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Abstract: Background: Sarcopenia and obesity are global health concerns that usually precede the
onset and development of adverse health outcomes among older people. Recent findings have shown
that sarcopenic obesity is a significant risk factor for geriatric mental health conditions, especially
depression. However, it remains mechanistically unclear how sarcopenic obesity-specific interactions
among adipose tissues, skeletal muscles, and/or the sites of intramuscular lipid accumulation adversely
affect the mental health of older adults. Scope: Peer-reviewed articles on both clinical (humans) and
preclinical (experimental animals and cultured cells) studies primarily aiming at elucidating the
associations between sarcopenic obesity and mental health and the molecular mechanisms behind, with
English full-text available, were included. Key findings: In this review, we reviewed the definitions,
diagnostic criteria [European Society for Clinical Nutrition and Metabolism (ESPEN) and the
European Association for the Study of Obesity (EASO)], screening and staging, and health
consequences of sarcopenic obesity. We discuss potential mechanisms underlying the association
between sarcopenic obesity and mental health, including dysfunction of the hypothalamic—pituitary—
adrenal axis, chronic systemic low-grade inflammation (C-reactive protein, interleukin-6, and tumor
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necrosis factor alpha), oxidative stress, and an imbalance between adipokines (leptin, fatty acid—
binding proteins, adiponectin, and resistin) and myokines (brain-derived neurotrophic factor, irisin,
fibroblast growth factor 21, and apelin). Additionally, we gain novel insights into the deficiency in
store-operated Ca>" entry regulatory factor in immune cells, triggering the release of proinflammatory
cytokines and the influx of peripheral tissue factors into the brain via disrupting the blood—brain barrier.
Conclusions: A deep understanding of the molecular pathways behind the onset of sarcopenic obesity -
related mental disorders can provide a future perspective for the identification of evidence-based
biomarkers and therapeutic targets in human clinical studies.

Keywords: sarcopenic obesity; sarcopenia; muscle loss; overweight; obesity; mental health; mental
disorders; mental well-being; exercise training; resistance training

Abbreviations: ASM: appendicular skeletal muscle; ASMI: appendicular skeletal muscle index;
AWGS: Asian Working Group on Sarcopenia; BBB: blood—brain barrier; BDNF: brain-derived
neurotrophic factor; BIA: bioelectrical impedance analysis; BMI: body mass index; bw: body weight;
Ca?": calcium ions; Cavl: L-type channels; CNS: central nervous system; CRP: C-reactive protein;
DXA: dual-energy X-ray absorptiometry; EASO: European Association for the Study of Obesity;
ERK1/2: Mitogen-activated protein kinase; ESPEN: European Society for Clinical Nutrition and
Metabolism; EWGSOP: European Working Group on Sarcopenia in Older People; FABP: fatty acid—
binding proteins; FFAs: free fatty acids; FGF21: fibroblast growth factor 21; FNIH: Foundation of the
National Institutes of Health; HG: handgrip; HPA: hypothalamic-pituitary-adrenal; IGF-1: insulin-like
growth factor 1; IL-4: interleukin-4; IL-6: interleukin-6; IL-18: interleukin-18; IR: insulin resistance;
IWGS: International Working Group on Sarcopenia; MDD: major depressive disorder; miRNAs:
microRNAs; MMP: matrix metalloproteinases; ROS: reactive oxygen species; SARAF: stored-
operated calcium entry regulatory factor; SO: sarcopenic obesity; STAT3: signal transducer and
activator of transcription 3; T2D: type 2 diabetes; TNF-a: tumor necrosis factor alpha; TrkB: tyrosine
kinase 2; TRP: transient receptor potential; WC: waist circumference

1. Introduction

First coined by Rosenberg in 1997, sarcopenia is now defined as a muscle aging condition
characterized by age-related loss of muscle mass, strength, and physical functional performance [1].
Among older people (aged >60 years), the global prevalence of sarcopenia ranged from 10% to 27%,
whereas the prevalence of severe sarcopenia varied from 2% to 9% [2]. The overall prevalence
estimates were similar in men and women (10%; 95% CI: 8%—13%), but higher among non-Asian
than Asian individuals in both sexes [3]. The cutoff values of different definitions in the diagnosis of
sarcopenia are shown in Table 1 [4-9]. Etiologic factors of sarcopenia, encompassing genetic,
physiologic, and environmental aspects, include impaired muscle fiber structure, neuromuscular
disconnection, altered muscle protein metabolism, protein anabolic failure, elevated production of
proinflammatory cytokines [e.g., interleukin-6 (IL-6), tumor necrosis factor alpha (TNF-a), and signal
transducer and activator of transcription 3 (STAT3)], augmented oxidative stress and impaired
mitochondrial uncoupling, poor nutritional status, and physical inactivity/sedentary lifestyles [10,11].
Sarcopenia is a critical determinant of frailty in older populations, leading to a heightened risk of
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disability, hospitalization, and mortality [8,12]. Nonpharmacological approaches, including increased
daily protein intake (>1.0 g/kg body weight), a vitamin D-rich diet, and resistance training (e.g., >2
days/week, major muscle groups, and moderate or greater intensity), are commonly used for the
management of sarcopenia [10].

Table 1. Diagnostic criteria for sarcopenia.

ASMI, kg/m? ASM/BMI, kg ASM/bw, kg/kg Handgripstrength, kg Gaitspeed, m/s
Men Women Men Women Men Women Men Women Men Women
AWGS2014 <7.0 <54 - - - - <26 <18 <0.8 <0.8
(DXA)
<5.7
(BIA)
AWGS2019 <7.0 <54 <0.789 <0.512 — - <28 <18 <1.0 <I1.0
(DXA)
<5.7
(BIA)
EWGSOP1 <6.52 <544 — — - - <28 <I8 <0.8 <0.8
EWGSOP2 <7.0 <5.5 - - - - <27 <16 <0.8 <0.8
IWGS <7.23 <567 — - - - - — <1.0 <1.0
FNIH - - <0.789 <0.512 — — <26 <16 - -

Note: Abbreviations: ASM, appendicular skeletal muscle; ASMI, appendicular skeletal muscle index; AWGS, Asian Working Group on
Sarcopenia; BIA, bioelectrical impedance analysis; BMI, body mass index; bw, body weight; DXA, dual-energy X-ray absorptiometry;
EWGSOP, European Working Group on Sarcopenia in Older People; FNIH, Foundation of the National Institutes of Health; IWGS,

International Working Group on Sarcopenia.
1.1. Sarcopenic obesity (SO)
1.1.1.  Definitions and diagnostic criteria

Sarcopeniaand obesity are global concerns that usually precede the onset and development of adverse
health outcomes in older people. Globally, more than one-third of older people aged 60 and older are living
with obesity [13], which is characterized by excessive accumulation of fat inside the body. According to
the consensus statement on the definition and diagnostic criteria by the European Society for Clinical
Nutrition and Metabolism (ESPEN) and the European Association for the Study of Obesity (EASO), SO
is defined as the co-occurrence of both sarcopenia (low muscle mass and function) and obesity (excess fat
mass) on the basis of sex-, ethnicity- and age-adjusted cutoff points (Table 2) [ 14]. The impact of sarcopenia
on body fat gain can be explained by reduced total energy expenditure and/or positive energy balance,
whereas obesity-related metabolic abnormalities usually contribute to impaired muscle metabolism,
especially protein anabolism. The interrelationship between obesity and sarcopenia has been evidenced by
the significant correlation between visceral adiposity and sarcopenia, and greater visceral fatness exhibited
a higher likelihood of sarcopenia and SO [15,16]. Current evidence has also shown that patients with SO
had a higher risk of type 2 diabetes (T2D) than those with obesity or sarcopeniaalone [ 17], implicatinga
synergistic adverse effect of co-occurring sarcopenia and obesity. Like sarcopenia, the treatment of SO is
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mainly nonpharmacological, including exercise (e.g., resistance training) and nutritional (e.g., dietary

antioxidant) interventions [18-20].

Table 2. Criteria for diagnosing sarcopenic obesity according to the European Society for
Clinical Nutrition and Metabolism (ESPEN) and the European Association for the Study
of Obesity (EASO) consensus statement.

1. Body composition

(a) Low muscle mass
(i) Skeletal muscle mass adjusted by

weight (assessed by DXA)

(i1) Appendicular lean mass adjusted to
body weight (assessed by BIA)
(b) Obesity

(i) BMI

(i) WC

(iii) Fat mass

2. Low muscle strength

HG

Cutoff points

Men

CLASS I of Sarcopenia
(1-2 SD): 31.5%—-37%;
CLASS II of Sarcopenia
(<2 SD): <31.5%
<25.7%

Cutoff points
Men
Non-Asians:
>29.9 kg/m?
Asians:

>24.9 kg/m?
Non-Asians:
>102 cm
Asians:

>90 cm
Caucasians:
20-39y: >26%
40-59 y: >29%
60-79y: >31%
Asians:
20-39y: >28%
40-59 y: 29%
60-79y: 29%
African-Americans:
20-39y: >26%
40-59 y: >27%
60-79y: >29%
Cutoff points
Men
Caucasians:
<27 kg

Asians:

<28 kg

References
Women
CLASS I of Sarcopenia
(1-2SD): 22.1%-27.6%;
CLASS II of Sarcopenia
(<2 SD): <22.1%
<19.4%

[21]

[22]

References
Women
Non-Asians:
>29.9 kg/m?
Asians:
>24.9 kg/m?
Non-Asians:
>88 cm
Asians:
>80 cm
Caucasians:
20-39y: >39%
40-59 y: >41%
60—79y: >43%
Asians:
20-39y: >40%
40-59 y: >41%
60-79y: >41%
African-Americans:
20-39y: >38%
40-59 y: >39%
60-79y: >41%

[23]

[24]

[25]

[26]

[27]

References
Women
Caucasians:
<16 kg
Asians: [7]
<18 kg

[28]
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3. Low physical performance Cutoff values References
Men Women
Chair stand >17 s for 5 rises >17 s for 5 rises [29]

Note: Abbreviations: BIA, bioelectrical impedance analysis; BMI, body mass index; DXA, dual-energy X-ray

absorptiometry; HG, handgrip; WC, waist circumference.
1.1.2.  Prevalence and health consequences

Recent meta-analytic results have shown that SO affected approximately 1 in 10 older people
worldwide, with a wide regional variation in prevalence ranging from 3% to 29% [30-37]. SO was
more prevalent among individuals aged 75+ years (23%), hospitalized (16%), and residing in South
and North American countries (40%) [31,38]. A population-based cohort study on older people (n =
5888) has shown that both SO and sarcopenia were associated with an approximately 2- to 3-fold
higher risk of all-cause mortality independent of age and sex [38]. Among at-risk individuals (e.g.,
hospitalized older adults), the risk of all-cause mortality associated with SO versus age-matched
non-SO counterparts could be as high as 5-fold [39]. Other negative clinical consequences include
metabolic impairments (e.g., dyslipidemia and hyperglycemia) [14,40,41], osteoporosis [41,42],
frailty and functional disabilities [14,40], cardiovascular and respiratory diseases [14,40], and
cognitive impairments [43].

1.1.3.  Screening, diagnosis, and staging

The ESPEN and EASO consensus statement has suggested three steps for screening and diagnosing
SO: 1) screening of obese individuals with either high body mass index (BMI) or waist circumference
(WC) coexisting with surrogate parameters for sarcopenia [clinical symptoms, clinical suspicion, or
screened by questionnaires (e.g., 5-item SARC-F)], 2) diagnosis of impaired muscle functional
parameters (e.g., handgrip strength) followed by physical examination of body composition [e.g., dual-
energy X-ray absorptiometry (DXA) or bioelectrical impedance analysis (BIA)], and 3) staging of SO
based on the presence of complications attributable to altered body composition and impaired skeletal
muscle functional parameters [stage I: no complications; stage II: presence of >1 SO-related
complications (e.g., functional disabilities, cardiometabolic diseases, and respiratory diseases)] [14].

Screening: Woo (2017) suggested the use of a rapid screening tool, namely the 5-item SARC-F
questionnaire (strength, assistance in walking, rise from a chair, stair climbing, and history of falls), as
the first step in the large-scale screening of sarcopenia in community or primary care settings, followed
by resource-intensive physical examinations [ 10]. However, the SARC-F has poor sensitivity (13.7%—
50.0%) yet excellent specificity (82%) for screening sarcopenia, so researchers have recently proposed
using SARC-F by adding calf circumference (SARC-CalF), which has better sensitivity (25.0%—
54.5%) and diagnostic accuracy (90%—98%) for detecting sarcopenia[10,44—47]. A SARC-F score of
>4 suggests sarcopenia, whereas a SARC-CalF score of >11 indicates probable sarcopenia (Table 3).
Besides, Benz et al. (2024) suggested the use of handgrip strength (i.e., an indicator for muscle strength)
as the first screening step of SO, given its strong association with premature mortality among older
adults in a large-scale, population-based cohort study (n = 5888) [38]. The sensitivity and practicality
(time, availability, cost) of using SARC-F, SARC-CalF, and handgrip strength are in line with the
ESPEN and EASO consensus statement that SO screening should target the largest possible number
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of at-risk individuals and also be easily applied in a variety of clinical settings (e.g., outpatient clinics,
hospitals, and nursing homes) by health care professionals who may not have specialized training in
the field of obesity or sarcopenia [14]. For obesity screening, the consensus group supports the use of
both BMI and WC in routine clinical practice. Of note, older people aged 70+ years overweight and
presenting obesity should be immediately considered at risk of SO and are recommended to have
regular SO screening by using muscle functional tests (e.g., handgrip strength and chair stand).

Table 3. SARC-F questionnaire with the calf circumference measurement.

Components Questions Scoring

Strength How much difficulty do you have lifting None= 0;some = 1; a lot or unable =2
and carrying 10 pounds?
Assistance in walking ~ How much difficulty do you have walking None = 0; some = 1; a lot, use aids, or

across a room? unable = 2

Rise from a chair How much difficulty do you have None = 0; some = 1; a lot or unable
transferring from a chair or bed? without help =2

Climb stairs How much difficulty do you have None= 0; some = 1; a lot or unable = 2
climbing a flight of 10 stairs?

Falls How many times have you fallen in the =~ None=0; 1-3 falls=1;4 or more falls=
past year? 2

CC Measure the patient’s exposed right CC Females: >33 cm = 0; <33 cm = 10;

with the legs relaxed and feet 20 cm apart Males: >34 cm = 0; <34 cm = 10
from each other

Note: Abbreviations: CC, calf circumference.

Diagnosis: Assessment of muscle functional parameters should be considered as the first step
of diagnosis prior to body composition examination by BIA or DXA [14]. This is because impaired
muscle functions can adversely affect the quality of life and treatment regimens of SO patients.
Another concern is the lower practicality of body composition examination, which requires tools
that may not be accessible in clinical and research settings. The ESPEN/EASO consensus group
has suggested the use of maximal handgrip strength and maximal knee extensor strength of both
limbs, because other physical performance tests (e.g., usual gait speed) may be confounded by
impaired or degenerative joint conditions such as knee osteoarthritis. For body composition
examination, the consensus group has advocated the use of DXA rather than BIA, which should
be considered as the second choice. This is because BIA lacks direct measurement of body
composition and is easily confounded by some factors (e.g., hydration status, physical activity
levels, and menstruation). The ESPEN/EASO consensus group has suggested the use of skeletal
muscle mass normalized with body weight (kg) as the primary index, yet the muscle mass adjusted
for body weight is not commonly used for examining body composition in various definitions and
diagnostic criteria of sarcopenia (Table 2). Thus, the body weight normalization method requires
further studies to validate its use in routine clinical practice. Recently, the Asia—Oceania consensus
on definitions and diagnostic criteria for SO has recommended the use of appendicular skeletal
muscle index (kg/m?) [48], of which the cutoff values for defining sarcopenia have been widely
adopted across various diagnostic criteria suggested by different consensus groups, including the
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Asian Working Group on Sarcopenia, the European Working Group on Sarcopenia in Older People,
and the International Working Group on Sarcopenia.

Staging: SO staging after diagnosis is primarily based on the presence or absence of clinical
consequences attributable to altered body composition and impaired skeletal muscle functional
parameters. Based on this risk stratification, SO patients can be timely triaged so that older adults at a
higher risk for poor outcomes can receive more aggressive treatment and monitoring.

1.1.4.  Cellular and molecular crosstalk between sarcopenia and obesity

Mechanistically, myosteatosis and lipotoxicity in muscle may exacerbate impaired skeletal
muscle mass, strength, and anabolic sensitivity, thereby giving rise to several severe syndromes and
diseases, including frailty, cachexia and wasting disorders, and sarco-osteoporosis[10]. Axelrod et al.
(2023) highlighted that the sole intercept point between lipid accumulation in obesity and age-related
sarcopenia is systemic energy metabolic burden, so the adverse interaction between sites of lipid
accumulation and contractile force generation/myogenesis/muscle protein synthesis may dictate the
onset and progression of SO in older adults [11]. Potential mechanisms of lower muscle mass and
quality in the context of obesity include overexpression of systemic proinflammatory cytokines (e.g.,
IL-6, TNF-0, and STAT3) causing muscle wasting, impaired leptin and adiponectin sensitivity in
skeletal muscle triggering protein degradation, deficiencies in testosterone hindering muscle protein
synthesis, impaired regenerative capacity of skeletal muscle by reducing the number and proliferative
capacity of resident stem cells, impaired bioenergetic capacity of skeletal muscle by lowering the
number and function of mitochondria, and accumulation of intramyocellular lipids in the development
of muscle resistance to anabolic stimuli [11]. Therapeutically targeting these myocellular pathways
may help to preserve muscle mass and quality and hence alleviate SO-associated adverse outcomes
(e.g., impaired activities of daily living) in older adults. Figure 1 summarizes the potential factors for
lowering muscle mass and quality in the context of obesity.

Bioenergetic failure & [
Elevated ROS production

Impaired leptin /
adiponectin sensitivity

Activated
Macrophages

IL-6, TNF-q, and STAT3,

Factors for lower
muscle mass/quality
in obesity

Skeletal muscle
Testosterone
stem cells

Figure 1. Obesity-related risk factors for lower muscle mass and quality. Abbreviations:

Release of
proinflammatory
cytokines

Intramyocellular lipid
accumulation

IL-6, interleukin-6; ROS, reactive oxygen species; STAT3, signal transducer and activator
of transcription 3; TNF-o, tumor necrosis factor alpha.
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1.2. SO and mental health
1.2.1. Mental health

According to the World Health Organization, mental health is defined as more than the absence of
mental disorders: it is a state of mental well-being that enables people to realize their own capabilities to
confront normal stresses of life, learn and work well, and contribute to their community [49]. In the
present review, a wide definition of mental health, spanning from mental well-being to clinically
relevant mental health symptoms, was adopted.

1.2.2.  SO-related mental health

A prospective cohort study over a 6-year follow-up has shown that older adults comorbid with
probable sarcopenia and obesity (defined based on handgrip strength and BMI) (n =3862) had a 79%
greater risk of new onset depressive symptoms than their non-sarcopenic, non-obese counterparts [ 50].
Further, obese older adults showing the largest decline in handgrip strength (an indicator for impaired
muscle function) over time had the greatest risk of depressive symptoms (OR = 1.97, 95% CI: 1.22—
3.17) relative to non-obese counterparts who had stable handgrip strength. Meanwhile, sarcopenia has
been shown to be positively and independently associated with a greater risk of depression by almost
3-fold among obese individuals (n = 373) [51]. Recent cross-sectional evidence has also shown that
SO was significantly associated with increased likelihoods of mild and severe depression in adults (n
=7262) [52] and compromised quality of life in older women (n = 95) [ 53]. A recent systematic review
has further supported the bidirectional relationships between SO and mental health [ 54], implicating a
potential role of coexisting sarcopenia and obesity in the onset of mental disorders. However, further
high-quality experimental studies, for example, randomized controlled trials (RCTs), are imperatively
needed to verify the causal inference of SO with mental health in older adults.

1.3. Knowledge gap and research objectives

Although a few relevant narrative reviews and book chapters have been published on the
relationship between SO and mental health/disorders [55-58], no comprehensive review has
thoroughly discussed the cellular/molecular mechanisms behind this relationship thus far. Besides,
previous reviews primarily focused on human clinical studies but fell short in addressing the clinical
significance of preclinical studies on experimental animals and in vitro models, which are useful to
elucidate the underlying mechanisms of action and usually serve as a milestone for future human
clinical trials. Even though Blum et al. (2021) mechanistically studied the involvement of
catecholaminergic pathways in the association between SO and mental health, the study was only
confined to substance-seeking behavior (e.g., carbohydrate cravings) [59]. As such, the findings could
not be easily generalized to other populations or mental health outcomes. A comprehensive review on
the cellular/molecular mechanisms behind the relationships between SO and mental health is
imperatively needed, as the perspectives gained through the review process are clinically relevant to
the identification of empirically proven biomarkers and therapeutic targets to alleviate the two global
healthcare burdens (sarcopenia and obesity) in the rapidly ageing population, who is projected to
double (i.e., 2.1 billion) globally by 2050 and exceed 30% of the general population in some places
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(e.g., Japan and Hong Kong) [60]. In the present study, a state-of-the-art narrative review approach
was adopted, which attempts to summarize recently published literature concerning a specific current
matter [61]. Therefore, the objective of this study was to synthesize current evidence on the molecular
pathways involved in the crosstalk between SO phenotypes and the onset and progression of various
mental disorders. Taken together, a deep understanding of the underlying molecular pathways can
pinpoint the understudied research areas that require further investigation and hence probe for a future
perspective for the identification of evidence-based biomarkers and therapeutic targets in human
clinical studies.

2. Literature search strategy

Given that no formal guidelines or no consensus on standard structure are available for developing
narrative reviews, this narrative review study protocol was constructed primarily based on the
recommendations given by several reviews [ 61-63], namely that the development of narrative reviews
can benefit from the methodological rigor of systematic reviews, especially regarding the selection of
articles for review (e.g., search terms, study inclusion/exclusion criteria, and study selection flowchart).
The narrative review checklist proposed by the Academy of Nutrition and Dietetics for the present
study is shown in Appendix 1 [64].

2.1. Eligibility criteria

The eligibility criteria of retrieved records were screened for relevancy based on the
population/concept/context framework [65] (Table 3). In short, peer-reviewed articles on both clinical
(humans) and preclinical (experimental animals and cultured cells) studies primarily aiming at
elucidating the relationships between SO and mental health and the molecular mechanisms behind,
with English full-text available, were included. A wide definition of mental health outcomes, spanning
from mental well-being to clinically relevant mental health symptoms, was used [49]. Cognitive
functions, which generally refer to the brain’s abilities to function (e.g., learning, reasoning, and
memory), were not considered as a mental health outcome in the present study. Studies other than
primary research, including reviews, book chapters, errata/corrections, study protocols, editorials, and
commentaries, were excluded. Retracted articles or preprints were also excluded.

2.2. Information sources and search strategy

Similar to our previous review [66], studies published in the past five years from 2020 through
2025 were searched using the PubMed database, which is a free full-text archive of biomedical and
life sciences journal literature from MEDLINE, life science journals, and online books. The text word
terms used for the database search were piloted twice before implementation. The text word terms
were (sarcopenia OR sarcopenic OR “muscle loss”) for sarcopenia, and (obesity OR obese OR
overweight) for obesity, and (mental OR psychological OR depress* OR anxiety OR stress OR distress
OR mood OR emotion* OR affect* OR sleep OR insomnia OR resilience OR “quality of life” OR
satisfaction) for mental health. The search strategy is shown in Appendix 2.
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2.3. Selection process

The retrieved records were screened using a two-stage approach by first reviewing their titles and
abstracts, followed by their full texts. Duplicates were removed manually using an Excel spreadsheet.
Additional eligible studies were also identified by a manual search among the cited references of the
included studies. Additionally, relevant studies were identified based on the expert suggestions by
Leung WKC and Yau SSY, who have nearly 20 years of research experience in the field of molecular
biology and neuroscience.

2.4. Data collection and synthesis

The results of the included studies relevant to our study aims (SO and mental health) were charted
chronologically in a calibrated data extraction form. Similar to our previous narrative review [ 66], the
findings related to the neurobiological mechanisms or cell signaling pathways behind the relationships
between SO and mental health were also schematically and narratively summarized. The data
extraction process was conducted by two authors (Leung WKC and Yau CYC) and independently
verified by three co-authors (Yau SSY, Lam SC, and Suen LKP). Disagreement among the authors was
resolved through discussion.

3. Neural pathophysiological mechanisms linking SO to mental health
3.1. Study selection

By March 24, 2025, our PubMed search for records published from 2021 to 2025 yielded a total
of 531 records, of which the titles and abstracts were initially screened. In total, 463 studies that did
not meet the eligibility criteria were excluded. Altogether, 68 studies were retrieved for full -text
assessment. Finally, three primary studies that met the eligibility criteria were included for review and
reporting. The molecular mechanisms that were related to SO-linked mental disorders or brain
functions were systemic low-grade inflammation [67], oxidative stress [68], and deficiency in store-
operated calcium ions (Ca?") entry regulatory factor [69]. For the included studies, there were no
concerns about multiple reports or double result counting because they were completely different from
each other in terms of publication details (e.g., authors’ names and locations), subjects’ characteristics
(e.g., sample sizes and medical conditions), and main findings. The three included studies were mainly
used to supplement the main content of this review. Tables 4 and 5 summarize the characteristics and
main findings of the three included studies. Figure 2 shows the study selection process. Studies that
were found irrelevant to our study aims after full-text assessment are listed in Appendix 3.
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Table 4. Eligibility criteria based on the population/concept/context framework.

Inclusion and exclusion criteria

Population

Concept

Context
Study design

Human participants, experimental animals, and in vitro models

Mental health outcomes (e.g., depression, anxiety, stress, affect, distress, sleep, subjective

psychological well-being, and life satisfaction) pertaining to sarcopenic obesity; studies

examining cognitive functions, which generally refer to the brain’s abilities to function (e.g.,

learning, reasoning, and memory), were excluded

Clinical and preclinical settings

Peer-reviewed original research journal articles published in English with full text available;

retracted articles, preprints, and studies other than primary research, including reviews, book

chapters, errata/corrections, study protocols, editorials, and commentaries, were excluded.

Table 5. Summary of studies published from 2021 to 2025 examining the relationships
between sarcopenic obesity and mental disorders (n = 3).

Authors Subjects Context Main findings
Lee et al. Experimental Solanum melongena ~ Muscle and hippocampal expressions of
(2024); South animals: (SME) extract (200 muscle-derived myokines (BDNF,

Korea;
interventional
study [68]

Gataulin et al.
(2023); Israel;
interventional
study [69]

Pasco et al.
(2023);
Australia;
retrospective
cohort study
[67]

High-fat diet-
induced obese male
C57BL/6 mice

Experimental
animals:

SARAF-deficient

mice

Tissue cell culture:

Primary hepatocytes
isolated from the
SARAF-deficient

mice

Human subjects:
Middle-aged and
older women aged
47.6 years (35.9—
60.7): n =808

mg/kg BW/daily,
orally for 12 weeks)
supplementation 6-
weeks after obesity
induction

General and spatially
specific genetically
SARAF knocked-out
male mice aged 8—12
weeks

Women aged 20-84
years were followed
for a median of 16.1
years.

PGCla, irisin, and FGF21) increased after
SME administration

Age-dependent sarcopenic obesity
manifested (e.g., reduced energy
expenditure, lean mass, and locomotion
without affecting food consumption) in
the mice after SARAF ablation; reduced
hippocampal proliferation, altered activity
of the HPA axis and anxiety-related
behaviors in the mice after SARAF
ablation; elevated store-operated calcium
entry, increased vasopressin-induced Ca2*
oscillations, and increased mitochondrial
spare respiratory capacity in the
hepatocytes after SARAF ablation

19.9% (161/808) women developed an
MDD episode; women with both
sarcopenic obesity/obesity and systemic
low-grade inflammation (i.e., increased
serum concentration of high-sensitivity
CRP) were at increased risk of subsequent
MDD by >60% at follow-up.

Note: Abbreviations: BDNF, brain-derived neurotrophic factor; BW, body weight; CRP, C-reactive protein; FGF21,
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fibroblast growth factor 21; SME, Solanum melongena; PGCla, peroxisome proliferator-activated receptor gamma

coactivator 1-alpha; SARAF, stored-operated calcium entry regulatory factor.
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Figure 2. Study selection process.
3.2. Dysfunction of the hypothalamic—pituitary—adrenal (HPA) axis

The HPA axis is a primary neuroendocrine system in humans in response to stress, challenge, and
threat. In response to stress, the system produces several glucocorticoid hormones, mainly cortisol in
humans. In older adults, altered diurnal cortisol secretion might explain why older adults are more
likely to suffer from negative mental health outcomes [ 70]. Mechanistically, prolonged exposure to
high glucocorticoid levels due to chronic stress leads to reduced glucocorticoid receptor sensitivity,
resulting in less negative feedback and hence a long-term high level of cortisol “signal”. Therefore,
altered cortisol awakening response and a “flattened” morning-to-evening diurnal cortisol rhythm is a
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key indicator for HPA dysregulation. In sarcopenia, excessive HPA axis hyperactivity results in
consistently elevated circulatory cortisol, which in turn binds to glucocorticoid receptors in skeletal
muscle, thereby triggering muscle protein degradation via activating the ubiquitin-proteasome system
and autophagy-lysosomal pathway [71]. Other possible mechanisms linking HPA axis hyperactivation
to skeletal muscle damage include chronic systemic low-grade inflammation (e.g., increased TNF-a
and IL-6) and oxidative stress (to be discussed). Obesity-induced inflammation and/or insulin
resistance may further exacerbate the HPA axis dysregulation, increasing the susceptibility for
depressionin older adults with SO [55]. The linkage between SO and adverse mental health outcomes
due to obesity could be explained by hypermethylation of the glucocorticoid receptor promoter that
“turns off” the brain’s stress responses, thereby leading to elevated physiological reactivity and
heightened risk for mental disorders. In patients with generalized anxiety disorder, reduced
glucocorticoid receptor sensitivity and increased methylation of the glucocorticoid receptor promoter in
peripheral blood were very commonly seen [ 72]. Although the HPA axis dysregulation characterized by
higher morning cortisol levels (i.e., HPA axis hyperactivity at awakening) and a less dynamic awakening
response was also concomitantly observed in depressed older adults [ 73,74], the evidence on the direct
relevance of HPA axis activity to SO-related mental health in older adults is still very scarce.

3.3. Chronic systemic low-grade inflammation

Intramuscular expansion of adipose tissue is usually accompanied by an increase in inflammatory
cell types [75]. Infiltration of immune cells into adipose tissues, especially activated macrophages (aka
adipose tissue macrophages), further exacerbates intramuscular infiltration of adipose tissue, aggravates
the release of proinflammatory cytokines, and accelerates the atrophy of skeletal muscle [75-77]. The
major molecular mechanisms linking chronic low-grade inflammation to the occurrence of SO
included TNF signaling pathway (pyroptosis), ubiquitin/proteasome system (muscle proteolysis),
AKT/mTOR signaling pathway (skeletal muscle synthesis), and autophagy and p53 signaling pathway
(programmed cell death) [78—80]. Peripheral systematic inflammation has also been experimentally
shown to trigger disruptive blood—brain barrier (BBB) alterations (e.g., tight junction modification,
endothelial dysfunction/damage, and glycocalyx degradation) [81]. Hence, BBB changes allow the
invasion of peripheral proinflammatory cytokines and chemokines into the brain and interfere with its
balanced environment, thereby causing neuroinflammation and, more severely, a number of
psychiatric disorders, including schizophrenia, bipolar disorder, and depression.

Compelling evidence from 43 meta-analyses comprising 704 publications has supported the
neurobiological relevance of inflammatory biomarkers and their diagnostic potential for differentiating
psychiatric disorders [82]. For instance, 30 inflammatory factors [e.g., TNF-a, 1L-6, insulin-like
growth factor 1 (IGF-1), and C-reactive protein (CRP)] show significant alterations in at least one
psychiatric disorder, whereas a few inflammatory biomarkers (e.g., elevated IL-4 in bipolar disorder)
reveal disease specificity as evidenced by unique changes in specific psychiatric disorders. In a recent
large-scale prospective cohort study (n = 585,279), inflammation-related factors (e.g., leukocytes,
haptoglobin, and CRP) were also shown to be associated with a heightened risk of psychiatric disorders,
for example, depression, anxiety, and stress-related disorders [83]. Recent evidence has also shown
that middle-aged and older women with both SO and systemic low-grade inflammation (i.e., increased
serum concentration of high-sensitivity CRP) (n = 808) were at a >60% increased risk of subsequent
major depressive disorder (MDD) at a median 16.1-year follow-up [67]. Further, anti-inflammatory
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medications, including Celecoxib, Pioglitazone, and statins, have been proven to be effective in
treating bipolar disorder or MDD [84]. Among persistently depressed patients with baseline
inflammatory abnormalities, anti-inflammatory drugs (e.g., anti-TNF-o)) also demonstrated superior
effectiveness to classical antidepressants [ 85].

3.4. Oxidative stress

SO was associated with oxidative stress through mitochondrial dysfunction, endoplasmic
reticulum stress, and dysregulation of the skeletal muscle mass control pathways [ 86]. Oxidative stress
has been suggested to cause BBB disruption through damaging a variety of cellular components and
structures, including brain microvascular endothelial cells, astrocytes, pericytes, and basement
membrane, increased matrix metalloproteinases (MMP) expression, altered transporter expression and
BBB permeability, and activated autophagy in the hippocampus [87]. In humans, oxidative stress has
been implicated in a number of mental disorders, including anxiety, depression, schizophrenia, and
bipolar disorder, likely via disrupted oxidation-antioxidant pathways (e.g., increased ERK1/2
expression, proinflammatory IL-1B and TNF-a augmentation, and hampered antioxidant enzyme
activity) [88]. Recent evidence has shown that daily supplementation with Solanum melongena, an
eggplant antioxidant extract, could alleviate oxidative stress and inflammation and confer
neuroprotection by modulation of the brain-derived neurotrophic factor (BDNF)/peroxisome
proliferator—activated receptor gamma coactivator-1 alpha/irisin pathway via brain function—related
myokines in high-fat-diet-induced obese mice [68]. Chronic ferulic acid consumption has also been
shown to alleviate depressive-like symptoms through increased activities of superoxide dismutase in the
blood, catalase in the blood, and glutathione in the cerebral cortex among experimental animals [89].
Besides, hesperetin, a cholesterol-lowering flavonoid predominantly found in citrus juices, has been
suggested to attenuate diabetes-associated anxiety and depression-like behaviors in an experimental rat
model via activation of the Nrf2-ARE pathway [90], which is a known intrinsic mechanism of defense
against oxidative stress. Consistently, a systematic review and meta-analysis on 82 studies comprising 205
adult human patients showed that patients with psychiatric disorders (e.g., psychotic and bipolar disorders)
had higher oxidative stress levels than age-matched healthy controls [91]. Figure 3 shows the mechanistic
overview of SO-induced oxidative stress in terms of cellular apoptotic pathways and BBB damage and
dysfunction in the development of neurological diseases.
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3.5. Myosteatosis/lipotoxicity and adipokines

Excessive intramuscular/intramyocellular infiltration of lipids (aka “myosteatosis”) in the form
of free fatty acids (FFAs) induces mitochondrial dysfunction, impairs the process of FFA B-oxidation,
and stimulates reactive oxygen species production, thereby leading to insulin resistance (IR) in skeletal
muscle and altered adipokine/myokine secretions such as low serum irisin and high circulatory
myostatin [75,76,92]. The putative role of lipotoxicity in driving skeletal muscle atrophy can be due
to impaired muscle protein synthesis and translation via suppressing 4E-binding protein 1
phosphorylation [75]. Worsening of peripheral IR in the context of SO can be explained by lipotoxic
induction of impaired insulin-mediated glycogen synthesis and glucose uptake viaa reduced protein kinase
B/AKT phosphorylation. The combined lipotoxic effects of dysregulated adipokines and FFAs on skeletal
muscle cells have been evidenced both in vivo and in vitro [93]. In this section, we provide an in-depth
discussion on the mental health roles of three adipokines, namely leptin, adiponectin, and adipocyte fatty
acid-binding proteins (FABP), because the detrimental impacts of sarcopenic visceral obesity reside largely
in the interference with the downstream signaling cascades of these adipokines [75].

Leptin: In older obese people, the expansion of adipose tissue is usually accompanied by
increased expression of leptin, a peripheral adipocyte-secreted proinflammatory hormone to suppress
appetite. Plasma levels of leptin were found to be higher among middle-aged and older adults with SO
than age-matched counterparts with either sarcopenia or central obesity alone [ 94]. Mechanistically,
the upregulation of leptin induces low levels of persistent inflammation via the release of
proinflammatory cytokines such as TNF-a and IL-6, which in turn negatively regulate IGF-1 and
adiponectin, which are responsible for skeletal muscle protein synthesis, hence leading to the onset
and progression of obesity-associated sarcopenic phenotypes [76,95].

In MDD patients, plasma/serum levels of leptin were generally increased [ 96-98], implicating a
potential role of leptin in the pathophysiology of MDD. The increased levels of leptin were shown to predict
the occurrence of the atypical MDD subtype [ 98] and coexisting “somatic anxiety” symptoms [ 97]. In T2D
patients, higher serum levels of leptin were consistently observed among those with depressive and
moderate-severe anxiety symptoms, and the likelihood of developing depressive symptoms among
T2D patients in the highest leptin level group versus the lowest was almost 6-fold [99]. The
involvement of leptin in mood and psychiatric disorders could be explained by its potential linkages
to neural nitric oxide synthase activity and serotonin metabolism [ 100]. In schizophrenia or mood
disorders, increased production of nitric oxide due to loss of inhibition by leptin (aka “leptin resistance”)
contributes to serotonin inactivation, despite high levels of leptin. However, mixed findings were found
regarding different levels of circulating leptin among patients with mental disorders, such as low/high
in MDD and high in schizophrenia [96-98,101-103]. Zhu et al. (2022) attributed the heterogeneity in
circulating leptin levels to age, sex, body weight status, treatment with antipsychotics, and different
clinical subtypes or symptomatic profiles [97,98].

Adiponectin: Adiponectin, a protein adipokine predominantly secreted by white adipose tissue,
serves as a key regulator for blood glucose control and fatty acid breakdown. Reduced gene expression
and circulatory levels of adiponectin have been consistently observed among individuals and
experimental animals with obesity [104-106]. A meta-analysis of 30 eligible studies examining
serum/plasma adiponectin levels showed that patients with mental disorders (n = 19,178), including
anxiety and bipolar disorder, had lower peripheral adiponectin levels than age-matched healthy
counterparts [ 107]. In MDD patients, the serum concentration of adiponectin was lowered by >30%
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compared with healthy controls, and serum adiponectin was shown to have a good predictive
performance (AUC: 0.895) for MDD [108]. Mechanistically, intracerebrovascular injection of exogenous
adiponectin in diet-induced obese diabetic mice could alleviate depressive-like behaviors via
glucocorticoid-mediated negative feedback on the HPA axis [109], which is a major neuroendocrine
signaling system that regulates the sympathetic nervous system in response to stress. Other potential
mechanisms underlying the integral role of adiponectin in mental disorders, especially depressive and
anxiety symptoms, include restored hippocampal neuroplasticity accompanying increased peripheral and
hippocampal levels of BDNF [110—112], immune-inflammatory activation [ 113],and dysregulation of the
microbiota—gut—brain axis [ 113]. However, a meta-analysis showed that sarcopenic participants (n = 1389)
had a 20% higher level of adiponectin than healthy controls [ 114]. Thus, we postulate that the effects of
adiponectin on SO-associated mental disorders are dependent not only on the net changes of
peripheral/hippocampal adiponectin levels, but also on its altered sensitivity of binding with
AdipoR1/R2 receptors.

FABP: Released primarily by adipocytes and macrophages, FABP is another key regulator in the
pathogenesis of SO [75]. The involvement of circulating FABP in brain functions could be due to
MMP9-mediated BBB disruption [115]. Further, experimental evidence showed that Fabp7 knockout
mice had impaired prepulse inhibition of acoustic startle reflex and longer time to erase fear memory,
which are endophenotypic markers for psychiatric illnesses such as schizophrenia and bipolar disorder
and anxiety-like behavior, respectively [116]. In addition, FABPs seem to be a downstream effector of
the NOTCH (neurogenic locus notch homolog proteins) signaling, which was associated with an
increased risk for posttraumatic stress disorder based on the findings derived from integrated genetic,
epigenetic, and gene set enrichment analyses among survivors of war and genocide [117]. However,
serum FABP levels were higher in SO patients than non-SO counterparts, and multiple regression also
confirmed its independent/predictive role in determining the prevalence of SO [118], yet what FABP
members were examined was not clearly specified. Given that FABPs are members of the superfamily
of lipid-binding proteins comprising nine different members, a comprehensive analysis of FABP
members at different levels (genetic, epigenetic, translational, posttranslational, tissue distribution, and
cellular localization) should be conducted to elucidate the precise role of circulating FABP in SO-
associated psychiatric illnesses.

Resistin: Resistin, an adipocyte-derived hormone, has been suggested to play an important role
in obesity, IR, and diabetes [119]. In humans, resistin was the first to be described as a contributing
factor to IR and diabetes. It was shown that serum levels of resistin were consistently higher in both
high-fat-diet-induced and genetically modified obese mice than age-matched counterparts [120].
Meanwhile, treatments targeting resistin, such as antidiabetic medication, immunoneutralization, and
gene repression, could significantly improve insulin sensitivity and glucose metabolism in
experimental obese mouse models and T2D patients [119,121,122].

In older adults, circulating resistin levels were associated with low muscle mass [123,124],
increased sarcopenia/frailty risk [ 125,126], and higher serum levels of proinflammatory cytokines (e.g.,
CRP, IL-18, and TNF-a) [124,127]. Recently, an observational study has shown that the resistin G-A
haplotype at single nucleotide polymorphism-420/-358 was independently associated with SO,
independent of age and sex, with adjustment for other confounding factors [128]. In MDD and bipolar
disorder, serum resistin levels were significantly higher in patients than in healthy controls [129,130],
underlying its possible role in the pathogenesis of mental disorders, especially depression and bipolar
disorder. Clinically, serum resistin also had a fairly predictive performance for MDD (AUC: 0.746).
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3.6. Altered myokine secretions

Synthesized and secreted by myocytes, myokines are important mediators that show potentially
pleiotropic influences on non-muscle tissues or organs, including the brain. Myokines act through
autocrine, paracrine, and endocrine signaling to elicit diverse biological functions at the cellular level,
in skeletal muscle and other organs. Current reviews highlighted 14 myokines [e.g., apelin, BDNF,
fibroblast growth factor 21 (FGF21), IGF-1, IL-6, irisin, myostatin] that are highly associated with
age-related muscle atrophy. Dysregulation of myokine secretion (e.g., BDNF, irisin, FGF21, apelin,
and myostatin) triggered by excessive myocellular infiltration of lipids has also been largely implicated
in various central nervous system (CNS) diseases [ 131-136]. Although myostatin has been extensively
studied to be an accurate diagnostic marker for discriminating sarcopenic patients, it is mostly reported
to be associated with cognitive defects, but not mental disorders [137], and its signaling downstream
(presenilin 1) has been shown to have no association with late-onset depressive disorder subsequent to
Alzheimer’s disease [138]. Therefore, in this section, we only focus on four myokines (BDNF, irisin,
FGF21, and apelin) that are highly associated with mental illnesses.

BDNF': Dysfunction of neural plasticity due to neurotrophic factor deficiency, especially within
the hippocampus, is a key mechanism in the onset of depression. Contracting skeletal muscle is a major
source of neurotrophic factors that are known to play a central role in mood and behavior. BDNF is
among the most representative neurotrophic factors for depression [132]. In sarcopenia, low levels of
BDNF were also significantly associated with reduced muscle protein synthesis, increased muscle
protein degradation, impaired mitochondrial function, augmented oxidative stress, and impaired
neuromuscular junction integrity [139]. Within the hippocampus, BDNF is mainly responsible for
neurogenesis, neural growth and development, neuronal survival, neuroplasticity, and synaptogenesis
through neurotrophic receptor tyrosine kinase 2 (TrkB) signaling (e.g., RassMAPK or PI3K/Akt
pathways). In pathophysiology, reduced expression or increased promoter methylation of BDNF was
associated with early onset and greater severity of depression in humans and rodents [131,132].
Evidence from meta-analyses has shown that low circulating BDNF concentrations are observed in
untreated depressed patients versus antidepressant-treated patients and healthy controls [140,141]. By
successful treatment with antidepressant medications or electroconvulsive therapy, serum BDNF levels
in depressed patients can be effectively normalized [131,132]. Of note, over the course of
antidepressant treatment, larger alleviation of depressive symptom severity has been brought about by
a larger increase in blood/serum BDNF levels, suggesting an association between increased BDNF
levels and successful antidepressant treatments [141]. These observations strongly suggest an
important role of BDNF-involved pathways in the pathogenesis of depression and in typical
antidepressant treatments.

Irisin: Secretion of irisin is mediated through the enzymatic cleavage of the membrane-bound
precursor fibronectin type III domain-containing protein 5. In healthy elderly, serum irisin was
suggested to be a valid biomarker for improved muscle strength [142]. On the other hand, low
circulatory levels of irisin were shown to be a significant predictor for sarcopenia and sarcopenia-
associated health consequences (e.g., accidental falls) in older people with or without co-morbidities,
including obesity and T2D [ 143—145]. On the other hand, the exogenous administration of recombinant
irisin has been proven effective to alleviate age-related sarcopenia in experimental animals [92],
substantiating its clinical relevance in sarcopenia and its potential therapeutic roles against muscle
wasting. In a chronically stressed rodent model, exogenous irisin injection could suppress depressive-
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like behavior through regulation of glucose metabolism in the prefrontal cortex [ 146,147]. In ischemic
stroke patients, serum irisin is a powerful biomarker for post-stroke depression due to a greater
discriminatory ability when the irisin levels are added in receiver operating characteristic analysis
(from 0.77 to 0.81, 95% CI [0.76, 0.86]) [146,148].

FGF21: FGF21 is an endocrinal hormone-like or paracrine signaling molecule derived from
multiple organs (e.g., liver, adipose tissue, and muscle) primarily involved in energy metabolism.
Through targeting specific cell surface Trk receptors (e.g., FGF receptor 1c) with Beta-Klotho as a
cofactor, FGF21 triggers a multitude of intracellular signaling cascades, for example, PI3K/Akt,
MAPK, and STAT pathways, in a tissue-specific manner [149]. In T2D rodents, an 8-week resistance
training was suggested to increase skeletal muscle levels (soleus and extensor digitorum longus) of
FGF21 [150]. Meanwhile, the muscle levels of FGF21 showed positive correlations with grip strength.
Further, our earlier study has provided evidence of antidepressant effects of exercise in rodents through
the FGF21-adiponectin axis in hippocampal amelioration of neuroinflammation, neurogenesis, and
synaptic plasticity [151]. Other studies also resonated well with our findings that exogenous FGF21
injection could alleviate depressive-like behavior in vivo via microglial suppression of
proinflammatory signaling [ 152]. These findings have important implications for the potential central
actions of FGF21 in the genesis and symptom severity of mental disorders.

Apelin: Apelin is an endogenous ligand for the G-protein-coupled receptor APJ (APLNR). The
apelin/APJ system is involved in a number of physiological and pathological processes, including
energy metabolism, fluid homeostasis, heart failure, hypertension, and cardiovascular diseases. Of note,
apelin is an exercise-induced myokine capable of countering age-related loss of skeletal muscle mass,
quality, and strength. Recently, functional experiments using both knockout and ectopic-expressing
approaches in rodents have illustrated that apelin is an essential peptide in delaying and reversing age-
related sarcopenia [153]. In older adults, after 6 months of exercise training, plasma levels of apelin
were significantly augmented, and the levels were positively correlated with short physical
performance battery scores (i.e., higher scores indicate better mobility). A systematic review also
highlighted that exercise interventions (resistance, aerobic, and combined) favored the production of
serum apelin, and exercise effects were apparently observed in older adults [154]. Since APNR mRNA
is abundantly found in the CNS (especially amygdala, hypothalamus, Ammon’s horn, and dentate
gyrus) [136], the apelin/APJ system is highly speculated to play an important role in brain functions,
especially emotional behavior. In rodents, brain infusion of apelin-13 was shown to abrogate chronic
stress-induced depressive-like behavior via upregulation of BDNF in the amelioration of HPA axis and
hippocampal glucocorticoid receptor dysfunctions [155,156]. Serum apelin levels were also associated
with depressive disorders in patients with chronic conditions [157,158]. This substantial body of
evidence constitutes a potential link among physical activity/exercise, skeletal muscle capacities, and
depressive symptoms, likely through the apelin/APJ system.

3.7. Novel insights gained from an experimental animal study: dysregulated cellular store-operated
calcium entry

Store-operated calcium entry is a vital process to maintain intracellular metabolic homeostasis

in response to the depletion of Ca?* [159]. Cellular Ca®* imbalance, especially aberrantly increased
intracellular Ca?* entry, has been implicated in endothelial dysfunction [160], cardiovascular
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diseases [160,161], dysregulated immune responses [162], and acute/chronic neurodegenerative
diseases (e.g., brain ischemia, Alzheimer’s disease, and Parkinson’s disease) [163].

Homozygous deletion of stored-operated calcium entry regulatory factor (SARAF) has been
shown to induce age-dependent symptoms resembling SO with body weight gain, increased fat mass,
reduced lean mass, lower metabolic rate, reduced locomotion, and abdominal fat accumulation in
experimental elderly mice [69]. Deficiency of SARAF has also led to reduced hippocampal cell
proliferation, HPA axis activation, and anxiety-like behaviors. However, the peripheral-central
linkage(s) of SARAF remain to be explored, because a whole-body SARAF-knockout approach was
adopted. In other words, whether the SARAF ablation occurred in the brain and peripheral tissues
independently or whether the consequences associated with SARAF deficiency in central and
peripheral tissues exacerbate one another remains largely elusive. One possible explanation is the
involvement of circulatory immune cells with SARAF deficiency that produces proinflammatory
cytokines, triggering BBB disruption and hence favoring the influx of peripheral tissue factors (e.g.,
adipokines) into the brain [81,162]. In immune cells, stimulation of Ca?* channels, including transient
receptor potential (TRP) ion channels, Orail/stromal interaction molecule 1, and L-type channels
(Cavl), has been suggested to induce production and release of proinflammatory cytokines through
orchestrating a number of intracellular signaling cascades, such as JNK/STAT1/6, AKT/MAPK/NF-
kB, AKT/mTOR, and JAK/STAT3 [160,164,165] (Figure 4). As aforesaid, systemic inflammatory
factors (e.g., TNF-a, IL-6, IGF-1, and CRP) demonstrated neurobiological relevance to the occurrence
of psychiatric disorders [82]. The interaction has also been substantiated by previous findings reporting
the effects of anti-inflammatory drugs (e.g., anti-TNF-a) superior to or comparable with classical
medications in treating mental disorders [ 84,85]. Figure 5 summarizes how BBB destruction induced
by peripheral inflammation, oxidative stress, and SARAF-deficient immune cell responses allows the
flow of peripheral tissue factors (e.g., leptin, adiponectin, FABP, resistin, BDNF, irisin, FGF21, and
apelin) into the brain, causing CNS diseases, including mental disorders.
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Figure 4. Role of store-operated Ca?" entry and inflammation. Influx of calcium ions into
immune cells triggers phosphorylation and nuclear translocation of NF-kB by the
activation of MAPK pathways, phosphorylation of JNK/STAT1 or STAT6, and activation
of AKT/mTOR/STATS5-Foxp3 pathway, resulting in proinflammatory gene transcription.
Abbreviations: AKT, protein kinase B; Cavl, L-type channels; Foxp3, forkhead box P3;
JAK; Janus kinase; INK, Jun N-terminal kinase; MAPK, mitogen-activated protein kinase;
mTOR, mammalian target of rapamycin; NF-kB, nuclear factor kappa B; STAT, signal
transducer and activator of transcription; STIM1, stromal interaction molecule 1; TRP,
transient receptor potential ion channels.
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Figure 5. Blood—brain barrier destruction caused by peripheral inflammation, oxidative
stress, and store-operated calcium entry regulatory factor-deficient immune cells, leading
to the influx of peripheral tissue factors (e.g., leptin, adiponectin, FABP, resistin, BDNF,
irisin, FGF21, and apelin) into the brain. Potential mechanisms of BBB destruction include
alterations in tight junctions, endothelial damage, penetration of peripheral immune cells,
and altered receptors and transport pathways. Abbreviations: BBB, blood—brain barrier;
BDNF, brain-derived neurotrophic factor; CRP, C-reactive protein; FABP, fatty acid—
binding proteins; FGF21, fibroblast growth factor 21; IL-1b, interleukin-1beta; IL-6,
interleukin-6; ROS, reactive oxygen species; SARAF, store-operated calcium entry
regulatory factor; TNF-o, tumor necrosis factor alpha.

4. Conclusion

This paper provides a comprehensive review of the intricate relationship between SO and mental
health among older adults, highlighting the pathophysiological mechanisms involved linking
peripheral signals to mental health consequences. The evidence reviewed indicates that SO
significantly increases the risk of mental disorders, particularly depression, through various
mechanisms such as HPA axis dysregulation, chronic systemic low-grade inflammation, oxidative
stress, an imbalance between adipokines and myokines, and BBB disruption caused by store-operated
calcium entry regulatory factor-deficient immune cells. Our earlier review has also highlighted an
emerging research area on linking the microbiota—gut—brain axis to psychiatric outcomes, especially
depression and anxiety [166]. However, scientific evidence of how the axis works and contributes to
psychiatric disease onset and progression in SO is still very limited, although epigenetic aberrations
and microRNAs (miRNAs) may play a role in modulating the causal relationship between microbiota
composition and depressive and anxiety behaviors. Future clinical studies under well-controlled
experimental conditions, especially adjusted for confounding lifestyle factors (e.g., physical activity,
diet, and medication), targeting specific brain regions, including the prefrontal cortex, hippocampus,
dorsal raphe nucleus, and amygdala, that are associated with mental disorders, should be conducted.
Meanwhile, targeted interventions on gut microbiota—associated miRNA alterations (e.g., miR-137,
miR-124, and miR-34a) that demonstrated strong implications for depression and anxiety could pave
the way for new therapeutic targets and/or novel biomarker identification in the context of SO-related
mental health.
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The contributions of this review are twofold: first, it consolidates recent research on mechanistic
pathways linking SO to mental health, paving the way for future investigations and targeted
interventions. Second, since recent evidence has supported muscle strengthening as the most powerful
intervention among other physical training to stimulate the release of myokines (e.g., BDNF and irisin)
in response to skeletal muscle contraction [167], which are strongly associated with lower prevalence
of mental disorders, peripheral interventions specifically targeting the myokine secretion pathways
may shed light on possible future therapeutic options in SO.

Despite the strengths of this review, including a thorough examination of both clinical and
preclinical studies, several limitations are acknowledged. The reliance on studies conducted over the
past five years may not capture all relevant literature; also, variations in methodology among the
included studies and limited clinical studies in human beings could influence the generalizability of
the findings. Further high-quality interventional studies (e.g., RCTs) are imperatively needed to verify
the pathophysiological mechanisms and clinical outcomes in older adults with SO. Additionally, while
the complex interplay of factors contributingto SO and mental health was addressed, the exploration
of potential confounding variables remains limited. Besides, interpretation of the findings should be
cautious because only a few relevant, current studies were identified. Therefore, the molecular
mechanisms proposed here across different populations (e.g., T2D patients, MDD patients, younger
human cohorts, and experimental animals) deserve further investigation.

In conclusion, understanding the cellular/molecular mechanisms underlying the connections
between SO and mental health is crucial for developing effective therapeutic strategies. This review
also highlights the need for continued research in this area, focusing on evidence-based biomarker
identification and therapeutic strategies to improve health outcomes for the aging population facing
the dual challenges of sarcopenia and obesity.
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