PubMed]
Aldars-Garcia, L.; Marin, A.C.; Chaparro, M.; Gisbert, J.P. The Interplay between Immune System and Microbiota in Inflammatory
Bowel Disease: A Narrative Review. Int. ]. Mol. Sci. 2021, 22, 3076. [CrossRef] [PubMed]

Bindels, L.B.; Delzenne, N.M. Muscle Wasting: The Gut Microbiota as a New Therapeutic Target? Int. |. Biochem. Cell Biol. 2013,
45,2186-2190. [CrossRef] [PubMed]

Qi, Y; Goel, R.; Kim, S.; Richards, E.M.; Carter, C.S.; Pepine, C.J.; Raizada, M.K.; Buford, T.W. Intestinal Permeability Biomarker
Zonulin Is Elevated in Healthy Aging. J. Am. Med. Dir. Assoc. 2017, 18, E1-E810. [CrossRef] [PubMed]


https://doi.org/10.3390/Jcm11154358
https://doi.org/10.1016/j.Exger.2017.12.023
https://doi.org/10.3389/Fphys.2017.01045
https://www.ncbi.nlm.nih.gov/pubmed/29311975
https://doi.org/10.3389/Fimmu.2021.694217
https://www.ncbi.nlm.nih.gov/pubmed/34326845
https://doi.org/10.1186/S40001-017-0266-9
https://www.ncbi.nlm.nih.gov/pubmed/28701179
https://doi.org/10.1046/j.1532-5415.2002.50504.x
https://www.ncbi.nlm.nih.gov/pubmed/12410894
https://doi.org/10.1093/Gerona/55.12.M709
https://www.ncbi.nlm.nih.gov/pubmed/11129392
https://doi.org/10.1155/2014/168407
https://www.ncbi.nlm.nih.gov/pubmed/24877061
https://doi.org/10.1016/S2468-1253(19)30414-5
https://www.ncbi.nlm.nih.gov/pubmed/32171056
https://doi.org/10.1038/75068
https://www.ncbi.nlm.nih.gov/pubmed/10802717
https://doi.org/10.3390/Biom5020356
https://www.ncbi.nlm.nih.gov/pubmed/25866921
https://doi.org/10.3390/Ijms25063278
https://doi.org/10.1615/CritRevEukaryotGeneExpr.2017019712
https://www.ncbi.nlm.nih.gov/pubmed/29199608
https://doi.org/10.1210/Jcem.84.1.5374
https://www.ncbi.nlm.nih.gov/pubmed/9920062
https://www.ncbi.nlm.nih.gov/pubmed/25826432
https://doi.org/10.3390/Cells10061349
https://doi.org/10.1155/2017/3292087
https://www.ncbi.nlm.nih.gov/pubmed/28785374
https://doi.org/10.1136/Gutjnl-2019-319523
https://www.ncbi.nlm.nih.gov/pubmed/32111635
https://doi.org/10.1053/j.Gastro.2016.10.012
https://www.ncbi.nlm.nih.gov/pubmed/27769810
https://doi.org/10.1007/S13238-020-00745-3
https://www.ncbi.nlm.nih.gov/pubmed/32601832
https://doi.org/10.1172/JCI30587
https://doi.org/10.3390/Nu13041115
https://www.ncbi.nlm.nih.gov/pubmed/33805286
https://doi.org/10.3390/Ijms22126242
https://www.ncbi.nlm.nih.gov/pubmed/34200555
https://doi.org/10.3390/Ijms22063076
https://www.ncbi.nlm.nih.gov/pubmed/33802883
https://doi.org/10.1016/j.Biocel.2013.06.021
https://www.ncbi.nlm.nih.gov/pubmed/23831839
https://doi.org/10.1016/j.Jamda.2017.05.018
https://www.ncbi.nlm.nih.gov/pubmed/28676292

Biomedicines 2024, 12, 1218 21 of 26

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Cuoco, L.; Vescovo, G.; Castaman, R.; Ravara, B.; Cammarota, G.; Angelini, A.; Salvagnini, M.; Dalla Libera, L. Skeletal Muscle
Wastage in Crohn’s Disease: A Pathway Shared with Heart Failure? Int. ]. Cardiol. 2008, 127, 219-227. [CrossRef] [PubMed]

Ni, Y.; Yang, X.; Zheng, L.; Wang, Z.; Wu, L; Jiang, J.; Yang, T.; Ma, L.; Fu, Z. Lactobacillus and Bifidobacterium Improves
Physiological Function and Cognitive Ability in Aged Mice by the Regulation of Gut Microbiota. Mol. Nutr. Food Res. 2019, 63,
E1900603. [CrossRef] [PubMed]

Obermiiller, B.; Singer, G.; Kienesberger, B.; Klymiuk, I.; Sperl, D.; Stadlbauer, V.; Horvath, A.; Miekisch, W.; Gierschner, P;
Grabherr, R.; et al. The Effects of Prebiotic Supplementation with OMNIi-LOGiC® FIBRE on Fecal Microbiome, Fecal Volatile
Organic Compounds, and Gut Permeability in Murine Neuroblastoma-Induced Tumor-Associated Cachexia. Nutrients 2020, 12,
2029. [CrossRef] [PubMed]

Bindels, L.B.; Neyrinck, A.M.; Claus, S.P,; Le Roy, C.I.; Grangette, C.; Pot, B.; Martinez, I.; Walter, ].; Cani, P.D.; Delzenne, N.M.
Synbiotic Approach Restores Intestinal Homeostasis and Prolongs Survival in Leukaemic Mice with Cachexia. ISME . 2016, 10,
1456-1470. [CrossRef] [PubMed]

Bindels, L.B.; Neyrinck, A.M.; Loumaye, A.; Catry, E.; Walgrave, H.; Cherbuy, C.; Leclercq, S.; Van Hul, M.; Plovier, H.; Pachikian,
B.; et al. Increased Gut Permeability in Cancer Cachexia: Mechanisms and Clinical Relevance. Oncotarget 2018, 9, 18224-18238.
[CrossRef] [PubMed]

Uchiyama, K.; Wakino, S.; Irie, J.; Miyamoto, J.; Matsui, A.; Tajima, T.; Itoh, T.; Oshima, Y.; Yoshifuji, A.; Kimura, L; et al.
Contribution of Uremic Dysbiosis to Insulin Resistance and Sarcopenia. Nephrol. Dial. Transplant. 2020, 35, 1501-1517. [CrossRef]
[PubMed]

Grosicki, G.J.; Fielding, R.A.; Lustgarten, M.S. Gut Microbiota Contribute to Age-Related Changes in Skeletal Muscle Size,
Composition, and Function: Biological Basis for a Gut-Muscle Axis. Calcif. Tissue Int. 2018, 102, 433—-442. [CrossRef] [PubMed]
Li, C; Li, Y;; Wang, N.; Ge, Z.; Shi, Z.; Wang, ].; Ding, B.; Bi, Y.; Wang, Y.; Hong, Z. Intestinal Permeability Associated with the
Loss of Skeletal Muscle Strength in Middle-Aged and Older Adults in Rural Area of Beijing, China. Healthcare 2022, 10, 1100.
[CrossRef] [PubMed]

Stehle, ].R.; Leng, X.; Kitzman, D.W.; Nicklas, B.J.; Kritchevsky, S.B.; High, K.P. Lipopolysaccharide-Binding Protein, a Surrogate
Marker of Microbial Translocation, Is Associated with Physical Function in Healthy Older Adults. J. Gerontol. A Biol. Sci. Med. Sci.
2012, 67, 1212-1218. [CrossRef] [PubMed]

Lahiri, S.; Kim, H.; Garcia-Perez, I.; Reza, M.M.; Martin, K.A.; Kundu, P.; Cox, L.M.; Selkrig, ].; Posma, ].M.; Zhang, H.; et al. The
Gut Microbiota Influences Skeletal Muscle Mass and Function in Mice. Sci. Transl. Med. 2019, 11, Eaan5662. [CrossRef] [PubMed]
Lustgarten, M.S. The Role of the Gut Microbiome on Skeletal Muscle Mass and Physical Function: 2019 Update. Front. Physiol.
2019, 10, 1435. [CrossRef] [PubMed]

Fielding, R.A.; Reeves, A.R; Jasuja, R.; Liu, C.; Barrett, B.B.; Lustgarten, M.S. Muscle Strength Is Increased in Mice That Are
Colonized with Microbiota from High-Functioning Older Adults. Exp. Gerontol. 2019, 127, 110722. [CrossRef] [PubMed]
Cooper, C.; Fielding, R.; Visser, M.V.; Van Loon, L.J.; Rolland, Y.; Orwoll, E.; Reid, K.; Boonen, S.; Dere, W.; Epstein, S.; et al. Tools
in the Assessment of Sarcopenia. Calcif. Tissue Int. 2013, 93, 201-210. [CrossRef] [PubMed]

Walsh, M.E.; Bhattacharya, A.; Sataranatarajan, K.; Qaisar, R.; Sloane, L.; Rahman, M.M.; Kinter, M.; Van Remmen, H. The Histone
Deacetylase Inhibitor Butyrate Improves Metabolism and Reduces Muscle Atrophy during Aging. Aging Cell 2015, 14, 957-970.
[CrossRef] [PubMed]

Kobayashi, Y.; Hara, N.; Sugimoto, R.; Mifuji-Moroka, R.; Tanaka, H.; Eguchi, A ; Iwasa, M.; Hasegawa, H.; Iwata, K.; Takei, Y,;
et al. The Associations between Circulating Bile Acids and the Muscle Volume in Patients with Non-Alcoholic Fatty Liver Disease
(NAFLD). Intern. Med. 2017, 56, 755-762. [CrossRef] [PubMed]

Parada Venegas, D.; De La Fuente, M.K.; Landskron, G.; Gonzélez, M.].; Quera, R.; Dijkstra, G.; Harmsen, H.].M.; Faber,
K.N.; Hermoso, M.A. Short Chain Fatty Acids (SCFAs)-Mediated Gut Epithelial and Immune Regulation and Its Relevance for
Inflammatory Bowel Diseases. Front. Immunol. 2019, 10, 277. [CrossRef] [PubMed]

Lin, R.; Liu, W.; Piao, M.; Zhu, H. A Review of the Relationship between the Gut Microbiota and Amino Acid Metabolism. Amino
Acids 2017, 49, 2083-2090. [CrossRef] [PubMed]

Siddharth, J.; Chakrabarti, A.; Pannérec, A.; Karaz, S.; Morin-Rivron, D.; Masoodi, M.; Feige, ].N.; Parkinson, S.J. Aging and
Sarcopenia Associate with Specific Interactions between Gut Microbes, Serum Biomarkers and Host Physiology in Rats. Aging
2017, 9, 1698-1720. [CrossRef] [PubMed]

Hullar, M.A.J.; Fu, B.C. Diet, the Gut Microbiome, and Epigenetics. Cancer J. 2014, 20, 170-175. [CrossRef] [PubMed]

Collins, S.M.; Surette, M.; Bercik, P. The Interplay between the Intestinal Microbiota and the Brain. Nat. Rev. Microbiol. 2012, 10,
735-742. [CrossRef] [PubMed]

Cederholm, T,; Barazzoni, R.; Austin, P.; Ballmer, P; Biolo, G.; Bischoff, S.C.; Compher, C.; Correia, I.; Higashiguchi, T.; Holst, M.;
et al. ESPEN Guidelines on Definitions and Terminology of Clinical Nutrition. Clin. Nutr. 2017, 36, 49-64. [CrossRef] [PubMed]
Jabtoriska, B.; Mrowiec, S. Nutritional Status and Its Detection in Patients with Inflammatory Bowel Diseases. Nutrients 2023, 15,
1991. [CrossRef] [PubMed]

Massironi, S.; Rossi, R.E.; Cavalcoli, FA.; Della Valle, S.; Fraquelli, M.; Conte, D. Nutritional Deficiencies in Inflammatory Bowel
Disease: Therapeutic Approaches. Clin. Nutr. 2013, 32, 904-910. [CrossRef] [PubMed]

Balestrieri, P.; Ribolsi, M.; Guarino, M.P.L.; Emerenziani, S.; Altomare, A.; Cicala, M. Nutritional Aspects in Inflammatory Bowel
Diseases. Nutrients 2020, 12, 372. [CrossRef] [PubMed]


https://doi.org/10.1016/j.Ijcard.2007.06.006
https://www.ncbi.nlm.nih.gov/pubmed/17692969
https://doi.org/10.1002/Mnfr.201900603
https://www.ncbi.nlm.nih.gov/pubmed/31433910
https://doi.org/10.3390/Nu12072029
https://www.ncbi.nlm.nih.gov/pubmed/32650568
https://doi.org/10.1038/Ismej.2015.209
https://www.ncbi.nlm.nih.gov/pubmed/26613342
https://doi.org/10.18632/Oncotarget.24804
https://www.ncbi.nlm.nih.gov/pubmed/29719601
https://doi.org/10.1093/Ndt/Gfaa076
https://www.ncbi.nlm.nih.gov/pubmed/32535631
https://doi.org/10.1007/S00223-017-0345-5
https://www.ncbi.nlm.nih.gov/pubmed/29058056
https://doi.org/10.3390/Healthcare10061100
https://www.ncbi.nlm.nih.gov/pubmed/35742149
https://doi.org/10.1093/Gerona/Gls178
https://www.ncbi.nlm.nih.gov/pubmed/22960476
https://doi.org/10.1126/Scitranslmed.Aan5662
https://www.ncbi.nlm.nih.gov/pubmed/31341063
https://doi.org/10.3389/Fphys.2019.01435
https://www.ncbi.nlm.nih.gov/pubmed/31911785
https://doi.org/10.1016/j.Exger.2019.110722
https://www.ncbi.nlm.nih.gov/pubmed/31493521
https://doi.org/10.1007/s00223-013-9757-z
https://www.ncbi.nlm.nih.gov/pubmed/23842964
https://doi.org/10.1111/Acel.12387
https://www.ncbi.nlm.nih.gov/pubmed/26290460
https://doi.org/10.2169/Internalmedicine.56.7796
https://www.ncbi.nlm.nih.gov/pubmed/28381740
https://doi.org/10.3389/Fimmu.2019.00277
https://www.ncbi.nlm.nih.gov/pubmed/30915065
https://doi.org/10.1007/S00726-017-2493-3
https://www.ncbi.nlm.nih.gov/pubmed/28932911
https://doi.org/10.18632/Aging.101262
https://www.ncbi.nlm.nih.gov/pubmed/28783713
https://doi.org/10.1097/PPO.0000000000000053
https://www.ncbi.nlm.nih.gov/pubmed/24855003
https://doi.org/10.1038/Nrmicro2876
https://www.ncbi.nlm.nih.gov/pubmed/23000955
https://doi.org/10.1016/j.Clnu.2016.09.004
https://www.ncbi.nlm.nih.gov/pubmed/27642056
https://doi.org/10.3390/Nu15081991
https://www.ncbi.nlm.nih.gov/pubmed/37111210
https://doi.org/10.1016/j.Clnu.2013.03.020
https://www.ncbi.nlm.nih.gov/pubmed/23602613
https://doi.org/10.3390/Nu12020372
https://www.ncbi.nlm.nih.gov/pubmed/32023881

Biomedicines 2024, 12, 1218 22 of 26

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Maaser, C.; Sturm, A.; Vavricka, S.R.; Kucharzik, T.; Fiorino, G.; Annese, V.; Calabrese, E.; Baumgart, D.C.; Bettenworth, D.;
Borralho Nunes, P; et al. ECCO-ESGAR Guideline for Diagnostic Assessment in IBD Part 1: Initial Diagnosis, Monitoring of
Known IBD, Detection of Complications. J. Crohns Colitis 2019, 13, 144-164. [CrossRef] [PubMed]

Moon, N; Figgins, B.; Altshuler, E.; Pham, A.; Kamel, A.Y. Concurrent Zinc and Vitamin B6 Deficiencies in Acutely Exacerbated
Inflammatory Bowel Disease: Case Reports. Nutr. Clin. Pract. 2022, 37, 203-208. [CrossRef] [PubMed]

Brownson, E.; Saunders, J.; Jatkowska, A.; White, B.; Gerasimidis, K.; Seenan, J.P.; Macdonald, J. Micronutrient Status and
Prediction of Disease Outcome in Adults with Inflammatory Bowel Disease Receiving Biologic Therapy. Inflamm. Bowel Dis. 2023,
1zad174. [CrossRef] [PubMed]

Wan, Y.; Zhang, B. The Impact of Zinc and Zinc Homeostasis on the Intestinal Mucosal Barrier and Intestinal Diseases. Biomolecules
2022, 12,900. [CrossRef] [PubMed]

Abeywickrama, H.M.; Uchiyama, M.; Sumiyoshi, T.; Okuda, A.; Koyama, Y. The Role of Zinc on Nutritional Status, Sarcopenia,
and Frailty in Older Adults: A Scoping Review. Nutr. Rev. 2023, Nuad(094. [CrossRef]

Sha, T,; Li, W.; He, H.; Wu, J.; Wang, Y.; Li, H. Causal Relationship of Genetically Predicted Serum Micronutrients Levels with
Sarcopenia: A Mendelian Randomization Study. Front. Nutr. 2022, 9, 913155. [CrossRef] [PubMed]

De La Cruz-Géngora, V.; Palazuelos-Gonzélez, R.; Dominguez-Flores, O. Micronutrient Deficiencies in Older Adults in Latin-
America: A Narrative Review. Food Nutr. Bull. 2023, 3795721231214587. [CrossRef]

Van Dronkelaar, C.; Fultinga, M.; Hummel, M.; Kruizenga, H.; Weijs, PJ.M.; Tieland, M. Minerals and Sarcopenia in Older Adults:
An Updated Systematic Review. |. Am. Med. Dir. Assoc. 2023, 24, 1163-1172. [CrossRef] [PubMed]

Fasanmade, A.A.; Adedokun, O.J.; Olson, A.; Strauss, R.; Davis, H.M. Serum Albumin Concentration: A Predictive Factor of
Infliximab Pharmacokinetics and Clinical Response in Patients with Ulcerative Colitis. Int. J. Clin. Pharmacol. Ther. 2010, 48,
297-308. [CrossRef] [PubMed]

Kuroki, L.M.; Mangano, M.; Allsworth, J.E.; Menias, C.O.; Massad, L.S.; Powell, M.A.; Mutch, D.G.; Thaker, P.H. Pre-Operative
Assessment of Muscle Mass to Predict Surgical Complications and Prognosis in Patients with Endometrial Cancer. Ann. Surg.
Oncol. 2015, 22,972-979. [CrossRef] [PubMed]

Lieffers, ].R.; Bathe, O.F.; Fassbender, K.; Winget, M.; Baracos, V.E. Sarcopenia Is Associated with Postoperative Infection and
Delayed Recovery from Colorectal Cancer Resection Surgery. Br. ]. Cancer 2012, 107, 931-936. [CrossRef]

Dindo, D.; Demartines, N.; Clavien, P--A. Classification of Surgical Complications: A New Proposal with Evaluation in a Cohort
of 6336 Patients and Results of a Survey. Ann. Surg. 2004, 240, 205-213. [CrossRef] [PubMed]

Reisinger, KW.; van Vugt, ].L.A ; Tegels, ].J.W.; Snijders, C.; Hulsewé, K.W.E.; Hoofwijk, A.G.M.; Stoot, ].H.; Von Meyenfeldt, M.E;
Beets, G.L.; Derikx, ].P.M.; et al. Functional Compromise Reflected by Sarcopenia, Frailty, and Nutritional Depletion Predicts
Adverse Postoperative Outcome after Colorectal Cancer Surgery. Ann. Surg. 2015, 261, 345-352. [CrossRef]

Liu, S.; Ding, X.; Maggiore, G.; Pietrobattista, A.; Satapathy, S.K; Tian, Z.; Jing, X. Sarcopenia Is Associated with Poor Clinical
Outcomes in Patients with Inflammatory Bowel Disease: A Prospective Cohort Study. Ann. Transl. Med. 2022, 10, 367. [CrossRef]
[PubMed]

Zhang, T.; Cao, L.; Cao, T; Yang, J.; Gong, J.; Zhu, W.; Li, N.; Li, J. Prevalence of Sarcopenia and Its Impact on Postoperative
Outcome in Patients with Crohn’s Disease Undergoing Bowel Resection. JPEN ]. Parenter. Enter. Nutr. 2017, 41, 592-600.
[CrossRef] [PubMed]

Bertani, L.; Ribaldone, D.G.; Bellini, M.; Mumolo, M.G.; Costa, F. Inflammatory Bowel Diseases: Is There a Role for Nutritional
Suggestions? Nutrients 2021, 13, 1387. [CrossRef] [PubMed]

Fujikawa, H.; Araki, T.; Okita, Y.; Kondo, S.; Kawamura, M.; Hiro, ]J.; Toiyama, Y.; Kobayashi, M.; Tanaka, K.; Inoue, Y.; et al.
Impact of Sarcopenia on Surgical Site Infection after Restorative Proctocolectomy for Ulcerative Colitis. Surg. Today 2017, 47,
92-98. [CrossRef]

Berger, M.; Yamada, A.; Komaki, Y.; Komaki, F.; Cohen, R.D.; Dalal, S.; Hurst, R.D.; Hyman, N.; Pekow, ].; Shogan, B.D.; et al. Low
Skeletal Muscle Index Adjusted for Body Mass Index Is an Independent Risk Factor for Inflammatory Bowel Disease Surgical
Complications. Crohns Colitis 2020, 2, Otaa064. [CrossRef] [PubMed]

Er6s, A.; Soos, A.; Hegyi, P.; Szakacs, Z.; Benke, M.; Szfics, A.; Hartmann, P; Ersss, B.; Sarlos, P. Sarcopenia as an Independent
Predictor of the Surgical Outcomes of Patients with Inflammatory Bowel Disease: A Meta-Analysis. Surg. Today 2020, 50,
1138-1150. [CrossRef] [PubMed]

Knoedler, S.; Schliermann, R.; Knoedler, L.; Wu, M.; Hansen, E]J.; Matar, D.Y.; Obed, D.; Vervoort, D.; Haug, V.; Hundeshagen, G.;
et al. Impact of Sarcopenia on Outcomes in Surgical Patients: A Systematic Review and Meta-Analysis. Int. . Surg. 2023, 109,
4238-4262. [CrossRef]

Ge, X; Jiang, L.; Yu, W,; Wu, Y,; Liu, W.; Qi, W.; Cao, Q.; Bai, R.; Zhou, W. The Importance of Sarcopenia as a Prognostic Predictor
of the Clinical Course in Acute Severe Ulcerative Colitis Patients. Dig. Liver Dis. 2021, 53, 965-971. [CrossRef] [PubMed]
Cushing, K.C.; Kordbacheh, H.; Gee, M.S.; Kambadakone, A.; Ananthakrishnan, A.N. Sarcopenia Is a Novel Predictor of the
Need for Rescue Therapy in Hospitalized Ulcerative Colitis Patients. J. Crohns Colitis 2018, 12, 1036-1041. [CrossRef]

Choy, M.C; Seah, D.; Faleck, D.M.; Shah, S.C.; Chao, C.-Y; An, Y.-K,; Radford-Smith, G.; Bessissow, T.; Dubinsky, M.C.; Ford,
A.C.; et al. Systematic Review and Meta-Analysis: Optimal Salvage Therapy in Acute Severe Ulcerative Colitis. Inflamm. Bowel
Dis. 2019, 25, 1169-1186. [CrossRef] [PubMed]


https://doi.org/10.1093/Ecco-Jcc/Jjy113
https://www.ncbi.nlm.nih.gov/pubmed/30137275
https://doi.org/10.1002/Ncp.10665
https://www.ncbi.nlm.nih.gov/pubmed/33930197
https://doi.org/10.1093/Ibd/Izad174
https://www.ncbi.nlm.nih.gov/pubmed/37611079
https://doi.org/10.3390/Biom12070900
https://www.ncbi.nlm.nih.gov/pubmed/35883455
https://doi.org/10.1093/Nutrit/Nuad094
https://doi.org/10.3389/Fnut.2022.913155
https://www.ncbi.nlm.nih.gov/pubmed/35811987
https://doi.org/10.1177/03795721231214587
https://doi.org/10.1016/j.Jamda.2023.05.017
https://www.ncbi.nlm.nih.gov/pubmed/37355247
https://doi.org/10.5414/Cpp48297
https://www.ncbi.nlm.nih.gov/pubmed/20420786
https://doi.org/10.1245/S10434-014-4040-8
https://www.ncbi.nlm.nih.gov/pubmed/25190123
https://doi.org/10.1038/Bjc.2012.350
https://doi.org/10.1097/01.Sla.0000133083.54934.Ae
https://www.ncbi.nlm.nih.gov/pubmed/15273542
https://doi.org/10.1097/SLA.0000000000000628
https://doi.org/10.21037/Atm-22-1126
https://www.ncbi.nlm.nih.gov/pubmed/35433981
https://doi.org/10.1177/0148607115612054
https://www.ncbi.nlm.nih.gov/pubmed/26471990
https://doi.org/10.3390/Nu13041387
https://www.ncbi.nlm.nih.gov/pubmed/33924119
https://doi.org/10.1007/S00595-016-1357-x
https://doi.org/10.1093/Crocol/Otaa064
https://www.ncbi.nlm.nih.gov/pubmed/36776498
https://doi.org/10.1007/S00595-019-01893-8
https://www.ncbi.nlm.nih.gov/pubmed/31617016
https://doi.org/10.1097/JS9.0000000000000688
https://doi.org/10.1016/j.Dld.2021.03.031
https://www.ncbi.nlm.nih.gov/pubmed/33934998
https://doi.org/10.1093/Ecco-Jcc/Jjy064
https://doi.org/10.1093/Ibd/Izy383
https://www.ncbi.nlm.nih.gov/pubmed/30605549

Biomedicines 2024, 12, 1218 23 of 26

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

Whaley, K.G.; Rosen, M.]. Contemporary Medical Management of Acute Severe Ulcerative Colitis. Inflamm. Bowel Dis. 2019, 25,
56-66. [CrossRef] [PubMed]

Leeds, L.L.; Sundel, M.H.; Gabre-Kidan, A.; Safar, B.; Truta, B.; Efron, ].E.; Fang, S.H. Outcomes for Ulcerative Colitis with
Delayed Emergency Colectomy Are Worse When Controlling for Preoperative Risk Factors. Dis. Colon. Rectum 2019, 62, 600607 .
[CrossRef] [PubMed]

Grova, M.; Crispino, F.; Maida, M.; Vitello, A.; Renna, S.; Casa, A.; Tese, L.; Macaluso, FS.; Orlando, A. Sarcopenia Is a Negative
Predictive Factor for Endoscopic Remission in Patients with Crohn’s Disease Treated with Biologics. Dig. Liver Dis. 2023, 55,
865-871. [CrossRef] [PubMed]

Singh, S.P,; Jadaun, ].S.; Narnoliya, L.K.; Pandey, A. Prebiotic Oligosaccharides: Special Focus on Fructooligosaccharides, Its
Biosynthesis and Bioactivity. Appl. Biochem. Biotechnol. 2017, 183, 613-635. [CrossRef] [PubMed]

Ding, N.S.; Malietzis, G.; Lung, PE.C.; Penez, L.; Yip, WM.; Gabe, S.; Jenkins, ].T.; Hart, A. The Body Composition Profile Is
Associated with Response to Anti-TNF Therapy in Crohn’s Disease and May Offer an Alternative Dosing Paradigm. Aliment.
Pharmacol. Ther. 2017, 46, 883-891. [CrossRef] [PubMed]

Patsalos, O.; Dalton, B.; Leppanen, J.; Ibrahim, M.A.A.; Himmerich, H. Impact of TNF-« Inhibitors on Body Weight and BMI: A
Systematic Review and Meta-Analysis. Front. Pharmacol. 2020, 11, 481. [CrossRef] [PubMed]

Subramaniam, K.; Fallon, K.; Ruut, T.; Lane, D.; McKay, R.; Shadbolt, B.; Ang, S.; Cook, M.; Platten, J.; Pavli, P; et al. Infliximab
Reverses Inflammatory Muscle Wasting (Sarcopenia) in Crohn’s Disease. Aliment. Pharmacol. Ther. 2015, 41, 419-428. [CrossRef]
[PubMed]

Santos, J.C.D.; Malaguti, C.; de Azevedo Lucca, F; Cabalzar, A.L.; da Rocha Ribeiro, T.C.; Gaburri, P.D.; Chebli, L.A.; Chebli, ] M.E.
Impact of Biological Therapy on Body Composition of Patients with Chron’s Disease. Rev. Assoc. Med. Bras. 2017, 63, 407-413.
[CrossRef] [PubMed]

Stidham, R.W.; Lee, T.C.H.; Higgins, PD.R.; Deshpande, A.R.; Sussman, D.A.; Singal, A.G.; Elmunzer, B.J.; Saini, S.D.; Vijan, S.;
Waljee, A.K. Systematic Review with Network Meta-Analysis: The Efficacy of Anti-TNF Agents for the Treatment of Crohn’s
Disease. Aliment. Pharmacol. Ther. 2014, 39, 1349-1362. [CrossRef] [PubMed]

Franchimont, N.; Putzeys, V.; Collette, J.; Vermeire, S.; Rutgeerts, P.; De Vos, M.; Van Gossum, A.; Franchimont, D.; Fiasse, R.;
Pelckmans, P; et al. Rapid Improvement of Bone Metabolism after Infliximab Treatment in Crohn’s Disease. Aliment. Pharmacol.
Ther. 2004, 20, 607-614. [CrossRef] [PubMed]

Abreu, M.T,; Geller, J.L.; Vasiliauskas, E.A.; Kam, L.Y.; Vora, P.; Martyak, L.A.; Yang, H.; Hu, B.; Lin, Y.-C.; Keenan, G.; et al.
Treatment with Infliximab Is Associated with Increased Markers of Bone Formation in Patients with Crohn’s Disease. J. Clin.
Gastroenterol. 2006, 40, 55-63. [CrossRef]

Massironi, S.; Vigano, C.; Palermo, A.; Pirola, L.; Mulinacci, G.; Allocca, M.; Peyrin-Biroulet, L.; Danese, S. Inflammation and
Malnutrition in Inflammatory Bowel Disease. Lancet Gastroenterol. Hepatol. 2023, 8, 579-590. [CrossRef] [PubMed]

Puleo, F; Meirelles, K.; Navaratnarajah, M.; Fitzpatrick, L.; Shumate, M.L.; Cooney, R.N.; Lang, C.H. Skeletal Muscle Catabolism
in Trinitrobenzene Sulfonic Acid-Induced Murine Colitis. Metabolism 2010, 59, 1680-1690. [CrossRef] [PubMed]

Bischoff, S.C.; Barazzoni, R.; Busetto, L.; Campmans-Kuijpers, M.; Cardinale, V.; Chermesh, I; Eshraghian, A.; Kani, H.T,;
Khannoussi, W.; Lacaze, L.; et al. European Guideline on Obesity Care in Patients with Gastrointestinal and Liver Diseases-Joint
European Society for Clinical Nutrition and Metabolism/United European Gastroenterology Guideline. United Eur. Gastroenterol.
J. 2022, 10, 663-720. [CrossRef] [PubMed]

Singh, S.; Dulai, PS.; Zarrinpar, A.; Ramamoorthy, S.; Sandborn, W.J. Obesity in IBD: Epidemiology, Pathogenesis, Disease Course
and Treatment Outcomes. Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 110-121. [CrossRef] [PubMed]

Weir, C.B.; Jan, A. BMI Classification Percentile and Cut off Points. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA,
2024.

Michalak, A.; Kasztelan-Szczerbiriska, B.; Cichoz-Lach, H. Impact of Obesity on the Course of Management of Inflammatory
Bowel Disease—A Review. Nutrients 2022, 14, 3983. [CrossRef]

Bryant, R.V,; Schultz, C.G.; Ooi, S.; Goess, C.; Costello, S.P.; Vincent, A.D.; Schoeman, S.N.; Lim, A.; Bartholomeusz, F.D.; Travis,
S.PL.; et al. Obesity in Inflammatory Bowel Disease: Gains in Adiposity despite High Prevalence of Myopenia and Osteopenia.
Nutrients 2018, 10, 1192. [CrossRef] [PubMed]

Bryant, R.V,; Trott, M.].; Bartholomeusz, ED.; Andrews, ].M. Systematic Review: Body Composition in Adults with Inflammatory
Bowel Disease. Aliment. Pharmacol. Ther. 2013, 38, 213-225. [CrossRef]

Connelly, TM.; Juza, R.M.; Sangster, W.; Sehgal, R.; Tappouni, R.F; Messaris, E. Volumetric Fat Ratio and Not Body Mass Index Is
Predictive of Ileocolectomy Outcomes in Crohn’s Disease Patients. Dig. Surg. 2014, 31, 219-224. [CrossRef]

Chan, J.; Telang, R.; Kociszewska, D.; Thorne, P.R.; Vlajkovic, S.M. A High-Fat Diet Induces Low-Grade Cochlear Inflammation in
CD-1 Mice. Int. ]. Mol. Sci. 2022, 23, 5179. [CrossRef] [PubMed]

De Rosa, V.; Procaccini, C.; Cali, G.; Pirozzi, G.; Fontana, S.; Zappacosta, S.; La Cava, A.; Matarese, G. A Key Role of Leptin in the
Control of Regulatory T Cell Proliferation. Immunity 2007, 26, 241-255. [CrossRef] [PubMed]

Bradley, D.; Shantaram, D.; Smith, A.; Hsueh, W.A. Adipose Tissue T Regulatory Cells: Implications for Health and Disease. Adv.
Exp. Med. Biol. 2021, 1278, 125-139. [CrossRef] [PubMed]

Rubio-Ruiz, M.E.; Guarner-Lans, V.; Pérez-Torres, I.; Soto, M.E. Mechanisms Underlying Metabolic Syndrome-Related Sarcopenia
and Possible Therapeutic Measures. Int. ]. Mol. Sci. 2019, 20, 647. [CrossRef]


https://doi.org/10.1093/Ibd/Izy208
https://www.ncbi.nlm.nih.gov/pubmed/29889235
https://doi.org/10.1097/DCR.0000000000001276
https://www.ncbi.nlm.nih.gov/pubmed/30451754
https://doi.org/10.1016/j.Dld.2023.02.017
https://www.ncbi.nlm.nih.gov/pubmed/36925319
https://doi.org/10.1007/S12010-017-2605-2
https://www.ncbi.nlm.nih.gov/pubmed/28948462
https://doi.org/10.1111/Apt.14293
https://www.ncbi.nlm.nih.gov/pubmed/28881017
https://doi.org/10.3389/Fphar.2020.00481
https://www.ncbi.nlm.nih.gov/pubmed/32351392
https://doi.org/10.1111/Apt.13058
https://www.ncbi.nlm.nih.gov/pubmed/25580985
https://doi.org/10.1590/1806-9282.63.05.407
https://www.ncbi.nlm.nih.gov/pubmed/28724037
https://doi.org/10.1111/Apt.12749
https://www.ncbi.nlm.nih.gov/pubmed/24749763
https://doi.org/10.1111/j.1365-2036.2004.02152.x
https://www.ncbi.nlm.nih.gov/pubmed/15352908
https://doi.org/10.1097/01.Mcg.0000190762.80615.D4
https://doi.org/10.1016/S2468-1253(23)00011-0
https://www.ncbi.nlm.nih.gov/pubmed/36933563
https://doi.org/10.1016/j.Metabol.2010.03.021
https://www.ncbi.nlm.nih.gov/pubmed/20546811
https://doi.org/10.1002/Ueg2.12280
https://www.ncbi.nlm.nih.gov/pubmed/35959597
https://doi.org/10.1038/Nrgastro.2016.181
https://www.ncbi.nlm.nih.gov/pubmed/27899815
https://doi.org/10.3390/Nu14193983
https://doi.org/10.3390/Nu10091192
https://www.ncbi.nlm.nih.gov/pubmed/30200405
https://doi.org/10.1111/Apt.12372
https://doi.org/10.1159/000365359
https://doi.org/10.3390/Ijms23095179
https://www.ncbi.nlm.nih.gov/pubmed/35563572
https://doi.org/10.1016/j.Immuni.2007.01.011
https://www.ncbi.nlm.nih.gov/pubmed/17307705
https://doi.org/10.1007/978-981-15-6407-9_8
https://www.ncbi.nlm.nih.gov/pubmed/33523447
https://doi.org/10.3390/Ijms20030647

Biomedicines 2024, 12, 1218 24 of 26

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

Singh, U.P; Singh, N.P; Guan, H.; Busbee, B.; Price, R.L.; Taub, D.D.; Mishra, M.K ; Fayad, R.; Nagarkatti, M.; Nagarkatti, P.S.
Leptin Antagonist Ameliorates Chronic Colitis in IL-10—/— Mice. Immunobiology 2013, 218, 1439-1451. [CrossRef] [PubMed]
Nilsson, M.L; Dobson, J.P.; Greene, N.P.; Wiggs, M.P.; Shimkus, K.L.; Wudeck, E.V.; Davis, A.R.; Laureano, M.L.; Fluckey, J.D.
Abnormal Protein Turnover and Anabolic Resistance to Exercise in Sarcopenic Obesity. FASEB J. 2013, 27, 3905-3916. [CrossRef]
[PubMed]

Tardif, N.; Salles, J.; Guillet, C.; Tordjman, J.; Reggio, S.; Landrier, ].-F,; Giraudet, C.; Patrac, V.; Bertrand-Michel, J.; Migne, C.; et al.
Muscle Ectopic Fat Deposition Contributes to Anabolic Resistance in Obese Sarcopenic Old Rats through EIF2« Activation. Aging
Cell 2014, 13, 1001-1011. [CrossRef] [PubMed]

Cohen, A.B.; Lee, D.; Long, M.D.; Kappelman, M.D.; Martin, C.F,; Sandler, R.S.; Lewis, ].D. Dietary Patterns and Self-Reported
Associations of Diet with Symptoms of Inflammatory Bowel Disease. Dig. Dis. Sci. 2013, 58, 1322-1328. [CrossRef] [PubMed]
Churchward-Venne, T.A.; Breen, L.; Phillips, S.M. Alterations in Human Muscle Protein Metabolism with Aging: Protein and
Exercise as Countermeasures to Offset Sarcopenia. Biofactors 2014, 40, 199-205. [CrossRef] [PubMed]

Zhang, T,; Ding, C.; Xie, T,; Yang, ].; Dai, X,; Lv, T,; Li, Y,; Gu, L.; Wei, Y.; Gong, J.; et al. Skeletal Muscle Depletion Correlates with
Disease Activity in Ulcerative Colitis and Is Reversed after Colectomy. Clin. Nutr. 2017, 36, 1586-1592. [CrossRef] [PubMed]
Saeed, S.; Ekhator, C.; Abdelaziz, A.M.; Naveed, H.; Karski, A.; Cook, D.E.; Reddy, S.M.; Affaf, M.; Khan, S.J.; Bellegarde, S.B.;
et al. Revolutionizing Inflammatory Bowel Disease Management: A Comprehensive Narrative Review of Innovative Dietary
Strategies and Future Directions. Cureus 2023, 15, E44304. [CrossRef] [PubMed]

Bischoff, S.C.; Bager, P; Escher, J.; Forbes, A.; Hébuterne, X.; Hvas, C.L.; Joly, E; Klek, S.; Krznaric, Z.; Ockenga, J.; et al. ESPEN
Guideline on Clinical Nutrition in Inflammatory Bowel Disease. Clin. Nutr. 2023, 42, 352-379. [CrossRef] [PubMed]

Murphy, C.H.; Oikawa, S.Y.; Phillips, S.M. Dietary Protein to Maintain Muscle Mass in Aging: A Case for Per-Meal Protein
Recommendations. J. Frailty Aging 2016, 5, 49-58. [CrossRef] [PubMed]

Ispoglou, T.; Witard, O.C.; Duckworth, L.C.; Lees, M.]. The Efficacy of Essential Amino Acid Supplementation for Augmenting
Dietary Protein Intake in Older Adults: Implications for Skeletal Muscle Mass, Strength and Function. Proc. Nutr. Soc. 2021, 80,
230-242. [CrossRef]

Lv, X.; Zhou, C.; Yan, Q.; Tan, Z.; Kang, J.; Tang, S. Elucidating the Underlying Mechanism of Amino Acids to Regulate Muscle
Protein Synthesis: Effect on Human Health. Nutrition 2022, 103-104, 111797. [CrossRef] [PubMed]

Rondanelli, M.; Opizzi, A.; Antoniello, N.; Boschi, F,; ladarola, P; Pasini, E.; Aquilani, R.; Dioguardi, ES. Effect of Essential Amino
Acid Supplementation on Quality of Life, Amino Acid Profile and Strength in Institutionalized Elderly Patients. Clin. Nutr. 2011,
30, 571-577. [CrossRef] [PubMed]

Solerte, S.B.; Gazzaruso, C.; Bonacasa, R.; Rondanelli, M.; Zamboni, M.; Basso, C.; Locatelli, E.; Schifino, N.; Giustina, A.;
Fioravanti, M. Nutritional Supplements with Oral Amino Acid Mixtures Increases Whole-Body Lean Mass and Insulin Sensitivity
in Elderly Subjects with Sarcopenia. Am. J. Cardiol. 2008, 101, 69E-77E. [CrossRef]

Scognamiglio, R.; Piccolotto, R.; Negut, C.; Tiengo, A.; Avogaro, A. Oral Amino Acids in Elderly Subjects: Effect on Myocardial
Function and Walking Capacity. Gerontology 2005, 51, 302-308. [CrossRef] [PubMed]

Theodorakopoulos, C.; Jones, J.; Bannerman, E.; Greig, C.A. Effectiveness of Nutritional and Exercise Interventions to Improve
Body Composition and Muscle Strength or Function in Sarcopenic Obese Older Adults: A Systematic Review. Nutr. Res. 2017, 43,
3-15. [CrossRef]

Yin, Y.-H.; Liu, J.Y.W.,; Vilimé&ki, M. Effectiveness of Non-Pharmacological Interventions on the Management of Sarcopenic
Obesity: A Systematic Review and Meta-Analysis. Exp. Gerontol. 2020, 135, 110937. [CrossRef] [PubMed]

Guo, Y,; Fu, X.; Hu, Q.; Chen, L.; Zuo, H. The Effect of Leucine Supplementation on Sarcopenia-Related Measures in Older Adults:
A Systematic Review and Meta-Analysis of 17 Randomized Controlled Trials. Front. Nutr. 2022, 9, 929891. [CrossRef] [PubMed]
Xu, Z.; Tan, Z.; Zhang, Q.; Gui, Q.; Yang, Y. The Effectiveness of Leucine on Muscle Protein Synthesis, Lean Body Mass and Leg
Lean Mass Accretion in Older People: A Systematic Review and Meta-Analysis. Br. J. Nutr. 2015, 113, 25-34. [CrossRef] [PubMed]
Martinez-Arnau, FM.; Fonfria-Vivas, R.; Cauli, O. Beneficial Effects of Leucine Supplementation on Criteria for Sarcopenia: A
Systematic Review. Nutrients 2019, 11, 2504. [CrossRef] [PubMed]

Lee, S.Y.; Lee, H.].; Lim, J.-Y. Effects of Leucine-Rich Protein Supplements in Older Adults with Sarcopenia: A Systematic Review
and Meta-Analysis of Randomized Controlled Trials. Arch. Gerontol. Geriatr. 2022, 102, 104758. [CrossRef]

Lin, Z.; Zhao, A.; He, ]. Effect of 3-Hydroxy-pB-Methylbutyrate (HMB) on the Muscle Strength in the Elderly Population: A
Meta-Analysis. Front. Nutr. 2022, 9, 914866. [CrossRef] [PubMed]

Wilkinson, D.J.; Hossain, T.; Hill, D.S.; Phillips, B.E.; Crossland, H.; Williams, J.; Loughna, P.; Churchward-Venne, T.A.; Breen,
L.; Phillips, S.M.; et al. Effects of Leucine and Its Metabolite 3-Hydroxy-B-Methylbutyrate on Human Skeletal Muscle Protein
Metabolism. J. Physiol. 2013, 591, 2911-2923. [CrossRef] [PubMed]

Vukovich, M.D.; Stubbs, N.B.; Bohlken, R.M. Body Composition in 70-Year-Old Adults Responds to Dietary Beta-Hydroxy-Beta-
Methylbutyrate Similarly to That of Young Adults. J. Nutr. 2001, 131, 2049-2052. [CrossRef] [PubMed]

Wu, H.; Xia, Y;; Jiang, J.; Du, H.; Guo, X,; Liu, X,; Li, C.; Huang, G.; Niu, K. Effect of Beta-Hydroxy-Beta-Methylbutyrate
Supplementation on Muscle Loss in Older Adults: A Systematic Review and Meta-Analysis. Arch. Gerontol. Geriatr. 2015, 61,
168-175. [CrossRef] [PubMed]


https://doi.org/10.1016/j.Imbio.2013.04.020
https://www.ncbi.nlm.nih.gov/pubmed/23726523
https://doi.org/10.1096/Fj.12-224006
https://www.ncbi.nlm.nih.gov/pubmed/23804240
https://doi.org/10.1111/Acel.12263
https://www.ncbi.nlm.nih.gov/pubmed/25139155
https://doi.org/10.1007/S10620-012-2373-3
https://www.ncbi.nlm.nih.gov/pubmed/22923336
https://doi.org/10.1002/Biof.1138
https://www.ncbi.nlm.nih.gov/pubmed/24105883
https://doi.org/10.1016/j.Clnu.2016.10.004
https://www.ncbi.nlm.nih.gov/pubmed/27814937
https://doi.org/10.7759/Cureus.44304
https://www.ncbi.nlm.nih.gov/pubmed/37664362
https://doi.org/10.1016/j.Clnu.2022.12.004
https://www.ncbi.nlm.nih.gov/pubmed/36739756
https://doi.org/10.14283/Jfa.2016.80
https://www.ncbi.nlm.nih.gov/pubmed/26980369
https://doi.org/10.1017/S0029665120008010
https://doi.org/10.1016/j.Nut.2022.111797
https://www.ncbi.nlm.nih.gov/pubmed/36150333
https://doi.org/10.1016/j.Clnu.2011.04.005
https://www.ncbi.nlm.nih.gov/pubmed/21636183
https://doi.org/10.1016/j.Amjcard.2008.03.004
https://doi.org/10.1159/000086366
https://www.ncbi.nlm.nih.gov/pubmed/16110231
https://doi.org/10.1016/j.Nutres.2017.05.002
https://doi.org/10.1016/j.Exger.2020.110937
https://www.ncbi.nlm.nih.gov/pubmed/32240820
https://doi.org/10.3389/Fnut.2022.929891
https://www.ncbi.nlm.nih.gov/pubmed/35845777
https://doi.org/10.1017/S0007114514002475
https://www.ncbi.nlm.nih.gov/pubmed/25234223
https://doi.org/10.3390/Nu11102504
https://www.ncbi.nlm.nih.gov/pubmed/31627427
https://doi.org/10.1016/j.Archger.2022.104758
https://doi.org/10.3389/Fnut.2022.914866
https://www.ncbi.nlm.nih.gov/pubmed/35911112
https://doi.org/10.1113/Jphysiol.2013.253203
https://www.ncbi.nlm.nih.gov/pubmed/23551944
https://doi.org/10.1093/Jn/131.7.2049
https://www.ncbi.nlm.nih.gov/pubmed/11435528
https://doi.org/10.1016/j.Archger.2015.06.020
https://www.ncbi.nlm.nih.gov/pubmed/26169182

Biomedicines 2024, 12, 1218 25 of 26

200.

201.

202.

203.

204.

205.
206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

Bear, D.E.; Langan, A.; Dimidi, E.; Wandrag, L.; Harridge, S.D.R.; Hart, N.; Connolly, B.; Whelan, K. 3-Hydroxy-[3-Methylbutyrate
and Its Impact on Skeletal Muscle Mass and Physical Function in Clinical Practice: A Systematic Review and Meta-Analysis. Am.
J. Clin. Nutr. 2019, 109, 1119-1132. [CrossRef] [PubMed]

Farquhar, I; Fairclough, J.A. Sciatic Block in Lower Limb Surgery. Injury 1990, 21, 107-109. [CrossRef]

Tomlinson, P.B.; Joseph, C.; Angioi, M. Effects of Vitamin D Supplementation on Upper and Lower Body Muscle Strength Levels
in Healthy Individuals. A Systematic Review with Meta-Analysis. ]. Sci. Med. Sport. 2015, 18, 575-580. [CrossRef] [PubMed]
Cheng, S.-H.; Chen, K.-H.; Chen, C.; Chu, W.-C.; Kang, Y.-N. The Optimal Strategy of Vitamin D for Sarcopenia: A Network
Meta-Analysis of Randomized Controlled Trials. Nutrients 2021, 13, 3589. [CrossRef] [PubMed]

Girgis, C.M; Clifton-Bligh, R.].; Mokbel, N.; Cheng, K.; Gunton, J.E. Vitamin D Signaling Regulates Proliferation, Differentiation,
and Myotube Size in C2C12 Skeletal Muscle Cells. Endocrinology 2014, 155, 347-357. [CrossRef] [PubMed]

Ceglia, L.; Harris, S.S. Vitamin D and Its Role in Skeletal Muscle. Calcif. Tissue Int. 2013, 92, 151-162. [CrossRef] [PubMed]

Wu, Z; Liu, D.; Deng, F. The Role of Vitamin D in Immune System and Inflammatory Bowel Disease. J. Inflamm. Res. 2022, 15,
3167-3185. [CrossRef] [PubMed]

Whitehouse, A.S.; Smith, H.]J.; Drake, J.L.; Tisdale, M.J. Mechanism of Attenuation of Skeletal Muscle Protein Catabolism in
Cancer Cachexia by Eicosapentaenoic Acid. Cancer Res. 2001, 61, 3604-3609. [PubMed]

Allaire, J.; Couture, P.; Leclerc, M.; Charest, A.; Marin, J.; Lépine, M.-C.; Talbot, D.; Tchernof, A.; Lamarche, B. A Randomized,
Crossover, Head-to-Head Comparison of Eicosapentaenoic Acid and Docosahexaenoic Acid Supplementation to Reduce Inflam-
mation Markers in Men and Women: The Comparing EPA to DHA (ComparED) Study. Am. |. Clin. Nutr. 2016, 104, 280-287.
[CrossRef]

Therdyothin, A.; Phiphopthatsanee, N.; Isanejad, M. The Effect of Omega-3 Fatty Acids on Sarcopenia: Mechanism of Action and
Potential Efficacy. Mar. Drugs 2023, 21, 399. [CrossRef] [PubMed]

Tseng, P-T.; Zeng, B.-Y.; Zeng, B.-S.; Liao, Y.-C.; Stubbs, B.; Kuo, ].S.; Sun, C.-K.; Cheng, Y.-S.; Chen, Y.-W.; Chen, T.-Y,; et al.
Omega-3 Polyunsaturated Fatty Acids in Sarcopenia Management: A Network Meta-Analysis of Randomized Controlled Trials.
Ageing Res. Rev. 2023, 90, 102014. [CrossRef] [PubMed]

Huang, Y.-H.; Chiu, W.-C; Hsu, Y.-P; Lo, Y.-L.; Wang, Y.-H. Effects of Omega-3 Fatty Acids on Muscle Mass, Muscle Strength and
Muscle Performance among the Elderly: A Meta-Analysis. Nutrients 2020, 12, 3739. [CrossRef] [PubMed]

Supinski, G.S.; Vanags, ].; Callahan, L.A. Eicosapentaenoic Acid Preserves Diaphragm Force Generation Following Endotoxin
Administration. Crit. Care 2010, 14, R35. [CrossRef] [PubMed]

Zhang, Y.; Guo, H,; Liang, ].; Xiao, W.; Li, Y. Relationship Between Dietary Omega-3 and Omega-6 Polyunsaturated Fatty Acids
Level and Sarcopenia. A Meta-Analysis of Observational Studies. Front. Nutr. 2021, 8, 738083. [CrossRef] [PubMed]

Hurst, C.; Robinson, S.M.; Witham, M.D.; Dodds, R.M.; Granic, A.; Buckland, C.; De Biase, S.; Finnegan, S.; Rochester, L.; Skelton,
D.A; et al. Resistance Exercise as a Treatment for Sarcopenia: Prescription and Delivery. Age Ageing 2022, 51, Afac003. [CrossRef]
[PubMed]

Nishikawa, H.; Nakamura, S.; Miyazaki, T.; Kakimoto, K.; Fukunishi, S.; Asai, A.; Nishiguchi, S.; Higuchi, K. Inflammatory Bowel
Disease and Sarcopenia: Its Mechanism and Clinical Importance. J. Clin. Med. 2021, 10, 4214. [CrossRef] [PubMed]

Mc Gettigan, N.; Allen, K.; Saeidi, R.; O" Toole, A.; Boland, K. A Systematic Review of the Effect of Structured Exercise on
Inflammation and Body Composition in Inflammatory Bowel Disease. Int. J. Color. Dis. 2023, 38, 143. [CrossRef] [PubMed]
American College of Sports Medicine; Chodzko-Zajko, W.J.; Proctor, D.N.; Fiatarone Singh, M.A.; Minson, C.T.; Nigg, C.R.; Salem,
G.J.; Skinner, J.S. American College of Sports Medicine Position Stand. Exercise and Physical Activity for Older Adults. Med. Sci.
Sports Exerc. 2009, 41, 1510-1530. [CrossRef] [PubMed]

Ruas, J.L.; White, ].P,; Rao, R.R.; Kleiner, S.; Brannan, K.T.; Harrison, B.C.; Greene, N.P; Wu, J; Estall, J.L.; Irving, B.A; etal. A
PGC-1« Isoform Induced by Resistance Training Regulates Skeletal Muscle Hypertrophy. Cell 2012, 151, 1319-1331. [CrossRef]
[PubMed]

Eckert, K.G.; Abbasi-Neureither, I.; Képpel, M.; Huber, G. Structured Physical Activity Interventions as a Complementary
Therapy for Patients with Inflammatory Bowel Disease—A Scoping Review and Practical Implications. BMC Gastroenterol. 2019,
19, 115. [CrossRef] [PubMed]

Zinna, E.M.; Yarasheski, K.E. Exercise Treatment to Counteract Protein Wasting of Chronic Diseases. Curr. Opin. Clin. Nutr. Metab.
Care 2003, 6, 87-93. [CrossRef] [PubMed]

Zhao, Z.; Yan, K.; Guan, Q.; Guo, Q.; Zhao, C. Mechanism and Physical Activities in Bone-Skeletal Muscle Crosstalk. Front.
Endocrinol. 2023, 14, 1287972. [CrossRef] [PubMed]

Rojas Vega, S.; Knicker, A.; Hollmann, W.; Bloch, W.; Striider, H.K. Effect of Resistance Exercise on Serum Levels of Growth
Factors in Humans. Horm. Metab. Res. 2010, 42, 982-986. [CrossRef] [PubMed]

Hamrick, M.W. The Skeletal Muscle Secretome: An Emerging Player in Muscle-Bone Crosstalk. Bonekey Rep. 2012, 1, 60. [CrossRef]
[PubMed]

Jones, K.; Baker, K.; Speight, R.A.; Thompson, N.P.; Tew, G.A. Randomised Clinical Trial: Combined Impact and Resistance
Training in Adults with Stable Crohn’s Disease. Aliment. Pharmacol. Ther. 2020, 52, 964-975. [CrossRef] [PubMed]

Neelam, P.B.; Sharma, A.; Sharma, V. Sarcopenia and Frailty in Inflammatory Bowel Disease: Emerging Concepts and Evidence.
JGH Open 2024, 8, E13033. [CrossRef] [PubMed]


https://doi.org/10.1093/Ajcn/Nqy373
https://www.ncbi.nlm.nih.gov/pubmed/30982854
https://doi.org/10.1016/0020-1383(90)90066-4
https://doi.org/10.1016/j.Jsams.2014.07.022
https://www.ncbi.nlm.nih.gov/pubmed/25156880
https://doi.org/10.3390/Nu13103589
https://www.ncbi.nlm.nih.gov/pubmed/34684590
https://doi.org/10.1210/En.2013-1205
https://www.ncbi.nlm.nih.gov/pubmed/24280059
https://doi.org/10.1007/S00223-012-9645-y
https://www.ncbi.nlm.nih.gov/pubmed/22968766
https://doi.org/10.2147/JIR.S363840
https://www.ncbi.nlm.nih.gov/pubmed/35662873
https://www.ncbi.nlm.nih.gov/pubmed/11325828
https://doi.org/10.3945/Ajcn.116.131896
https://doi.org/10.3390/Md21070399
https://www.ncbi.nlm.nih.gov/pubmed/37504930
https://doi.org/10.1016/j.Arr.2023.102014
https://www.ncbi.nlm.nih.gov/pubmed/37442370
https://doi.org/10.3390/Nu12123739
https://www.ncbi.nlm.nih.gov/pubmed/33291698
https://doi.org/10.1186/Cc8913
https://www.ncbi.nlm.nih.gov/pubmed/20233404
https://doi.org/10.3389/Fnut.2021.738083
https://www.ncbi.nlm.nih.gov/pubmed/35096921
https://doi.org/10.1093/Ageing/Afac003
https://www.ncbi.nlm.nih.gov/pubmed/35150587
https://doi.org/10.3390/Jcm10184214
https://www.ncbi.nlm.nih.gov/pubmed/34575326
https://doi.org/10.1007/S00384-023-04437-2
https://www.ncbi.nlm.nih.gov/pubmed/37227593
https://doi.org/10.1249/MSS.0b013e3181a0c95c
https://www.ncbi.nlm.nih.gov/pubmed/19516148
https://doi.org/10.1016/j.Cell.2012.10.050
https://www.ncbi.nlm.nih.gov/pubmed/23217713
https://doi.org/10.1186/S12876-019-1034-9
https://www.ncbi.nlm.nih.gov/pubmed/31266461
https://doi.org/10.1097/00075197-200301000-00013
https://www.ncbi.nlm.nih.gov/pubmed/12496685
https://doi.org/10.3389/Fendo.2023.1287972
https://www.ncbi.nlm.nih.gov/pubmed/38239981
https://doi.org/10.1055/s-0030-1267950
https://www.ncbi.nlm.nih.gov/pubmed/21053157
https://doi.org/10.1038/Bonekey.2012.60
https://www.ncbi.nlm.nih.gov/pubmed/23951457
https://doi.org/10.1111/Apt.16002
https://www.ncbi.nlm.nih.gov/pubmed/33119156
https://doi.org/10.1002/Jgh3.13033
https://www.ncbi.nlm.nih.gov/pubmed/38283070

Biomedicines 2024, 12, 1218 26 of 26

226.

227.

228.

229.

230.

231.

232.

Kim, J.E.; O’Connor, L.E.; Sands, L.P; Slebodnik, M.B.; Campbell, W.W. Effects of Dietary Protein Intake on Body Composition
Changes after Weight Loss in Older Adults: A Systematic Review and Meta-Analysis. Nutr. Rev. 2016, 74, 210-224. [CrossRef]
Backx, EM.P; Tieland, M.; Borgonjen-van Den Berg, K.]J.; Claessen, PR.; van Loon, L.J.C.; de Groot, L.C.P.G.M. Protein Intake
and Lean Body Mass Preservation during Energy Intake Restriction in Overweight Older Adults. Int. ]. Obes. 2016, 40, 299-304.
[CrossRef]

Villareal, D.T.; Aguirre, L.; Gurney, A.B.; Waters, D.L.; Sinacore, D.R.; Colombo, E.; Armamento-Villareal, R.; Qualls, C. Aerobic or
Resistance Exercise, or Both, in Dieting Obese Older Adults. N. Engl. . Med. 2017, 376, 1943-1955. [CrossRef] [PubMed]
Trouwborst, I.; Verreijen, A.; Memelink, R.; Massanet, P.; Boirie, Y.; Weijs, P.; Tieland, M. Exercise and Nutrition Strategies to
Counteract Sarcopenic Obesity. Nutrients 2018, 10, 605. [CrossRef] [PubMed]

Gadelha, A.B.; Paiva, EM.L.; Gauche, R.; de Oliveira, R.].; Lima, R.M. Effects of Resistance Training on Sarcopenic Obesity Index
in Older Women: A Randomized Controlled Trial. Arch. Gerontol. Geriatr. 2016, 65, 168-173. [CrossRef] [PubMed]

Chen, H.-T.; Chung, Y.-C.; Chen, Y.-J.; Ho, S.-Y.; Wu, H.-]. Effects of Different Types of Exercise on Body Composition, Muscle
Strength, and IGF-1 in the Elderly with Sarcopenic Obesity. J. Am. Geriatr. Soc. 2017, 65, 827-832. [CrossRef] [PubMed]

Kim, H.; Kim, M.; Kojima, N.; Fujino, K.; Hosoi, E.; Kobayashi, H.; Somekawa, S.; Niki, Y.; Yamashiro, Y.; Yoshida, H. Exercise
and Nutritional Supplementation on Community-Dwelling Elderly Japanese Women with Sarcopenic Obesity: A Randomized
Controlled Trial. J. Am. Med. Dir. Assoc. 2016, 17, 1011-1019. [CrossRef]

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/10.1093/Nutrit/Nuv065
https://doi.org/10.1038/Ijo.2015.182
https://doi.org/10.1056/NEJMoa1616338
https://www.ncbi.nlm.nih.gov/pubmed/28514618
https://doi.org/10.3390/Nu10050605
https://www.ncbi.nlm.nih.gov/pubmed/29757230
https://doi.org/10.1016/j.Archger.2016.03.017
https://www.ncbi.nlm.nih.gov/pubmed/27057600
https://doi.org/10.1111/Jgs.14722
https://www.ncbi.nlm.nih.gov/pubmed/28205203
https://doi.org/10.1016/j.Jamda.2016.06.016

	Introduction 
	Diagnostic Methods to Identify Sarcopenia in IBD Patients 
	Muscle Mass Assessment 
	Muscle Strength Assessment 
	Physical Performance Assessment 
	Malnutrition Risk Screening 

	Pathogenetic Mechanisms of Sarcopenia in IBD 
	Primary Sarcopenia 
	Inflammation in IBD 
	Gut Microbiota and Intestinal Permeability 
	Malnutrition 

	Impact of Sarcopenia on IBD Clinical Settings 
	Outcomes in IBD 
	Role of IBD Medications 
	Sarcopenic Obesity 

	Treatments 
	Supplements 
	Resistance Training 

	Conclusions 
	References

