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Abstract: Through several pathological mechanisms, chronic stress contributes to the development of
“osteosarcopenic obesity”, a clinical syndrome that includes impairments in the structure and function
of a patient’s bones, skeletal muscles, and adipose tissue. This syndrome, which could be alternatively
called “chronic stress and inflammation syndrome”, has its genesis in early life and, by the age of
50-60 years, affects up to two-thirds of Western populations. Chronic psycho-socioeconomic stress
and lifestyle factors, such as a sedentary life, poor quality nutrition, irregular daily schedules, and
inadequate sleep, which all act on a genetic and epigenetic predisposition background, play essential
pathogenic roles in the development of this widespread syndrome. Key pathogenic mediators are
those of the stress system and inflammatory reaction. Lifestyle changes, in combination with stress
management, can prevent, arrest, or reverse this debilitating syndrome.
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1. Introduction

Osteosarcopenic obesity (OSO), otherwise known as “osteosarcopenic adiposity”, is a
syndrome which clinical phenotype combines impairments in the structure and function of
a patient’s bones, skeletal muscles, and adipose tissue [1]. The etymology of the first term
originates from three Greek words (osteo- meaning bone-, sarco- meaning flesh, and penia-
meaning deficiency). In contrast, the second term has a Latin origin. Chronic stress, i.e.,
prolonged impairment of homeostasis, results in the coexistence of bone loss (osteoporosis);
sarcopenia/dynapenia (decreased muscle performance); and increased adiposity, either
as overt, BMI-defined overweight/obesity or because of tissue accumulation and organ
infiltration with fat (liver, skeletal muscle, and bone) [1,2]. This condition is becoming
more prevalent in aging populations. This review aims to provide an overview of current
research on the association between stress and OSQO, including the underlying mechanisms
and potential treatment options.

1.1. Obesity, Osteoporosis, Sarcopenia, and Stress

Obesity, a disorder characterized by excess body weight linked to increased fat mass, is
associated with many adverse health consequences and a reduced life expectancy [3]. The
worldwide rise in the prevalence of obesity has had a significant, multifaceted impact on
individuals and society. People’s diet often surpass caloric need leading to obesitySeveral
conditions, including psychological distress, nonalcoholic fatty liver, respiratory difficulties,
sleep apnea/sleep disturbance, joint and mobility problems, type 2 diabetes mellitus (T2D),
dyslipidemia, arterial hypertension, cardiovascular morbidity, and neoplasmatic diseases,
have all been associated with obesity. In recent years, researchers have debated whether
OSO0 affects only older people or involves a lifelong process with onset in youth [4].
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Osteoporosis is a bone-related metabolic disorder which main symptoms include
decreased bone mass, impaired bone tissue, and a disarrangement in the osteal microarchi-
tecture. Bone mass grows from birth to adulthood and reaches peak bone mass in young
adulthood, which is followed by a gradual bone loss [5]. In addition, lifestyle and dietary
habits, such as smoking, alcohol consumption, and sedentary life, are associated with an
increased future hazard in fracture risk, which is J-shaped, according to a cohort study
from the Swedish National Patient Registry [6].

Bone tissue loss occurs naturally through resorption due to increased osteoclast activity,
while bone tissue is rebuilt through the formation process due to osteoblastic function.
Thus, bone loss is associated with an increased resorption along with a decreased formation
rate. Osteoporosis may lead to weaker bones being vulnerable to increased fracture risk [7].
Fragility fractures, especially in the hips, vertebrae, or distal radius, constitute a significant
cause of morbidity in the population, are associated with pain, and often have incomplete
rehabilitation. Moreover, hip fractures are associated with increased mortality, usually
occurring 3—-6 months after a fracture [8].

The function and homeostasis of skeletal muscles are linked with a complex equi-
librium between regeneration and degeneration through poorly explained mechanisms
and anabolic and catabolic pathways. The European Working Group on Sarcopenia in
Older People (EWGSOP2) proposed the definition of primary sarcopenia as a progressive
age-related disease of skeletal muscles that involves increased loss of muscle mass and
function associated with disability, often referred to as dynapenia. Primary sarcopenia
has been linked to an increased risk of physical disability, falls, frailty, low quality of life,
and several adverse outcomes and death. Sarcopenia might appear suddenly, following
a disease or a period of immobility, or in a more chronic gradual manner [9,10]. Muscle
mass and strength, along with bone mineral density, have their maximum values up to the
25th year of age, and after a plateau period, their values decrease with age. Sarcopenia may
occur in both lean and obese people.

Secondary sarcopenia may be caused by cancer, which is associated with cachexia and
muscle loss. It is linked to frequent accidents, such as falls, declining ability to function
in certain areas, symptoms of weakness, and even death [10]. It is most often seen in
older populations. However, middle-aged people may present sarcopenia resulting from a
combination of risk factors, including genetic and lifestyle-related parameters [10]. The data
from the English Longitudinal Study of Aging showed that the risk of all-cause mortality
was significantly greater in people with weight loss and reduced handgrip strength [11].
A recent meta-analysis described an association between sarcopenia and increased risk
of falls and high incidence of hospitalization, as well as increased mortality risk, with a
pooled odds ratio of 3.59 (95% CI 2.96-4.27) in people aged 79 years or older [12]. Research
has focused on the link between lean body mass and adipose tissue in recent years. Studies
in older women with OSO showed lower handgrip strength, abnormal balance, and an
increased risk of falls, bone fractures, and immobility compared to obese-only women of
the same age [13]. Research data regarding the Chinese population showed that men with
OSO had a high prevalence of vertebral, hip, and ankle fractures; however, women with
OSO had only a high prevalence of ankle fractures [14]. Another study found that nonobese
people with sarcopenia were more vulnerable to hip /femur fractures, inflammation, edema,
and malnutrition than persons with sarcopenic obesity, who had fewer adverse outcomes,
probably because of the “obesity paradox” [15,16]. One study found that people with
osteosarcopenia who acquired a fracture had an increased postoperative mortality rate [17].
Several studies have been conducted to prevent falls. A recent study found that fractures
were more common in patients with osteoporosis or sarcopenia than in healthy age- and
sex-matched people [18,19].

Stress is a state in which an individual’s homeostasis is threatened or disturbed by a
stressor, which can be psychosocial or physical [20]. Changes in people’s lives, including
advances in technology, occupational stressors, as well as changes in peoples’ nutritional
options and choices, have dramatically increased the level of stress experienced on an
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everyday basis [21]. The triple etiology of nutritional, oxidative, and inflammatory factors
represents the basis for stress origins. Prolonged dyshomeostasis or cacostasis caused by
chronic stress and the resultant changes in stress system activity and low-grade, chronic
inflammation (LGCI) or “para-inflammation” are indisputably related to various chronic
diseases, including osteoporosis, sarcopenia/dynapenia, and obesity [4,21,22].

1.2. Diagnostic Criteria

The diagnostic criteria for diagnosing OSO is a combination of osteopenia or osteo-
porosis, sarcopenia, and obesity, i.e., bone, muscle, and fat impairments [13]. As this
syndrome is a new entity, we suggest the following diagnostic criteria:

1. The presence of osteopenia or osteoporosis. The diagnosis of osteopenia or osteoporo-
sis is confirmed when bone mineral density is between 1 and 2.5 and less than 2.5 SD
or more below the expected value, respectively. The IOF, ESCEO, ISCD, WHO, and
NOF have recommended calculating the T-score using dual-energy X-ray absorptiom-
etry (DXA) according to the NHANES III reference database for femoral neck and/or
lumbar spine (L1-L4) measurements in women aged 20-29 years [8].

2. Loss of muscle mass and function associated with disability [23].

3. Body mass index > 30 kg/ m? [24].

2. Stress-Induced Osteosarcopenic Obesity
2.1. Etiology and Pathophysiology

The prevalence of osteosarcopenic obesity in community-dwelling adults has been
reported to be 10.7% [25]. Several risk factors have been associated with stress-induced
osteopenia or osteoporosis, sarcopenia, and obesity All these factors may interconnect and
lead to disease.

Chronic stress and the inflammation with which it is associated contribute to OSO and
several related pathological phenomena [26,27], depending on an individual’s genetic and
epigenetic background, as distinct pathologies.

Recent research suggests that in parallel with an increased BMI, an alteration of body
composition is seen, with an increase in fat mass from 10 to 25 percent in men and from
20 to 35 percent in women, and a decrease in muscle mass from 50 to less than 40% in men
and from 35 to less than 30% in women [28]. This shift in body composition linked to obesity
represents an additional risk factor for insulin resistance, sarcopenia, osteoporosis, and
cardiometabolic consequences [28]. In addition, mesenchymal stem cells may be diverted
from the production of bone and muscle toward adipose tissue [29].

To confront the state of dyshomeostasis, multiple processes occur in the body, resulting
in the activation of the sympathetic nervous system (SNS) and the hypothalamic—pituitary—
adrenal axis (HPA) [30].

These systems release chemicals to help restore balance, such as catecholamines
released to increase heart rate and blood pressure, allowing the body to address the fight
against the trigger of change [31]. These processes are pivotal in the survival and adaptation
of the human organism [31].

However, chronic cacostasis has been linked to pathological consequences in the en-
docrine, immune, nervous, and cardiovascular systems and one’s body composition [32].
In addition, prolonged stress is a risk factor for developing several physical and psychi-
atric disorders [32]. Stress-related diseases may be cardiovascular, metabolic, psychiatric,
neurodegenerative diseases, or cancer [33].

2.1.1. Stress and Inflammation

Given its subclinical nature, low-grade chronic inflammation is challenging to di-
agnose [34]. It is defined by the presence of an increased number of circulating pro-
inflammatory cytokines and an unsubsiding presence of excess immune cells in one’s
circulatory system [34]. In addition, due to the extensive adverse effects, subclinical inflam-
mation has a remarkable impact on the body’s metabolic processes [35].
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Several lines of evidence have shown that metabolic syndrome and obesity are associ-
ated with oxidative stress. For example, impaired high-density lipoprotein (HDL)-enabled
antioxidative mechanism, increased lipid peroxidation, carbonylation of cellular proteins,
and NADPH oxidase activity are associated with obesity, leading to enhanced ROS for-
mation and advanced mitochondrial oxidative products [36]. In addition, recent studies
found that alterations in peripheral interleukin-6 circadian rhythm, as a sequel of combat
deployment, were associated with cases of posttraumatic stress [34,37].

2.1.2. Endocrine Factors

Chronically elevated cortisol secretion, low-grade chronic inflammation, and the associ-
ated insulin resistance synergistically impair bone, muscle, and adipose tissue functions [38].
In the presence of glucocorticoids, mesenchymal stem cells involved in the production of
bone, muscle, and adipose tissue show preferential differentiation into adipose tissue over
bone or muscle tissue [39]. Excess adiposity, primarily abdominal or visceral adiposity, is
associated with the secretion of inflammatory cytokines and other mediators, which appear
to participate in a “positive feedback loop” between inflammation and excess body fat.
Thus, progressively increasing fat accumulation is associated with gradually increasing
secretion of inflammatory molecules, worsening insulin sensitivity, and increasing corti-
sol secretion, with these changes leading to further adiposity [26]. Modern-day Western
lifestyles that are more passive and nutritionally deficient and more fast-paced and stressful
than our evolutionary paradigms may lead to pathologies, including OSO [40,41].

Poor nutritional choices underscore the discordance between modern diets and di-
ets followed during paleolithic times and are linked to disturbances in one’s circadian
rhythms [21,26,27,42]. Modern humans’ ways of organizing their sleep and eating sched-
ules based on either choice or necessity, instead of a regular schedule aligning with the
time of day, are significant causes of circadian dysrhythmia [43,44]. Misalignments of one’s
circadian rhythms, between the central circadian clock (i.e., the suprachiasmatic nucleus
of the hypothalamus) and the peripheral clocks of adipose, liver, muscle, or other tissues,
affect the expression of many genes linked to metabolic and other functions. Increased
diurnal cortisol secretion, with lower hormone levels at 8 am and increased levels at 8 pm,
or low hormone values during the day, provides inadequate levels and is often associated
with low-grade inflammation. The consequences of increased exposure of tissues to gluco-
corticoids resulted from activated HPA axis and misalignment of cortisol secretion with
the tissues’ glucocorticoid-sensitivity circadian rhythms include an increase in immune-
related local and/or systemic inflammatory mediators, such as tumor necrosis factor
(TNF)-alpha and several interleukins (IL), including IL-1and IL-6, as well as metabolic and
psychological changes.

Altered levels of these mediators due to the disruption of natural schedules catering to
one’s sleep and energy needs are associated with many physical and psychiatric disorders,
including depression, cardiovascular diseases, type 2 diabetes mellitus, and metabolic
syndrome [45]. Research has shown that young girls with social jet lag or who slept very
late at night had a higher risk for greater waist circumference and obesity than those with
the morning chronotype, even if sleep duration was similar. However, the results were not
replicated in boys [46].

Adipocytes produce adipokines; by secreting pro-inflammatory adipokines, adipocytes
contribute to the inflammatory status of the human organism [10].

Indeed, bodyweight gain may play a key role in inducing OSO. An adipokine, leptin,
acts as an afferent signal in a negative feedback loop, controlling adiposity and body
weight by suppressing food intake and stimulating the basal metabolic rate. Although
obese individuals secrete large amounts of circulating leptin, their central nervous system
is typically insensitive to leptin presence, which is called leptin resistance [47]. Leptin
resistance may reduce fatty acid (FA) oxidation in muscles, followed by hepatic, myosceletal,
and heart fat deposition, thereby decreasing muscle quality in older obese people [47].
Another adipokine, adiponectin, is an anti-inflammatory, insulin-sensitizing peptide that
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is negatively associated with muscle mass because of its inability to control NF-kB [48].
Another endogenous peptide secreted by adipocytes and induced by muscle contraction is
apelin, which production declines with age through several pathways.

An inflammatory state is causative in insulin resistance and promotes skeletal muscle
catabolism. Additionally, hypertrophic adipocytes increase the production of free fatty
acids, which accumulate ectopically between muscle fibers and inside other non-adipose
tissues in the form of triacylglycerol. They cause mitochondrial dysfunction, beta-oxidation
of fatty acids, and increased production of reactive oxygen species. In addition, due to the
cell saturation of triacylglycerol, they produce toxic reactive lipid species and stimulate
apoptosis. These reactive lipids may accumulate in skeletal muscles, contributing to the
development of sarcopenia [49,50].

Earlier studies suggested that myostatin, irisin, and osteocalcin mediate the crosstalk
between muscles and bones. However, the role of these endocrine factors in the patho-
genesis of OSO has not been fully understood. Research data showed that muscle loss in
older people may occur through increased levels of myostatin, which is well established
for its overexpression in inducing protein degradation in muscles along with inhibiting
osteoblastic differentiation in bones; myostatin is a negative regulator of muscle mass that
causes muscle atrophy, and decreased concentrations of myosin, the major muscle motor
protein, contribute to decreased muscle function [51].

The pathogenic interrelations between adipose tissues and muscles are also crucial
in sarcopenia. Myokines are specific peptides secreted by skeletal muscles that mediate
some of the known positive effects of physical exercise. Myokines may affect myocytes and
immune cells because of autocrine and/or paracrine actions and cells such as adipocytes
and hepatocytes via endocrine effects [49]. IL-6 is the most well-studied myokine. Ex-
ercise may enhance IL-6 secretion from muscles and increases plasma IL-6 levels up to
100-fold [49]. In addition, the myokine irisin, which is produced during exercise, plays
a significant role in controlling fat gain by mediating the trans-differentiation of brown
into white adipose tissue, activating non-shivering thermogenesis, and inducing myocyte
differentiation and growth via increases in the expression and secretion of insulin-like
growth factor 1 (IGF-1), which promotes osteoblastogenesis and myogenesis, along with
reducing adipogenesis [52].

Less physical activity with aging may be associated with a decline in muscle mass and
irisin production, which leads to an increased adipose tissue mass and, thus, sarcopenic obe-
sity. Furthermore, a recent experimental study showed that irisin stimulates cortical bone
mass and bone strength in mice by increasing osteoblastic bone formation, up-regulating
pro-osteoblastic genes, and decreasing osteoblast inhibitors [53]. Therefore, reduced irisin
production may lead to OSO [52,53]. In addition, immobilization is another cause of the
maximum shortening velocity of single muscle fibers [54].

Osteocalcin is a protein hormone secreted by osteoblasts. It has essential roles in
bone matrix building and glucose metabolism by playing a key role in insulin sensitivity
and adiponectin secretion by adipocytes; it possibly has anabolic actions on muscles by
inducing testosterone production [55].

The key factors of osteoblastogenesis, including osteoblast maturation and differentia-
tion, are runt-related transcription factor 2 (RUNX2), which is regulated by estrogen and
prostaglandin eicosanoids 2, and musculoaponeurotic fibrosarcoma oncogene homolog
(Maf); it has been suggested that both play an inhibitory role in myogenesis, along with
hindering adipogenesis and extending osteoblastogenesis [56].

2.2. Purines

The physiological role of ATP at the skeletal neuromuscular junction has been previ-
ously reported. Extracellular nucleotides may act as modulators of bone cell differentiation,
function, and survival [57]. In the extracellular space, ATP is hydrolyzed into adenosine
by one or more ectonucleotidases in human primary osteoblast cells (HPOC), and nucle-
oside is the end-product of the cascade [58]. Adenosine accumulates in the extracellular
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area in response to metabolic or oxidative stress, tissue injury, hypoxia, or inflammation.
Purinergic signaling has been implicated in bone since extracellular ATP may disturb bone
formation while promoting bone resorption. Still, it also has a crucial role in modulating
osteal cells’ differentiation, function, and survival after its physiological secretion in re-
sponse to mechanical stress [59]. ATP has also been suggested as an endogenous inhibitor
of bone mineralization by blocking the mineralization of collagenous matrix [60]. Puriner-
gic signaling via P2 receptors can interact with other intracellular pathways to regulate
osteoblast function.

Moreover, ATP has been found to stimulate human osteoclast activity indirectly
by inducing upregulation of osteoblast-expressed RANKL via P2X7 receptors [61]. The
P2X7 receptor gene, P2RX7, is located on chromosome 12q24.31 and is characterized
by numerous polymorphisms [62]. The purinergic P2X7 receptor plays a vital role in
regulating osteoblast and osteoclast activity, and every change in receptor function may
be reflected in bone mass [63]. The Danish Osteoporosis Prevention Study studied 1694
women who were followed for 10 years and genotyped for 12 functional P2X7 receptor
variants. Increased bone loss with fractures was associated with Arg307GIn amino acid
substitution, and heterozygous individuals for this polymorphism had a 40% increased rate
of bone loss. Low-risk alleles were linked to a low rate of bone loss, and high-risk alleles
were associated with increased bone loss [63]. Among the P2 receptor subtypes expressed
by bone cells, the P2X7 receptor has been correlated with the treatment of osteoporosis.
This receptor has been implicated in regulating the release of inflammatory cytokines
IL-6, TNF-«, and plasminogen activator inhibitor-1, at least in part via inflammasome
activation [64]. In addition, endogenously released adenosine, which signals via four
adenosine receptor subtypes acting on G-protein-coupled receptors, Al, A2A, A2B, and
A3, on osteoclasts and their precursor cells, acts as a mediator on bone turnover and trans-
differentiation of osteoblasts to adipocytes, showing its key role in the pathogenesis of
osteoporosis. The most abundant A2B receptor in bone marrow MSCs seems to have a
consistent role in cell differentiation, which may be balanced through the relative strength
of Al or A2A receptor, thus determining whether osteoblasts are driven into proliferation
or differentiation [65].

Moreover, Al receptor has been associated with the lipogenic activity of adipocytes,
and A1R is also implicated in adipogenesis and leptin production. A1R regulates lipoly-
sis and serum-free fatty acid levels, playing a crucial role in the pathogenesis of insulin
resistance, diabetes, and cardiovascular diseases by controlling the proliferation and re-
generation of 3 cells in inflammatory microenvironments [66]; in addition, it activates
lipolysis and the thermogenic program in brown and white human adipocytes [66]. Ad-
ditionally, preclinical trials suggest that pharmacological manipulation of the purinergic
cascade in adipocytes and other adipose tissue cells may be used to treat obesity and type
2 diabetes [67]. Purines act synergistically with hormones (e.g., PTH), playing a fun-
damental role in mesenchymal stem cell proliferation and differentiation (adipogenesis,
myogenesis, and osteogenesis) [68].

Both nutritional stress and the genetic model of obesity are linked to an increased
expression of P2X7 that is correlated with increased macrophage infiltration within adipose
tissues and increased expressions of CD39 and CD73. Purinergic signaling cascade in
adipocytes and other cellular players of fatty tissues may be a valuable target for treat-
ing obesity and metabolic disorders. Further experimental studies showed that P2X7R
stimulation directs the differentiation of MSCs toward the osteoblast lineage rather than
toward adipocytes. In addition, animal studies found that ATP and BzATP reduce leptin
mRNA levels and inhibit insulin-induced leptin secretion. Furthermore, adenosine has been
implicated in inflammation and sustaining IL-1 production in metabolically unhealthy
obese individuals; moreover, its receptor expression is correlated with increased body mass
index [69]. However, the exact pathophysiological pathways between purine metabolism
and OSO remain unclear and offer an exciting field for further research.
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2.2.1. Vitamin D

Since 1969, when Haussler described Vitamin D and its receptor (VDR) and confirmed
its presence in various tissues, many researchers have focused on the mechanistic link
between vitamin D and the occurrence of various diseases, such as obesity, a chronic, low-
grade inflammatory state that leads to impaired metabolic processes in adipose and lean
tissues; the pathogenesis of insulin resistance; metabolic syndrome; type 2 diabetes mellitus;
and cancer prevention [70-72]. The presence of VDR has been reported in skeletal muscle
tissues [73]; therefore, numerous studies have focused on musculoskeletal disorders and the
mechanical properties of vitamin D function. In adults and older adults, moderate vitamin
D deficiency is often associated with increased serum parathormone (PTH) concentration,
leading to high bone turnover and decreased BMD. In the MORE study, postmenopausal
women with vitamin D deficiency had significantly higher serum PTH, more elevated
serum alkaline phosphatase, and lower BMD of the trochanter compared with those with
adequate 250HD levels [74]. A multicenter bazedoxifene trial involving 29 countries, with
7441 postmenopausal women as participants, reported similar outcomes [71]. This study
showed that worldwide, a negative correlation between 25(OH)D and mean PTH, os-
teocalcin (OC), and C-terminal cross-linked telopeptides of type I collagen (CTX) was
observed. With increasing 25(OH)D categories, the BMD of all sites increased. Another
study with 1319 elderly participants (643 men and 676 women) confirmed that these thresh-
olds for PTH and BMD, as well as skeletal mass and physical performance in older people,
seemed to improve when serum 25(OH)D were increased above 50-60 nmol/L [71]. A
Hungarian study found that males with vitamin D deficiency had significantly lower BMD
and a higher 10-year hip and osteoporotic fracture probability using a country-specific
FRAX algorithm [75]. A significant positive effect of vitamin D supplementation on global
muscle strength in older adults was previously shown, but no impact on lean mass was
reported [12]. Additionally, vitamin D supplements increase lower limb muscle strength in
athletes [76].

Moreover, vitamin D deficiency has been linked with an increased risk of falls, and
past studies have shown benefits after vitamin D and calcium supplementation in elderly
recurrent fallers, mainly during winter. A recent meta-analysis reported that when vitamin
D was supplemented with calcium.there was a significant reduction in fall incidence and
fracture rates [77]. However, high annual or monthly single oral doses of vitamin D in-
creased the risk of falling in a U-shaped model. The authors suggested that the lower value
of fall rates occurred in the dose range of 1600 to 3200 IU/d [78]. The association between
obesity and vitamin D deficiency has been previously documented [79]. A population-
based prospective cohort study with 1501 participants from Norway reported a negative
correlation between season-standardized serum 25(OH)D level and risk of clinical weight
gain [80]. However, whether a causal link between vitamin D deficiency and obesity and
metabolic syndrome exists or whether increased adiposity has a causal role for low vitamin
D status is still not well established [78].

Most intervention studies found no statistically significant benefits for metabolic
syndrome and related diseases. However, a serious concern is whether vitamin D sup-
plementation is associated with the risk of developing kidney stones, especially when
combined with calcium prescription. A recent review has hypothesized that some pre-
disposed individuals, who transform 25-hydroxyvitamin D into calcitriol more efficiently,
with a probably reduced capacity for degrading calcitriol, have a higher risk of developing
kidney stones after supplementation with vitamin D [81].

2.2.2. Genetic and Epigenetic Factors

Family history is a well-established risk factor for osteoporosis, sarcopenia, and obesity;
genotype is, in fact, a significant influencer of altered energy balance.

The hypothalamus plays a critical role in energy expenditure and balance. Recent
studies suggested that predisposing genetic traits related to appetite and satiety may be
linked to behavioral traits through appetitive neural pathways influencing control over
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overeating or eating in response to negative emotions [82]. Additionally, the hippocampus
and the rest of the limbic system have been associated with cognition, memory, emotion,
and control of BMI [82].

Monogenic or oligogenic autosomal or X-linked patterns of inheritance have been
described; however, obesity is primarily polygenic and is a result of multiple gene defects
interacting with the environment [83].

Homozygous mutation in the leptin (LEP) gene and loss-of-function mutations in
SH2B1 (SH2B adaptor protein 1, a key regulator of leptin signaling by both stimulating
Janus kinase 2 (JAK2) activity and assembling a JAK2/IRS1/2 signaling complex) are
associated with rapid weight gain within the first years of life, severe hyperphagia, and
behavioral problems [83]. Other homozygous/compound heterozygous loss-of-function
mutations in monogenic obesity genes in the leptin/melanocortin pathway or heterozygous
loss-of-function mutations in POMC, including loss-of-function missense mutation in 3-
MSH, partial loss-of-function heterozygous mutations in PCSK1, heterozygous loss-of-
function coding mutations in the melanocortin 3 receptor (MC3R) gene, and heterozygous
mutations in melanocortin receptor accessory protein 2 (MRAP2), have all been associated
with either childhood or adult obesity. As with obesity, osteoporosis and sarcopenia have a
vital genetic component, with heritability ranging over 50%.

On the other hand, mutations or polymorphisms of the gene family 210 member A
(FAM210A), growth/differentiation factor 8 (GDF8) (also known as myostatin),
methyltransferase-like 21C (METTL21C), and sterol regulatory element-binding transcrip-
tion factor 1/target of myb1-like 2 (SREBF1/TOM1L2) have been linked to genetic predis-
position for sarcopenia and osteoporosis [84]. Moreover, smoking-related postmenopausal
osteoporosis has been recently associated with mutations in HNRNPC, PFDN2, PSMCS5,
RPS16, TCEB2, and UBE2V2 genes [85]. Recently, several genome-wide association studies
(GWASs) and meta-analyses have focused on genetic alterations associated with BMD
in osteoporosis. Among them, the most featured loci are SMOC1, CLDN14, ZBTB40,
GPR177, FGFRL1, MEPE, MEF2C, ESR1, SHFM1, WNT16, OPG, SOX6, LRP5, AKAP11,
and FOXL1 [86]. Polymorphisms of MTHFR, ACTN3, NRF2, VDR Fokl, ADRB2, and
NPAS4 loci have been linked with sarcopenia in older adults. A recent study suggested
a genetic risk score regarding sarcopenia onset [87]. Moreover, new data were recently
reported regarding 10 genes (CFB, CXCL2, HSD11B1, IGF1, IL6, NTN1, PCSK1, PPARGCIA,
SOD2, and TF) that were associated with osteoporosis, sarcopenia, and obesity-induced
diabetes [88].

DNA methylation has been suggested to assess epigenetic patterns and candidate gene
approaches, and epigenome-wide association studies (EWASs) correlating gene methylation
levels and obesity have been performed. Additionally, specific alterations of the gut
microbiota have been linked to obesity, and newer research has focused on whether an
increase in Firmicutes and/or a decrease in Bacteroides plays a significant role in changes
in energy balance or changes in energy stores [89].

2.2.3. Aging

The skin has a crucial role in producing the prohormone vitamin D and transforming
it into inactive metabolites [68]. It is well documented that advancing age reduces the skin’s
capability to synthesize pre-vitamin D3 [90]. It has been reported that the concentration of
the precursor of vitamin D3 in the skin, 7-dehydrocholesterol(7-DHC), declines by about
50% from age 20 to 80. Moreover, another study found that older age was a significant
predictor of decreased VDR expression [91]. Therefore, vitamin D deficiency, taking into
consideration the above-described vitamin D actions, could play a significant synergistic
role in OSO following advancing age.

Several cellular changes occur in sarcopenic muscles, including decreased size and
reduction in several mostly type Il myofibers. Aging promotes the transition of muscle
fibers from type II to type I, along with intramuscular and intermuscular fat infiltration
(myosteatosis). Cross-sectional studies of single muscle fibers from healthy people found a
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reduction in muscle fiber quality in fibers expressing type I or IIA myosin heavy chain and,
over time, a significant decrease in single muscle fiber peak power [51]. Other biological
effects of aging are maximum unloaded shortening velocity, decreased elasticity, and
greater stiffness per force unit in older men [51]. Subclinical inflammation also plays an
essential role in high muscle catabolism in older people [51]. A decline in satellite cells
associated with type IIA fibers suggests a decrease in the regenerative capacity of muscle
fibers and a failure to recompense the loss of fibers [51]. The loss of lean mass in sarcopenia
is associated with increased accumulated adipose tissue in muscle, increasing myosteatosis
with advancing age [92].

Mesenchymal stem cells (MSCs) can differentiate into bone cells, but in elderly indi-
viduals, these cells are decreased, resulting in osteoporosis. Adenine and uracil nucleotides
are important local regulators of osteogenic differentiation of MSCs in bone marrow [93].
In addition, previous studies showed that cysteine (C)-X-C chemokine receptor-4 (CXCR4),
the primary transmembrane receptor for stromal cell-derived factor-1, has decreased ex-
pression with aging in bone marrow-derived mesenchymal stromal stem cells (BMSCs), and
this CXCR4-deficiency alters the osteogenic differentiation potency of older BMSCs. Recent
studies using osteoprogenitor cell lines, animal models, and non-modified MSCs from
postmenopausal women have focused on the purinergic signaling pathway and specific
targets to regenerate the ability of aged MSCs to differentiate into active osteoblasts [93].

In addition, aged satellite cells, considered the key elements of sarcopenia by altering
the regeneration of myofibers, have been shown to translocate across the basal lamina
following age-dependent extracellular wall stiffness [94]. Furthermore, decreased mus-
cle fiber vascularization is associated with impaired regulation of satellite cells in older
adults [94]. With advanced age, the multiplication of bone marrow stem cells is diminished.
Several studies indicated that both sarcopenia and osteoporosis are associated with stem
cell senescence and exhaustion along with implicated pathophysiological mechanisms,
such as impaired telomere and high levels of reactive oxygen species [84].

3. Lifestyle Intervention

Lifestyle changes remain fundamental for chronic stress-induced obesity and osteosar-
copenia, while, occasionally, added pharmacotherapy may be necessary. The management
of obesity requires a multidisciplinary team, including physicians, psychologists, dietitians,
and ergotherapists. Interventions for osteoporosis include primarily a secondary disease
approach, with treat-to-target anti-osteoporotic agents to improve the pre-fracture func-
tional level, and reduction of subsequent fracture risk [17]; weight exercises that focus on
strengthening one’s muscles [95]; abstinence from substance use, including alcohol and
cigarette smoking [6]; as well as an emphasis on preventing the possibility of a fall [96]. A
sedentary lifestyle over time contributes to osteosarcopenia [84].

To prevent OSO, the identification and treatment of secondary and modifiable risk
factors, such as endocrine disorders, is essential. In addition, the risk of developing
osteosarcopenia can be modified through healthy lifestyle changes that optimize peak bone
mass and maintain musculoskeletal health. The Framingham study showed that women
and men with relatively lower protein intake had increased bone loss, suggesting that
protein intake is vital in maintaining or diminishing bone loss in older people. Protein
intake is the most potent dietary strategy to increase muscle protein synthesis [97]. Whey
protein contains leucine, which is crucial in stimulating mTORC1 in skeletal muscle. The
positive effects of protein intake on bone health may be beneficial under conditions of
adequate calcium intake.

The relation between musculoskeletal tissue and dietary protein intake is influenced by
advancing age. Therefore, adults older than 65 require higher intake than the recommended
protein intake for younger populations (0.8 g/kg/day). Recently, expert consensus groups
recommended at least 1.2-1.5 g/kg/day of protein intake (leucine portion of 2.5-3 g for
every meal) [52]. The European Society for Clinical and Economic Aspects of Osteoporosis
and Osteoarthritis (ESCEO) suggested dietary protein intake of 1.0-1.2 g/kg body weight
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daily, with at least 20-25 g of high-quality protein at each main meal, dietary calcium intake
of 1000-1300 mg, along with physical activity /exercise 3-5 times/week [98]. Additionally,
bodyweight loss with specific calorie-reduced modified diets, such as the Mediterranean
diet, is essential in treating obesity [24].

Protein quality and intake timing might play some therapeutic role, but the evidence
does not support any recommendations. A study showed that vitamin D supplementa-
tion and leucine-enriched whey protein increased appendicular lean mass and decreased
inflammatory markers in older sarcopenic persons with mobility limitations. Moreover,
protein intake for sarcopenia is more effective at increasing muscle mass in older adults
when circulating 25-hydroxyvitamin D levels are in an optimal range. Adequate dosing
of vitamin D of 800 IU to maintain serum 25-hydroxyvitamin D levels >50 nmol/L, and
2000 IU for people with nutritional rickets, helps maintain muscle mass and strength, as
well as bone density [98]. Not too long ago, weekly high doses of vitamin D were consid-
ered attractive to restore and maintain normal vitamin D serum levels. However, newer
studies showed an unexplained association between bolus dosing and high fall and fracture
risk. Past studies have demonstrated the role of calcium in skeletal muscle, specifically in
facilitating its contractile force by maintaining normal calcium kinetics.

The use of DHA and EPA in osteosarcopenic populations is not globally recommended
due to inconclusive research data, but theoretically, they should be helpful, as has been
shown in other groups. In addition, administering prebiotics, such as dietary inulin-type
fructo-oligosaccharides, seems to induce the growth of health-promoting Bifidobacterium,
Lactobacillus, Roseburia, and Faecalibacterium species in humans [99].

Nutritional interventions and muscle-focusing exercises promote the prevention and
treatment of sarcopenia, even though adherence to weight loss and physical activity inter-
vention programs is poor [4]. Anti-obesity medications and bariatric surgery may also be
utilized in severe cases of obesity in late adolescents and adults [20]. Physical activity can
dramatically reduce genetic factors’ influence on BMI in young and older adults. Decreased
sleep duration has been associated with high BMI and increased genetic effects on BMI
in heritability studies, suggesting that shorter sleep duration increases the expression of
genetic risks for increased BMI. Moreover, improving sleep schedules may be helpful for
obesity prevention, especially in girls [46]. A new study suggested that families should
advise young students to maintain consistency in sleep schedules and sleep hygiene by
limiting electronic media, especially in the evening, before going to bed, as well as chrono-
interventions, such as bright-light therapy in the morning and regular meals for girls and
boys with severe social jet lag [46]. Behavioral modifications have been essential to weight-
loss programs in recent years. Two large randomized clinical trials, the Look AHEAD trial
and the Diabetes Prevention Program, have shown these methods’ efficacy and suggested
individualizing therapy and frequent face-to-face interventions [24].

Physical activity is the primary physiological stimulus for bone anabolism through its
direct loading effect, which acts directly on skeletal muscle. Daily exercise continuously
modulates skeletal muscle’s metabolic activity and, hence, its endocrine function and the
homeostatic response of all body organs, including bone [100]. Various types of exercise
have distinct effects on either bone or muscle. Therefore, not all activities are effective in
improving OSO. Aerobic and low-impact exercises, such as cycling or walking, have shown
no efficacy in improving BMD, but they are beneficial in improving metabolism.

Pilates and walking have been suggested as crucial mediators in improving quality
of life and mitigating depressive and anxious feelings. They may represent excellent
means to improve mood disorders in overweight/obese individuals. A Spanish study of
community-dwelling Spanish postmenopausal women older than 60 years showed that a
twelve-week Pilates exercise intervention improved sleep quality and feelings of anxiety,
depression, and fatigue. Resistance and high-impact aerobic training, such as running,
may also be beneficial in maintaining or increasing BMD in pre- and postmenopausal
women. Subclinical para-inflammation associated with sarcopenia in older people is
partially reversible with exercise training [51].
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Moreover, it was previously shown that resistance training improved muscle mass
and strength and decreased adiposity in older women with OSO. However, bone density
remained unchanged after 12 weeks of intervention. In case a patient is characterized by
frailty or unwillingness to follow the exercise “prescription,” alternative exercises, such as
yoga, Pilates, or Tai Chi, could improve balance, flexibility, and strength. Notwithstanding,
passive electrical muscle stimulation has been studied as an adjuvant to standard resistance
training with sound effects.

4. Conclusions and Future Prospects

A genetic and epigenetic predisposition, along with chronic psycho-socioeconomic
stress and lifestyle factors, such as a sedentary life, poor quality nutrition, irregular daily
schedules, and poor sleep, can play a pathogenic role in the development of OSO. In
addition, stress and lifestyle factors can lead to inflammation that triggers or aggravates
the disease (Figure 1). Treatment modalities vary and include multidisciplinary assessment
along with lifestyle, pharmacological, psychological, and nutritional interventions. Fu-

ture studies could benefit from focusing on early prevention and intervention strategies
for OSO.

Proinflammatory
cytokines

Impaired

MYOSTATIN

Myokines

Impaired
adiponectin/
leptin

Figure 1. A genetic and epigenetic predisposition, along with chronic psycho-socioeconomic stress
and lifestyle factors, such as a sedentary life, poor quality nutrition with low vitamin D intake,
irregular daily schedules, and poor sleep leading to misalignment of circadian rhythms, can play
a pathogenic role in the development of OSO. In addition, stress and lifestyle factors can lead to
inflammation that triggers or aggravates the disease.
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