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Abstract: Adiposity is central to aging and several chronic diseases. Adiposity encompasses not just
the excess adipose tissue but also body fat redistribution, fat infiltration, hypertrophy of adipocytes,
and the shifting of mesenchymal stem cell commitment to adipogenesis. Bone marrow adipose tissue
expansion, inflammatory adipokines, and adipocyte-derived extracellular vesicles are central to the
development of osteopenic adiposity. Adipose tissue infiltration and local adipogenesis within the
muscle are critical in developing sarcopenic adiposity and subsequent poorer functional outcomes.
Ultimately, osteosarcopenic adiposity syndrome is the result of all the processes noted above: fat
infiltration and adipocyte expansion and redistribution within the bone, muscle, and adipose tissues,
resulting in bone loss, muscle mass/strength loss, deteriorated adipose tissue, and subsequent
functional decline. Increased fat tissue, typically referred to as obesity and expressed by body mass
index (the latter often used inadequately), is now occurring in younger age groups, suggesting people
will live longer with the negative effects of adiposity. This review discusses the role of adiposity
in the deterioration of bone and muscle, as well as adipose tissue itself. It reveals how considering
and including adiposity in the definition and diagnosis of osteopenic adiposity, sarcopenic adiposity,
and osteosarcopenic adiposity will help in better understanding the pathophysiology of each and
accelerate possible therapies and prevention approaches for both relatively healthy individuals or
those with chronic disease.

Keywords: osteoporosis; sarcopenia; obesity; adiposity; fat infiltration; osteopenic adiposity;
sarcopenic adiposity; osteosarcopenic adiposity; osteosarcopenic obesity

1. Introduction

The well-recognized physiological hallmarks of aging related to body composition
are loss of bone mass leading to osteopenia/osteoporosis, loss of muscle mass and strength
leading to sarcopenia (referred here as the progressive loss of skeletal muscle mass) and
dynapenia/myopenia (referred here as the progressive decline in skeletal muscle func-
tion/strength), respectively, and an increase in body fat, along with its redistribution
and infiltration (to include local tissue adipogenesis from mesenchymal stem cell pre-
cursors commitment change and lipid accumulation in osteoblasts and myocytes) into
other organs [1,2]. Ultimately, these changes lead to osteosarcopenic adiposity (OSA) [3],
the most advanced stage of body composition deterioration, and the resulting negative
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consequences on other health outcomes [4]. Therefore, assessing body composition is
an important clinical approach, not just in older individuals but throughout life. This is
particularly important in view of growing evidence showing the role of body fat/adipose
tissue (coupled with chronic inflammation) in the pathophysiology of numerous dis-
eases [4,5], especially diabetes [6]. In particular, ectopic fat mass has negative effects on
cardiometabolic health [7].

Obesity, defined by body mass index (BMI), is occurring at earlier ages than ever
before [8]. The effects it has on bone and muscle health in younger individuals, especially
in the long term, are of utmost importance and need investigation. One of the obstacles
lies in the identification of overweight/obesity. BMI has served as the most common way
for overweight/obesity diagnoses for decades, although obesity is a state of excess body
fat [9], which BMI does not directly capture. Therefore, the term adiposity is used here to
distinguish obesity (synonymous with BMI) from the effects of excess fat mass (overt and
hidden) on the health status of the entire body, particularly musculoskeletal health. Despite
BMI being a simple, quick, and inexpensive way to estimate overweight/obesity, BMI
limitations have been recognized, particularly in the view that it might not be capturing the
full picture of adiposity at the individual-patient level [9,10]. It becomes the most important
encounter, if not a problem, for clinicians dealing with single patients at the individual
level. The focus on BMI has created the phenomenon of normal-weight obesity, defined as
having a normal BMI but a high body fat percentage (sometimes referred to as ‘skinny fat’)
and carries the same risk profile as someone with a high BMI [9-11], estimated to affect
30 million Americans [10]. This clearly suggests that the focus should be on identifying
adiposity, not just as increased body fat, but recognizing its heterogeneity in the form of
excess/visible fat (subcutaneous), infiltrated fat, and redistributed fat (mostly visceral).
None of this detail is indicated using BMI, nor does it distinguish between bone, muscle,
and fat tissues. More importantly, BMI cannot indicate the true culprit of bone and muscle
dysregulation, i.e., adipocyte infiltration and fat redistribution from the subcutaneous space
to the visceral organs. Hypothetically, an individual, even at a younger age presenting
with a normal BMI could insidiously experience bone loss (defined as a T-score at least
one standard deviation below the standard for the population [12]) and/or sarcopenia
(typically defined as the progressive loss of muscle mass, function and performance [13])
or osteosarcopenic adiposity (defined as the presence of bone and muscle loss within
the context of adiposity) [14]. This review aims to lay the groundwork for incorporating
the central role of fat mass (adipose tissue hypertrophy, redistribution, and infiltration)
into the operational definitions of osteopenia/osteoporosis, sarcopenia, and obesity (adi-
posity). Thus, osteopenia/osteoporosis would be considered as ‘fatty bone’, sarcopenia
would be considered ‘fatty muscle’, and adiposity would be considered an issue of excess
fat and ectopic fat mass, leading to poor health consequences. This would also high-
light the limitations of BMI in truly assessing fat mass and, consequently, truly assessing
body composition.

Therefore, the aim of this narrative review is to re-establish excess adipose and
malapropos adipose tissue in bone and muscle as central to osteosarcopenic adiposity
(OSA). There is a concern that adiposity is occurring at earlier ages (childhood obesity).
The overall negative consequences on health will be greater, and people will have to live
longer with chronic conditions. Therefore, bone loss and muscle loss may begin at an earlier
age due to chronic dysregulation. Specifically, this review will operationalize adiposity in
relation to bone loss (osteopenic adiposity—low bone mass with infiltrated fat; OA), muscle
mass, strength, and functional loss (sarcopenic adiposity — low muscle mass with infiltrated
fat; SA), and bone and muscle loss combined (OSA) being the most detrimental case of
body composition impairment. It is worth noting that the terms ‘obesity” and ‘adiposity’
are sometimes used interchangeably in these syndromes [4], as is often the case in the
literature reviewed.
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2. Osteoporosis/Osteopenia, Sarcopenia, and Adiposity
2.1. Prevalence of Osteoporosis/Osteopenia, Sarcopenia, and Adiposity

The global prevalence of osteoporosis is 23% for women and 12% for men [15]. In many
cases, a clinician may not diagnose osteoporosis until after a fracture has occurred [16].
Osteopenia, or low bone mass, is more prevalent than osteoporosis, 51% for women and
35% for men [17]. This is alarming, especially as it could be considered pre-osteoporosis.
Osteopenia may be more common in males [18-20], although more data for males are
needed. Sarcopenia has an estimated global prevalence of at least 10% [21]. The worldwide
prevalence of overweight and obesity, measured using BMI, is now so high that they are
considered global epidemics. The rates vary with age. For example, for 50-54-year-old
individuals, it peaks at >50% for overweight and >25% for obesity [22].

2.2. Diagnosis of Osteoporosis/Osteopenia, Sarcopenia, and Adiposity and Ongoing Issues

The revised diagnostic criteria for bone loss, muscle loss, and adiposity combinations
were recently published [12]; see Table 1 for a summary. In addition, functional criteria to
assess the severity of bone and muscle loss and adiposity were developed [23].

Table 1. Diagnostic criteria for bone loss, muscle loss, and adiposity in males and females.

Component Males Females Instrument
Bone mineral density T-score < —1.0 standard deviation (SD) from healthy Dual-energy X-ray
Bone mass controls at the femoral neck, proximal femur, or lumbar spine absorptiometry (DXA)
Total Bone Mass T-score < —1.0 SD Bioelz:;i;zlish(rgl)zc)lance
Skeletal Mass Index < 5.45 kg/ m—2 Skeletal Mass Index < 7.26 kg/ m~2 DXA or BIA
Muscle mass <20th percentile of Appendicular Lean Mass DXA or BIA
S-Score < —1.0SD BIA
Total body fat > 25% Total body fat > 32% DXA or BIA
Fat Mass Index > 9 kg/m? Fat Mass Index > 13 kg/m? DXA or BIA

Adiposity

Visceral fat > 130 cm?

Visceral fat > 110 cm?

Computerized Tomography

(CT) or Magnetic Resonance

Imaging (MRI)
Visceral /Subcutaneous fat ratio > 1 DXA
S-Score < —1.0 SD BIA

Osteoporosis and osteopenia are diagnosed by measuring the bone mass using dual-
energy X-ray absorptiometry (DXA) or bioelectrical impedance analysis (BIA). DXA remains
the gold standard for diagnosis of low bone mass. However, osteoporosis is more a
disease of trabecular bone than cortical bone. The trabecular bone score, derived from
DXA data, has been put forward as an option, although this remains an estimate [24].
Microcomputed tomography (Micro-CT) may better measure osteoporosis as it can measure
trabecular number and quality [25]; however, it is not yet feasible for routine clinical use.
Higher-resolution micro-CT is available to assess trabecular bone [26], and this also has not
transitioned to being a routine clinical tool.

Sarcopenia was first described in 1989 by Rosenberg [13] and was defined using an
objective measure of muscle mass. More recent approaches emphasize handgrip strength
or a combination of other physical performance measures (e.g., walking speed and knee
extension) as screening tools [27], which seem more reflective of dynapenia. However,
an assessment of muscle mass using either DXA, BIA, computed tomography (CT), or
magnetic resonance imaging (MRI) would still be required to diagnose sarcopenia correctly.
Therefore, there is some flexibility in confirming sarcopenia in relation to imaging tech-
niques, unlike osteopenia/osteoporosis, for which diagnosis is solely used based on DXA
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measurements, where in the real world, not every clinic has the same instruments. The
criteria proposed by the Sarcopenia Definitions and Outcomes Consortium seem to focus
more on the functional aspects, possibly in the interests of using easy and quick methods
in the clinician’s office [28]. Despite these shortcuts or variations in measurements, it is
important to note that maintaining an objective measure for sarcopenia diagnosis may
be more important than ever, as sarcopenia obtained an International Classification of
Diseases (ICD) code in 2016 (M62.84), which has elevated its importance in healthcare. The
clinical diagnosis of sarcopenia has the potential to mislead the clinician if it solely relies on
functionality (e.g., handgrip strength) as a diagnostic tool.

Fat mass, both overt and ectopic, contributes to bone and muscle loss, and there is
a great need to begin to measure where it is and how much of it there is throughout life.
However, as more is learned about the root causes of bone and muscle loss and adiposity,
better, more applicable diagnostic criteria will be needed, especially for early detection.
Apart from the condition of normal weight obesity (which could be termed normal weight
adiposity), the concept of metabolically healthy obesity/obese has highlighted more is-
sues with BMI. Metabolically healthy obesity/obese (MHO) is a high BMI with serum
triglycerides, cholesterol, blood pressure, and fasting blood glucose within the healthy
range without medication [29]. MHO is also associated with insulin sensitivity [30] and
lower visceral and liver fat [29]. This suggests that visceral/ectopic fat contributes more
to type 2 diabetes than subcutaneous fat. In a three-year follow-up study of metaboli-
cally unhealthy obesity /obese (MUO) compared to MHO participants, it was found that
a >5% loss of visceral fat in the MUO group was associated with a reversal of MUO to
MHO [31]. However, in MHO individuals, the adipose tissue may remain healthy, with
intact extracellular matrix (ECM) remodeling, no fibrosis, and good mitochondrial function;
however, this needs to be elucidated. Current data show that MHO does not strictly have a
bone protective effect [32] in those with a mean BMI of 43 kg/m?, although more research
is needed in this area. Other data show that MHO has significantly decreased serum
parathyroid hormone (PTH) and insulin levels while significantly higher levels of serum
magnesium and osteocalcin [33]. Conversely, higher hip BMD was associated with MUO
but not MHO in an Iranian cross-sectional study [34]. For sarcopenia, the results are mixed,
although sarcopenia is associated with worse metabolic health [35]. On one hand, there
may not be a protective effect of MHO, as the skeletal muscle index was not significantly
higher compared to the MHO group [36]. Conversely, the prevalence of sarcopenia was
significantly lower in the MHO group compared to the MUO group [37]. The data from
MHO studies suggest that infiltrated and visceral fat are more important than subcuta-
neous fat in bone and muscle mass loss. The MHO phenotype may have ‘healthy’ adipose
tissue and may have less infiltrated fat in bone and muscle. These data make a strong case
for investigating adiposity in MHO compared to MUO, as this may help answer many
questions related to the metabolic effects of fat mass location.

2.3. Osteosarcopenic Adiposity or Combinations of Osteopenia/Osteoporosis, Sarcopenia,
and Adiposity

Bone loss, muscle loss, and increased fat mass (adiposity) are typically referred to
as separate entities. However, an individual can simultaneously present with combina-
tions of two or more conditions. Baumgartner first coined the term sarcopenic obesity
in 2000 [38], which is referred to as sarcopenic adiposity here. Binkley and Buehringby
originally proposed the term sarco-osteopenia in 2009 [39], which later assumed the term
osteosarcopenia [40]. Another possible combination is osteopenic adiposity (previously
osteopenic obesity), a state of low bone mass with excess fat mass [3]. Ilich and colleagues
first described the triad of low bone and muscle mass with high fat mass as osteosarcopenic
obesity [3]. The authors revised the name to osteosarcopenic adiposity to clarify that it
relates not just to a high fat content or high BMI but also to the redistributed and infiltrated
fat in bone and muscle [4]. The prevalence of sarcopenic adiposity is estimated at 10%
globally [41] and osteosarcopenia at 5-37%, depending on the population [42]. Specific data
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are not available to estimate the prevalence of osteopenic adiposity; however, the preva-
lence estimates for osteopenia may act as a proxy. The earlier prevalence of osteosarcopenic
adiposity was estimated at 7-10% [43] but varies widely depending on the population and
measurement techniques for diagnosis. The prevalence could even reach a rate above 80%,
as recently reviewed [44].

Diagnostic criteria were originally developed to separately assess bone health, muscle
health, or adiposity. Only recently have diagnostic criteria been combined. The assumption
is that they each hold true when used in combination; however, this needs to be evaluated.
Each of these combined syndromes needs more research focus, with more accurate mea-
surements of adipose tissue, including its infiltration/redistribution in various tissues and
the consensus about the cutoff values.

3. Uncovering the True Role of Adiposity in Alterations of Body Composition

The changes in adipose tissue as it transitions from a healthy state to a state of adiposity
have been extensively reviewed, for example [45-48]; see Figure 1 for a summary. Briefly,
adipocytes enlarge (hypertrophy) to store the surplus lipid. This stress on adipocytes
within adipose tissue results in more inflammatory signals (adipokines) and increased
recruitment of immune cells, especially with increases in M1 macrophages. These changes
lead to systemic adipocytic inflammation, which causes adipose tissue expansion in other
tissues, such as bone and muscle, and disruption of homeostatic bone-muscle-adipose
cross-talk.

Healthy Adipose Adipocytic

Tissue Adipose Tissue

T Leptin Homeostatic

1 Adiponectin Bone-Muscle-

i L GH/IGF-1 axis Tissue
Homeostatic Yo\ rosstalk
Muscle- T Deposition of collagen vesicle miRNAs P e

Adipose T Senescence ™ (

Crosstalk Mitochondrial Dysfunction
Poor Lifestyle

Inflammation
Increased Adipose Tissue
Lipid Accumulation
Immune Cell Infiltration
Fibrosis
0 Myostatin/ Insulin
T TNF-a Resistance
T IL-6 Bone Loss
TIL1 Muscle Loss

T Ebf1 Chronic
disease

M1 * Adipocyte O
macrophage Adipocyte *
MSC

Hypertrophic O
M2 -
macrophage * Adipocyte

Figure 1. The transformation of adipose tissue to adipocytic adipose tissue. This figure summarizes
how healthy adipose tissue develops into adipocytic adipose tissue. Abbreviations: (| = decreased;
1 = increased; IL-6 = interleukin 6; IL-1 = interleukin 1; GH/IGF-1 axis = growth hormone/insulin-
like growth factor-1 axis; Ebfl = early B-cell factor 1; TNF-« = tumor necrosis factor-alpha;
miRNA = micro RNA; MSC = mesenchymal stem cell. Created with BioRender.com.

3.1. Bone—-Muscle-Adipose Cross-Talk
3.1.1. Bone-Adipose Cross-Talk

The reviews that have extensively examined the cross-talk between bone and adipose
tissues have been published earlier (e.g., [3,49]). However, intriguing evidence suggests
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that adipocyte-derived extracellular vesicles may play significant roles in bone-adipose
cross-talk. These vesicles typically contain proteins, lipids, and other molecules and
serve as extracellular vehicles transporting circulating microRNAs (miRNAs). In bone,
osteoblasts actively take up adipose tissue-derived extracellular vesicles, which deliver
various miRNAs that affect metabolism [50]. One group has recently linked increases
in specific miRNAs (miR-122, miR-192, miR-27a-3p, and miR-27b-3p) to central obesity
in mice [51]. In addition, Zhang et al. found several white adipose tissue-derived extra-
cellular vesicle miRNAs to be higher in obesity and to inhibit bone formation (promote
osteoclastogenesis), clearly linking obesity /adiposity and bone loss [50]. While all data do
not fully agree on the mechanisms of bone-adipose cross-talk [52], adipose tissue-derived
extracellular vesicle uptake via osteoblasts provides strong evidence that adipose tissue
talks to bone and suggests that the composition of vesicles may change as healthy adipose
tissue transitions to adipocytic adipose tissue (See Figure 1). It also hypothesizes that bone
and muscle may produce extracellular vesicle miRNAs to facilitate cross-talk.

3.1.2. Muscle-Adipose Cross-Talk

Several groups have extensively reviewed the cross-talk between muscle and adipose
tissue [3,49,53-55]. Cross-talk occurs via adipokines, myokines, and the adipo-myokines
(molecules produced by both adipocytes and myocytes) such as interleukin-6 (IL-6) and
tumor necrosis factor-o (TNF-«) [56]. The myokines, IL-6, irisin, insulin-like growth factor-1
(IGF-1), brain-derived neurotrophic factor (BDNF), myostatin, and fibroblast growth factor
2 (FGF2) have both catabolic and anabolic effects depending on their relative ratios, location,
and physiological state. For example, aerobic activity has an anti-inflammatory effect via
myocyte interleukin-10 (IL-10) and interleukin-1 receptor antagonist (IL-1-RA), both locally
and, more importantly, systemically, suggesting it may contribute to modulating adipose
tissue homeostasis [57]. Myostatin, a myokine, is a negative modulator of muscle mass;
therefore, knockout animals have greatly elevated muscle mass [58]. However, low levels
of myostatin may also inhibit adipose tissue expansion [57]. Exercise (muscle use) reduces
myostatin locally and systemically [58], suggesting a sedentary lifestyle enhances myostatin
from myokines, thereby decreasing muscle mass and increasing fat mass. Other myokines
expressed after exercise, such as irisin and meteorin-like, may help induce the browning
of white adipose tissue adipocytes [59]. This suggests exercise may control or reduce fat
infiltration into muscle; however, there is much to learn about muscle-adipose cross-talk in
normal-weight individuals compared to those with adiposity.

3.1.3. Bone-Muscle Cross-Talk

Numerous reviews examining bone-muscle cross-talk are already available; for exam-
ples, see [49,60,61]. Both mechanical and biochemical signals connect muscle to bone [3,62];
these observations have been comprehensively reviewed [63]. Muscle paralysis, atrophy, or
immobilization promote bone loss and osteoporosis [64]. In healthy individuals, targeted
physical activity may improve bone-muscle cross-talk [62], reinforcing the concept that
bone and muscle work together by design. The shared central pathway is the growth
hormone/insulin-like growth factor-1 (GH/IGF-1) axis. This pathway plays a crucial role
in regulating bone and muscle growth [65], and any factor that perturbs this system, in-
cluding inflammation, a sedentary lifestyle, or a poor diet, can result in bone and muscle
mass loss. Furthermore, sophisticated bidirectional cross-talk between muscle and bone,
consisting of mechanical interaction and paracrine and endocrine communication, plays a
role in bone and muscle homeostasis. Decreased muscle function and performance result
in decreased skeleton load and subsequent deterioration of bone density.

3.2. Adipokines—Old and New

Adipose tissue functions as an essential endocrine organ critical for overall health and
metabolic homeostasis, but its balance is crucial [66]. Two of the most notable adipokines
influencing the development of OSA include adiponectin and leptin. However, adipose
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tissue influences bone and muscle via a multitude of adipokines. Apart from adiponectin
and leptin, the sections below will briefly discuss some other potential adipokines in bone
and muscle mass maintenance and/or loss.

3.2.1. Adiponectin

Serum concentrations of adiponectin, an adipokine, have been shown to decrease with
age and obesity and have a strong negative relationship with fat mass [67]. Adiponectin
signals through adiponectin 1 and 2 receptors (adipoR1 and adipoR2), which are abundantly
expressed by osteoblasts, osteoclasts [68], and myocytes [69]. In addition, bone marrow
adipose tissue (BMAT) produces adiponectin, indicating bone as a local source [68]. To
our knowledge, there are no data on how much adiponectin is produced by inter- and
intra-muscular adipose tissue. However, this local source in muscle may compensate for
the reduced systemic levels seen in aging and obesity [70] and in sarcopenic adiposity [71].
The major roles of adiponectin in bone and muscle are to promote bone formation [68] and
stimulate myogenesis [72], respectively.

Adiponectin stimulates bone formation through binding to adipoR1, which leads to
the phosphorylation of p38 mitogen-activated protein kinases (P38 MAPK), increasing
cyclooxygenase-2 (Cox-2) and bone morphogenetic protein-2 (BMP-2) expression [66]. BMP-
2 is highly osteogenic; however, although Cox-2 is considered inflammatory, prostaglandin
E, (PGEy), its product, has been shown to stimulate bone formation if the concentration is
low [73]. In an obese state, there are increased local inflammatory cytokines (adipocytes
and immune cells) such as IL-6, TNF-¢, and systemic C-reactive protein (CRP) from the
liver, which inhibit the secretion of adiponectin by adipocytes [74]. Conversely, some
in vitro data suggest that adiponectin (presumably local and systemic sources) stimulates
the receptor activator of the nuclear factor kappa-B ligand (RANKL) pathway via adipoR1—
P38 MAPK, thereby stimulating osteoclastogenesis [75]. However, osteoblasts produce
RANKL, which is one of the first steps in building bone. Therefore, the presence or absence
of additional bone turnover mediators may significantly modulate adiponectin signaling
in bone, resulting in its dual effects in bone formation/resorption processes. The local
production of adiponectin from BMAT needs to be investigated.

Regarding muscle, adiponectin plays a critical role in muscle mass growth and main-
tenance [76], and additional studies of adiponectin would help to understand how lower
levels lead to muscle mass loss in aging. In addition, adipoR1 knockout mice present with
significantly decreased type I (slow-twitch) muscle fibers [77], suggesting that adiponectin
helps maintain these fibers. However, disagreement about whether higher or lower levels
of adiponectin correlate with muscle loss in aging persists [76], indicating its nuanced role
in maintaining muscle mass that may also depend on the amount produced locally by
infiltrated adipose tissue. In muscle, 5" adenosine monophosphate-activated protein kinase
(AMPK), the master regulator of energy homeostasis and peroxisome proliferator-activated
receptor « (PPAR«x), mediate most of the effects of adiponectin; PPAR«x also directly reg-
ulates the expression of enzymes involved in (3-oxidation [70]. These data indicate that
adiponectin may be essential for type I muscle fatty acid metabolism, especially in adiposity.
This is interesting as type I fibers seem to be maintained in sarcopenic adiposity at the
expense of type II muscle fibers (fast-twitch), indicating more investigation of its role in
muscle fiber type loss in OSA is essential.

3.2.2. Leptin

Leptin, another adipokine, has a primary function in maintaining energy homeostasis [78].
The leptin concentration typically reflects the number of adipocytes; higher leptin levels
correlate with more adipocytes. However, it is no surprise that this does not correlate
well with BMI [79]. By increasing the production of TNF-«, IL-6, and IL-12 in monocytes,
leptin also promotes systemic and local inflammation [80]. Osteoblasts, as do chondrocytes
(involved in bone formation and fracture repair), express the leptin receptor, and locally
BMAT secretes leptin [79]. Leptin promotes increased osteoblastic activity and decreased
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osteoclast activity, suggesting it is bone-friendly [66] or has a dual role. This agrees with
the observation that leptin resistance in obesity (per BMI) is associated with worse bone
outcomes [79]. However, indirectly, leptin also negatively impacts bone via hypothalamic
signaling, as shown in animal studies [79], although this effect has not yet been established
in human studies [81].

Muscle adipocytes avidly express leptin receptors, and a lack of leptin-sensitive re-
ceptors causes muscle atrophy [82]. Therefore, leptin resistance may worsen muscle mass
loss in obese and elderly patients [83]. One group has reported that, by counteracting
the inhibition of satellite cells in a miR-489-dependent process, leptin increases muscle
mass and aids in the repair of muscle cells in animal models [84]. In aging mice, leptin
administration inhibits the expression of myostatin, thereby stopping muscle decline [85].
Through activating AMPK, leptin also increases the oxidation of fatty acids, thereby reduc-
ing muscle lipid content [86]. Leptin inhibits appetite (signaling sufficient energy intake)
and directly regulates bone and muscle mass via hypothalamic signaling [87]. This finding
indicates that bone formation and muscle growth are sensitive to the overall energy state.
At its most basic level, this suggests that in times of surplus energy (i.e., postprandial
state), bone and muscle growth should be increased; however, this does not seem to occur
in adiposity (which indicates surplus stored energy). Leptin resistance likely contributes
significantly to OSA. As muscle cells cannot recognize or respond to leptin appropriately,
the cells atrophy [84] despite their very high serum levels.

3.2.3. Chemerin

Chemerin is a relatively new adipokine involved in inflammation, adipogenesis, angio-
genesis, and energy metabolism and may be a key adiposity-driving factor. It is expressed
at high levels in white adipose tissue adipocytes and low levels in brown adipose tissue
adipocytes. However, chemerin is expressed in many other tissues in humans, such as the
liver, pancreas, adrenal gland, heart, lung, and ileum, as well as pericoronary and periaortic
adipose tissue and epithelial cells of various vessels [88]. Within adipose tissue, the primary
chemerin receptor, chemokine-like receptor 1 (Cmbklrl), is expressed both by adipocytes
and immune cells (immature dendrites, macrophages, and monocytes) and is responsible
for chemotaxis, thereby linking adiposity and immune-mediated inflammation [89]. In
humans, Cmklr1 is also expressed in the tissues that express chemerin and the testis and
lymph nodes; its other receptor, chemerin receptor 2, seems to be universally expressed in
humans [88]. This suggests that chemerin signaling is important in homeostatic whole-body
cross-talk. However, the signaling mechanism is more complicated. Chemerin knock-out
models (animal and cell) point to the mechanism being dependent on an increase in osteo-
clast and a decrease in osteoblast proliferation and differentiation, effectively modulating
bone remodeling [90]. Conversely, while serum levels of chemerin are increased in obese
mice, levels may not be increased in the bone marrow microenvironment, so there is no
negative effect on bone mass [91]. In 543 Chinese obese postmenopausal women, serum
chemerin levels were negatively correlated with bone mineral density after controlling for
age, lean mass, and fat mass. The authors hypothesize that chemerin mediates its effects by
inciting chronic low-grade inflammation [92]. Similarly, in 111 Chinese postmenopausal
women who had a fracture, high serum chemerin levels were negatively associated with
BMD and fracture risk [93]. In the same way, the data related to Cmklrl knock-out models
are raising more questions. Cmklr1”/~ mice present with lower serum testosterone lev-
els and reduced trabecular bone mass. In addition, the inactivation of Cmklrl in male
wild-type mice led to lower bone mass [94]. Cmklrl has been detected in the testes, which
provides a mechanism for bone loss via lower serum testosterone [88], although more work
is needed. Both chemerin and Cmklr1 are required to shift bone marrow stromal cells to
the adipocyte lineage. Conversely, knockdown of Cmklrl in bone marrow stromal cells,
which were then treated with adipogenic stimuli, preserved osteoblast gene expression [95].
Interestingly, Cmklr1 is expressed in the parathyroid gland [96], suggesting that chemerin
may lower bone mass via parathyroid hormone. Evidence suggests that chemerin plays a
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role in sarcopenia adiposity via disrupting mitochondrial function [97] and inflammatory
mechanisms [98,99].

Chemerin may be a key adipokine in whole-body homeostasis due to its expression
and its receptor expression in various tissues. Chemerin requires Cmklrl to modulate bone
metabolism. In general, cumulative data in humans suggest that chemerin and Cmklr1 act
on bone via different mechanisms, although with the same loss of bone outcome. However,
excess chemerin levels may be more important in relation to this discussion, as disease-
causing Cmklrl gene variants have not been detected in humans. Chemerin and Cmklr1
have an interesting future ahead.

3.2.4. Early B-Cell Factor-1 (Ebf1)

A gene that may play a critical role in osteopenic adiposity is the transcription factor,
Early B-cell factor-1 (Ebf1). It is highly expressed in adipose tissue adipocytes and plays a
critical role in adipocyte differentiation [100,101]. The subsequent observation that global
Ebf1~/~ mice present with severe lipodystrophy, in addition to stunted growth and runting,
confirms a crucial role for Ebflin adipogenesis [101]. A perplexing observation reported
in that same manuscript was that the Ebfl '~ mice also presented with a peculiar bone
phenotype, the bone marrow filled up with ‘ghost adipocytes’, although the osteoblast
number was also increased. Ebfl~/~ mice also present significantly reduced circulating
leptin levels, consistent with lipodystrophy, and increased food intake [102]. Low leptin
levels are also associated with obesity. What makes the Ebf1 =/~ bone phenotype so inter-
esting is the fact that a majority of human patients with anorexia nervosa (at least in one
genome-wide association study of 700 females of European descent) have SNPs in EBF1
and also have elevated levels of bone marrow adiposity and low leptin levels [103].

Ebfl may reciprocally regulate adipogenesis and osteogenesis, commonly referred
to as the ‘bone-fat switch’, through interactions with zinc finger proteins (Zfp) 423 and
521 [104-106]. Huo et al. demonstrated that expression of Ebfl in human white adipocytes
negatively correlates with their size, i.e., smaller adipocytes have increased levels of
Ebf1 [107]. One possibility (reviewed here [108]) is that Ebf1 is called into action quickly
during an inflammatory stimulus in adipocytes, binds to and stimulates transcription of
its targets, but then is quickly disposed of. Ebfl promotes inflammation in adipocytes,
suggesting that Ebf1 actively participates in the development of osteopenic adiposity.

3.3. Fat Infiltration in Bone and Muscle Loss

Increased localized adipose tissue deposits in bone and muscle are associated with
bone and muscle loss [109]. Obesity (defined using BMI) has been historically perceived as
protective against fractures; however, recent studies have suggested that this may not be the
case [110], and there seems to be a threshold above which adiposity becomes detrimental
to bone [111]. Therefore, a U-shaped curve better describes the relationship between osteo-
porosis and obesity [110]. Such a relationship has also been confirmed just recently in the
analysis of 11,615 adults from NHANES data spanning from 1999 to 2018 [112]. The analysis
showed the U-shaped curve (particularly in men) and the negative relationship between fat
(total, visceral, android, and gynoid) and BMD. Other available data show that infiltrated
fat is involved in bone deterioration [113-116] and supports some common mechanisms
contributing to low bone mass and higher fat mass, such as inflammation [117], increased
bone marrow adiposity [118-120], and senescence of osteoblastic progenitor cells [121-123].
From an endocrine perspective, there are clear links between increased adiposity and bone
loss: increased levels of adiposity reduce growth hormone (GH) production, leading to
higher visceral and total body fat accumulation and reduced lipolysis [124] and, conse-
quently, bone loss [125]. A greater understanding of molecular mechanisms will increase
opportunities for identifying therapeutic targets that can further minimize osteoporotic
fracture risks in relation to higher adiposity and synergistically target both adiposity and
bone health. Advances in technology to detect infiltrated fat in bone and muscle will be
paramount in our understanding of these relationships.
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A critical mechanism of bone loss involves the expansion of BMAT from bone marrow
stromal cells (BMSCs) at the cost of osteoblasts. This ‘fattening” of bone, coupled with
reduced bone formation, decreases trabecular bone density, resulting in a higher risk
for fractures [126]. BMAT expansion may also decrease hematopoiesis, contributing to
anemia [127] and precipitating dynapenia [128]; more work in this area is warranted. It is
more encouraging that BMAT can be measured noninvasively in humans using magnetic
resonance spectroscopy (MRS) or magnetic resonance imaging (MRI) [129]. The broader
issue is that measuring BMAT is highly specialized and is not quick, easy, and available in
clinicians’ offices. BMAT increases with age and adiposity but does not decrease with lower
energy intake and may even increase during periods of starvation or anorexia [130]. This
suggests that BMAT may serve as an energy reserve for maintaining erythropoiesis during
periods of nutritional stress. However, animal data suggest that BMAT responds to diet and
exercise. In female C57BL/6 mice, a high-fat diet resulted in almost a 3-fold higher BMAT
than in controls, which could be offset by higher physical activity [131], demonstrating that
BMAT—Iike other types of adipose tissue—accumulates in the presence of excess energy
and a sedentary state (Western lifestyle), just like obesity.

During aging, adipose inflammation leads to fat redistribution from the subcutaneous
space to the intra-abdominal fat (visceral fat), as well as in skeletal muscle (fat infiltra-
tion), resulting in decreased strength and muscle functionality [1]. As lipids accumulate
within and between muscle cells, they precipitate myriad altered functions, including
mitochondrial dysfunction, disrupted beta-oxidation of fatty acids, reactive oxygen species
production, enhancement of pro-inflammatory cytokine secretion [132], and insulin re-
sistance [133]. Intramuscular adipose tissue likely plays an essential and causal role in
developing sarcopenia and muscle weakness. Muscle adiposity is associated with higher
BMI even in younger (mean age 14 years) males and females [134], and infiltrated fat in the
muscle is associated with accelerated loss of muscle mass in aging [135]. Fat infiltration
of skeletal muscle, also referred to as myosteatosis, is gaining recognition for its role in
muscle mass, strength, and function loss. In 2018, the National Institute on Aging held a
workshop to deliberate on myosteatosis in the context of skeletal muscle function deficit.
However, measuring fat infiltration (sometimes referred to as muscle quality) in muscle
is complex, as intermuscular adipose tissue, intramuscular adipose tissue, and intramy-
ocellular lipids are all included in the umbrella term myosteatosis [136]. In Rosenberg’s
original 1997 paper [137], the figure comparing the thighs of younger and older women
clearly illustrates the vast differences in muscle mass in sarcopenia. More importantly,
Rosenberg also states that a ‘great deal more fat’ is present. While much of the research
since then has focused on the loss of muscle mass, and deservedly so, there is clearly a
central role for fat in the pathophysiology of muscle mass, strength and function loss.

3.4. Other Aspects of Adiposity in Bone and Muscle
3.4.1. Mitochondrial Dysfunction

One key function of bone-muscle-adipose cross-talk is whole-body energy balance [138],
as all three are recognized as endocrine organs. The key organelle in cellular energy
metabolism is the mitochondria. Adiposity (obesity) results in reduced mitochondrial
function through various mechanisms, including increased oxidative stress and reduced
mitochondprial biogenesis, and has been extensively reviewed, for example [139,140]. Stan-
dard treatments for obesity include dietary restrictions (similar to calorie restriction) and, in
certain cases, bariatric surgery. Calorie restriction results in a down regulation of mitochon-
drial respiration rate, whereas bariatric did not, even though weight loss occurred in both
situations [141]. The stress associated with major surgery and substantial changes to the
gastrointestinal tract (Roux-en-Y gastric bypass surgery) may contribute to this difference.
However, although Roux-en-Y gastric bypass surgery decreases fat mass, there is a lean
mass loss for most patients, even with exercise interventions [142]; other procedures (gastric
bypass, biliopancreatic diversion with the duodenal switch adjustable gastric band, and
sleeve gastrectomy) have similar effects on the percent of fat mass loss [143]. A study
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using air displacement plethysmography to assess body composition before and twelve
months after bariatric surgery showed that while the percent of lean body mass increased
after surgery (from 45% to 62%), the average absolute loss of lean mass was 6.75 kg [144].
Bariatric surgery does result in more body fat loss compared to calorie restriction and
exercise; however, bariatric surgery was not as effective as calorie restriction and exercise at
reducing epicardial adipose tissue [145], which is strongly associated with cardiovascular
risk [146]. This suggests that the adipose tissue repositories affected by exercise and calorie
restriction differ from those affected by bariatric surgery. Considering the strong evidence
that adipose tissue communicates with other tissues, changes to different fat depots may
affect mitochondria differently in other tissues as well as adipose tissue.

However, as bone and muscle become fatter in adiposity, adipose tissue may nega-
tively affect bone and muscle mitochondrial function. Mouse models demonstrate that
aging results in mitochondrial DNA damage, thus reducing the capacity of osteoblasts to
form bone [147]. Mitochondrial DNA damage may also be due to adiposity [148]. Oxida-
tive stress and reduced mitochondrial biogenesis and mitophagy are also implicated in
mechanisms of mitochondrial dysfunction in bone loss (osteoporosis) [149,150]. Similarly,
poor mitochondrial quality control contributes to sarcopenia and has been extensively
reviewed elsewhere, for example [151-154]. Mitochondrial dysfunction clearly contributes
to bone loss, muscle loss, and adiposity. Nevertheless, what is not known is if infiltrated
fat modulates osteoblast/osteocyte and myocyte mitochondrial function, it ultimately
contributes to bone and muscle mass loss.

3.4.2. Fibrosis

Fibrosis is typically thought of in the context of certain diseases, such as liver disease
or scar tissue; however, in adiposity, the fibrosis process is initiated, resulting in the
overproduction of extracellular matrix (ECM) proteins (predominately collagens) and other
compounds. The topic has been reviewed previously, for example [155-157]. Adipocytic
fibrosis results in less ECM remodeling compared to healthy adipose tissue, so ECM builds
up, reducing the capacity of adipose tissue and immune cells to resolve inflammatory
events and respond to adipose tissue expansion during excess dietary energy intake [157].
Fibrosis is usually not detected in adipose tissue in obesity, is resistant to treatment, and
interferes with adipose tissue homeostasis, such as reducing lipolysis [155]. This results in
more visceral fat depots, which may also be linked to the lower lipolysis in fibrotic adipose
tissue [156], so new fat depots are needed.

ECM is ubiquitous and is necessary for normal bone metabolism. Within bone, ECM
facilitates cell motility, cell adhesion, proliferation and differentiation of bone cells, and
the bone remodeling process, as well as being the foundation for mineralized bone itself
(predominately collagen type I) [158]. Therefore, any disruption in bone ECM formation
and remodeling can result in bone loss. In osteoporosis, changes to the ECM probably
do occur, mediated by variances in osteocalcin (decreased), osteonectin (decreased), and
osteopontin (increased), modulators of bone ECM [159]. It is intriguing to hypothesize
that higher BMAT results in negative changes to the bone ECM; however, more research is
needed. Similarly, homeostasis of ECM is needed to maintain muscle mass [160]. Changes
in the ECM may be related to mitochondrial dysregulation in sarcopenia. The ECM (three
layers: epimysium, perimysium, and endomysium (AKA the basement membrane)) can
account for 10% of skeletal muscle weight and facilitate muscle function, homeostasis, and
regeneration. However, in sarcopenia, more ECM is laid down (predominately composed
of collagens), and increased collagen crosslinks lead to stiffness [161], probably decreasing
muscle strength and functionality. All these data suggest that fibrosis, or dysregulated
ECM, plays a role in adiposity and bone and muscle mass loss.

3.4.3. Immune System

The immune system’s involvement in the adipose dysfunction and inflammation of
obesity is well known and has been extensively reviewed; for example [162-164], leptin
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may be a key player in the adipose-immune system interactions [165]. However, the
immune system is ubiquitous in tissues and organs; therefore, the role of the immune
system in bone loss and muscle loss is becoming clearer. Terms such as ‘osteoimmunology’
and ‘immunoporosis’ are used to describe the field of research related to bone-immune
connections. For example, several recent, excellent, in-depth reviews are available on the
topic [166-168]. Bone cells and immune cells share common cytokines (osteokines and
immunokines), and the key link between bone and the immune system is the receptor activa-
tor of NF-kB/receptor activator of NF-kB ligand /osteoprotegerin (RANK/RANKL/OPG)
axis [168]. RANK/RNAKL binding is required for osteoclast differentiation; conversely,
RANKL/OPG binding inhibits osteoclast differentiation [166]. The immune system has a
role in several types of bone loss, including postmenopausal osteoporosis (estrogen may
not directly affect bone mass; rather, estrogen depletion may work through the innate and
adaptive immune system to reduce bone mass), senile osteoporosis (senescent macrophages
and neutrophils promote bone resorption) and diabetes osteoporosis (hyperglycemia re-
sults in the polarization of M1 macrophages and non-polarization of M2 macrophages
resulting in bone loss) [167]. RANKL (from osteoblasts) binding to the RANK receptor
(osteoclasts) is the key pathway regulating the bone remodeling cycle. However, RANKL
is also overexpressed by B- and T-lymphocytes and invariant natural killer cells in states
of bone loss [168]. Inflammation is another important mechanism in osteoimmunology.
Innate immune cells (macrophages and dendritic cells) and osteoclasts share a common
stem cell ancestry and are considered inflammatory, as are granulocytes, innate lymphoid
cells, and natural killer cells [166]. However, it is not that simple; others have found that
CD8* T-cells help form bone [169]. There is much to learn about the role of immune cells in
bone loss and how BMAT interacts.

Sarcopenia could be considered a chronic site of injury in muscle [170]; in this sense,
the immune system must play a role in the development of sarcopenia. In aged muscle,
there is a pronounced shift to the M1 macrophage type (immune aging). As the M2
macrophage (increased by regulatory T-cells) is associated with activating satellite cells,
this suggests a reduction in skeletal muscle repair and possibly chronic inflammation by
M1 macrophages [171]. The interleukins 6, 7, and 15 modulate the immune system, and
interleukin-7 and interleukin-15 are inversely associated with age [172]. A decrease in
migrating neutrophils may also contribute to the lower level of muscle regeneration in
older muscles [173]. There is a clear link between muscle metabolism and the immune
system in aging [172]; however, less is known about changes to muscle induced by fat
infiltration at younger ages.

4. Uncovering the Deterioration of Body Composition—Clinical Aspects

The effects of adiposity on bone, muscle, and adipose tissue have been discussed.
Adipose tissue talks to bone and muscle via adipokines and adipose tissue-derived extra-
cellular vesicle miRNAs. The latter offer an innovative opportunity for treatment (drug
delivery) and possibly prevention strategies. Low-grade chronic inflammation repre-
sents the probable primary mechanism driving negative bone and muscle metabolism
changes in the adipocytic state [5,174]. BMAT expansion likely complements this, as does
the additional adipose tissue in the muscle, guaranteeing inflammation is not resolved.
Bone-muscle-adipose cross-talk is necessary for homeostasis, and the resultant changes in
adipocytic adipocytes probably disrupt or even stop these interactions. However, while
this manuscript focuses on the role of adiposity in bone and muscle loss, hypothetically,
bone-muscle-adipose cross-talk could be disrupted by either dysfunctional bone or mus-
cle metabolism via osteokines and myokines, respectively. This section will provide the
foundation for operationalizing the concept of adiposity into the clinical conditions of
osteopenia/osteoporosis, sarcopenia, and obesity.
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4.1. Osteopenic Adiposity

Osteopenic adiposity (OA) is a condition of fat infiltration into bones, with or without
overtly high body fat mass, coupled with bone loss. Inflammation is a key contributor
to OA and has been extensively reviewed previously; for examples, see [114,175-177].
Disruptions in bone-adipose cross-talk likely contribute; however, more research into
osteopenic adiposity is warranted as consequences of bone loss represent a large healthcare
burden, especially related to adipocyte-derived extracellular vesicles. OA processes are
summarized in Figure 2.

Healthy Bone Osteopenic Adiposity
1 adiponectin
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B + GLP-1 Homeostatic
Homeostatic 4 GH/IGF-1 axis Bone-Muscle-
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Figure 2. Osteopenic adiposity syndrome. This figure summarizes how healthy bone develops
into osteopenic adiposity syndrome. Increased BMAT and fat infiltration are represented by yel-
low circles within the bone. Abbreviations: (] = decreased; 1 = increased; BMSC = bone marrow
stem cell; GLP-1 = glucagon-like peptide-1; GH/IGF-1 axis = growth hormone/insulin-like growth
factor-1 axis; Ebfl = early B-cell factor 1, RANKL = receptor activator of NF-kB (RANK) ligand;
TNF-« = tumor necrosis factor-alpha; IL-6 = interleukin 6; BMAT = bone marrow adipose tissue;
miRNA = micro RNA. Created with BioRender.com.

4.2. Sarcopenic Adiposity

The pathophysiology leading to sarcopenic adiposity/obesity is complex and includes
the convergence of aging, hypogonadism, insulin resistance, inflammation, sedentary
lifestyle, poor diet quality [178], and fat infiltration, all contributing to the loss of muscle
mass, strength, and function. The more detrimental clinical manifestations seen with
sarcopenic obesity may simply be that fat mass accrual has exceeded a threshold. As the
percentage of total body fat increases, individuals move from a diagnosis of sarcopenia to
sarcopenic obesity; however, total body fat may not be a good measure of the fat that has
infiltrated muscle [38], although it is a better measure than BMI. Because the term ‘obesity’ is
synonymous with BMI, sarcopenic adiposity (SA) would better reflect the pathophysiology
of the condition and the associated clinical outcomes. However, unlike sarcopenic obesity,
SA is a condition of fat infiltration into muscle, with or without overtly high body fat mass,
coupled with muscle mass loss. Muscle functional status can help estimate severity. As total
body fat increases, it is logical to assume that muscle fat would also increase; however, this
needs to be thoroughly investigated, especially for those with normal-weight obesity. Based
on these data, we propose a theoretical model for the developmental stages of sarcopenic
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adiposity, including its clinical aspects, see Figure 3. Similar effects may be occurring in
bone as fat infiltration increases.
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No functional issues -
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Figure 3. Proposed developmental stages of sarcopenic adiposity. This figure summarizes the concept
that fat infiltration into muscle, in combination with muscle mass loss, accounts for the physical and
clinical outcomes observed in sarcopenic adiposity. The greater the combined increase in adiposity
and decrease in muscle mass, the worse the outcomes. Created with BioRender.com.

Increased levels of inflammatory adipokines contribute to sarcopenia, which is well
documented [179,180]. A disruption of myokines necessary for muscle tissue forma-
tion and regeneration is also implicated in the pathogenesis of sarcopenia. One group
noted an upregulation of tumor necrosis factor-o« (TNF-«), interleukin-6 (IL-6), lep-
tin, and myostatin, and a downregulation of interleukin-15 (IL-15) in sarcopenic obe-
sity/adiposity [181]. IL-15 downregulation may be a crucial myokine marker for sar-
copenic adiposity. IL-15 maintains immune function, stimulating myogenesis and re-
ducing adipose distribution [172]. It also increases protein accretion, decreases protein
degradation, induces myoblast differentiation, increases glucose uptake by skeletal muscle,
and plays a role in skeletal muscle hypertrophy, as well as exerting a catabolic effect on
adipose tissue, thereby reducing adiposity and regulating body composition [180,182].
Impaired IL-15 signaling may contribute to the coalescence of sarcopenia and obesity.
Rodent model studies have shown a decline in IL-15 associated with age and an increase in
IL-15 in models displaying higher bone mineral density, reinforcing that tissue cross-talk
may be critical for maintaining body composition [180,183]. Concomitantly, the results
from an outpatient study with 160 participants found a correlation between low levels
of plasma IL-15 and sarcopenia [184]. There also seems to be a higher adiponectin level
associated with sarcopenia [185]; however, lower levels are observed in obesity [186]. This
suggests adiponectin resistance or localized adiponectin levels are more important than
systemic levels. One in vitro study found an activation of muscle regeneration pathways
during healthy aging but also indicated evidence of dysregulation in sarcopenia [187]. SA
processes are summarized in Figure 4.
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Figure 4. Sarcopenic adiposity syndrome. This figure summarizes how healthy muscle develops
into sarcopenic adiposity syndrome. Increased fat infiltration, reduced type 2 fibers, and less in-
nervation of motor neurons. Abbreviations: (| = decreased; T = increased; IL-6 = interleukin 6;
IL-8 = interleukin 8; IL-10 = interleukin 10; IL-15 = interleukin 15; BDNF = brain-derived neu-
rotrophic factor; LIF = leukemia inhibitory factor; FL-1 = follistatin-like 1; FGF-21 = fibroblast growth
factor-21; IL1-RA = interleukin-1 receptor antagonist protein; TNF I = tumor necrosis factor I,
TNF II = tumor necrosis factor II; Pax7 = Paired Box 7; MyoD = myoblast determination protein 1;
GH/IGF-1 axis = growth hormone/insulin-like growth factor-1 axis; TNF-« = tumor necrosis factor-
alpha; miRNA = micro RNA; MSC = mesenchymal stem cell.

4.3. Osteosarcopenic Adiposity

The most adverse fate of bone, muscle, and adipose tissue is osteosarcopenic adiposity
(OSA), a simultaneous deterioration of bone and muscle, and increased adipose tissue.
While the term adiposity may include a high BMI, it more specifically refers to the localized
increases in adipose tissue within the bone and muscle and the hypertrophy of adipocytes
in white adipose tissue [188]. This illustrates the role of ectopic and ‘hidden’ fat in the
constellation of effects present rather than the classical concept of a high BML. Fabbri et al.
found that baseline BMI was not a good predictor of muscle quality (ratio of strength to
the cross-sectional area; Nm/cm?) in later life [189]. However, those with a higher total fat
mass and/or a lower total lean mass at baseline had a higher decline in muscle quality over
time. Obese states and the locations of infiltrated fat, create greater risk factors for adverse
events due to the reduction of muscle and bone mass, and increased pro-inflammatory
cytokines and other endocrine mediators impairing bone and muscle [2]. The terms osteo
and sarco in OSA refer to any reduction in bone mass or bone formation (osteopenia,
osteoporosis, and any imbalance in bone formation markers) and reduced muscle mass,
strength, and function, respectively. Both osteopenia and osteoporosis have established
diagnostic criteria. However, diagnosing a reduction in bone formation or detecting other
subtle changes in bone and muscle health is more complex. The same difficulty applies to
detecting minor changes in adipose tissues and subtle dysfunction in adipocyte metabolism
and bone-muscle—fat cross-talk. Something to keep in mind at this point is whether or not
osteosarcopenia is a separate entity from osteosarcopenic adiposity; does osteosarcopenia
exist without infiltrated fat in both bone and muscle?

Current evidence suggests a shared pathophysiological link between low bone mass,
low muscle mass, and an overabundance of fat mass. Osteopenia/osteoporosis, sarcopenia,
and overweight/obesity were once considered separate clinical conditions and rarely
studied together [12]. Contemporary advances in body composition research point to



Metabolites 2023, 13, 1056

16 of 27

sufficient evidence to establish a pathophysiological basis for OSA syndrome via bone—
muscle—fat cross-talk [3]. However, it is more challenging to establish the co-development
of OSA’s components and establish what cause and effect is. For example, Cacciatore
et al. recognized that the quality of life domains most affected by OSA are social isolation,
frailty, anxiety, disability, depression, and low economic status [43]. It is possible that these
domains also contribute to OSA development. In any case, the OSA concept highlights the
pressing need to treat diseases and conditions from a whole-body perspective and not in
isolation, and in that context, recognizing and treating adiposity is fundamental to OSA.

All the individual components of OSA are recognized clinical entities, as are sar-
copenic obesity and osteosarcopenia. It seems logical to hypothesize that outcomes would
worsen if bone and muscle mass loss are combined with adiposity, and newer data are
beginning to provide overwhelming support for such assumptions, for example [190-193].
It is estimated that OSA affects 10% of the adult population 58 years or older globally,
and OSA is more likely in older females [194]. In nursing homes, approximately 70% of
women and 50% of men were diagnosed with OSA, of which up to one-third were either at
risk of malnutrition or were diagnosed as malnourished [195], suggesting poor nutrition
is a risk factor for OSA.

In a cross-sectional study, OSA was associated with worse lung function in Korean
adults 50 years and older, without lung disease, compared to those with only one or two
components of OSA [196]. This, coupled with data from a Chinese study (mean age 69 years)
showing worse scores for gait speed and timed get up and go in those with OSA [197] and
others [190,198], suggests OSA has a negative effect on physical performance. Dyslipidemia
(presence of one or more of the following: hypercholesterolemia, hypertriglyceridemia,
low HDL, or high LDL) was associated with OSA in indigenous ethnic groups in Guangxi,
China [199]. Individuals with alcohol disorders are also at a higher risk of OSA than those
without [200]. OSA may also increase the risk of falls [201]. In relation to those with a
diagnosed disease, breast and prostate cancer patients on hormone depravation therapies
may develop OSA, and this deserves research attention to help improve health outcomes
in these patients [202]. All these data suggest that OSA is important to diagnose, prevent,
and treat.

5. Discussion and Conclusions

The concept of OSA syndrome was proposed in 2014 [3]. Each year, more data are
added to the literature, adding to the totality of evidence for OSA. OSA includes the option
that one condition may have systemic effects that lead to the development of another,
through bone-muscle-adipose cross-talk. OSA, therefore, may begin in any one of the
three tissues or wherever the adiposity is the most intense. Adipose tissue (adiposity)
dysregulation is at the forefront of bone and/or muscle loss, and the eventual development
of osteosarcopenic adiposity syndrome is the most serious deterioration in body composi-
tion. The prevalence of osteopenic adiposity, sarcopenic adiposity, osteosarcopenia, and
osteosarcopenic adiposity are sufficient to garner research attention. In this regard, the
need to measure fat mass becomes more apparent and necessary, as does the development
of technology for detecting ectopic and redistributed fat. All the evidence suggests that
maintaining a healthy fat-mass-to-lean-mass ratio is important for bone and muscle health
throughout life. Significant gaps in the literature remain; most notably, more studies in
males and younger age groups are needed. On the other hand, the studies are global but
use different diagnostic criteria or sometimes the same criteria in individuals of different
ethnicities [4,12].

One goal of this review was to delineate ‘obesity” and ‘adiposity’. The latter refers to
excess fat mass, fat infiltration into muscle and bone, and the changes to adipose tissue in
adiposity. This provides an opportunity to reanalyze any available data sets where body
composition measures were expressed in lieu of BMI to provide more insights—a great
incentive for further research. New studies in obesity need to include body composition
analysis incorporating bone adiposity, muscle adiposity, other ectopic fat, subcutaneous fat,
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and the pattern of fat redistribution. These studies will help understand the role of fat mass
in aging and chronic diseases. It is important to note that technological improvements for
assessing fat mass are also required.

Although in the present weight-centered healthcare paradigm [203], measuring fat
mass should be a high priority, it is not the case in practice. Regardless, regular assessment
of body composition would help diagnose OA, SA, and OSA, possibly at earlier stages,
which could result in better overall patient health and quality of life. Obesity is still
synonymous with BMI, and this has impeded the widespread use of body composition
assessment. BMI has effectively created normal weight obesity or other impaired body
composition states, such as metabolic healthy obese, that BMI could not delineate or even
explain. A fundamental issue with body composition is the perception that it cannot be
measured in the clinical setting and on a mass scale comparable to the measurements of
BMI. While free access to MRI, DXA, and other imaging techniques for the purpose of
assessing body composition seems outlandish in the current healthcare climate, BIA offers
an inexpensive alternative that could easily be used in a clinician’s office. Some newer
bioelectrical impedance devices offer an estimate of bone mass (for a description, see [4,12]).
Longitudinal use of bioelectrical impedance could help the clinician better assess changes
in body composition.

Fat infiltration clearly plays a role in the loss of bone and/or muscle mass, although
it is harder to detect or prove in the clinical setting. Unfortunately, prevention and treat-
ment strategies cannot be implemented without proper diagnosis and the detection of
infiltrated fat. Developing techniques will require a large effort from multidisciplinary
teams. Nevertheless, the effects of current weight loss interventions (obesity), ranging from
bariatric surgery and liposuction, to medications to lifestyle and behavioral interventions,
on the numerous fat tissue locales is unknown; this information gap must be addressed. In
addition, treatment strategies aimed at SA seem to be focused only on muscle mass [204].
Treatments for OSA have been proposed to maintain bone and muscle mass and reduce fat
mass [12], recognizing that all three need to be addressed simultaneously. Furthermore,
nutritional studies are now focusing on the role of diet in preventing osteosarcopenia with
an emphasis on protein intake and vitamins and minerals such as vitamin D, calcium,
and magnesium [44,205-208]. Nevertheless, in the case of OSA, dietary patterns and diet
quality should be considered. Weight loss is usually contraindicated in older adults since
studies have suggested that exercise has a minimal osteoprotective effect to mitigate energy
restriction-induced bone loss [209]. Therefore, nutritional interventions focusing on diet
quality combined with exercise are warranted to determine if this strategy can help older
adults offset OSA. Prevention strategies must start early to achieve peak bone mass, achieve
and maintain peak muscle mass, and minimize adipose tissue expansion and dysfunction.
Early prevention may be more important, considering obesity is occurring at an earlier
age—in such cases, the biochemical and physical implications for bone and muscle are
unknown. This is a significant gap that requires attention, as early detection of adiposity
and bone and muscle health will help people achieve healthier lives. Furthermore, the role
of fat infiltration on neurological aspects of bone (bone—brain axis [210]) and muscle loss
(motor unit loss [211] and possibly the muscle-brain axis [212]) is needed.

Cross-talk between bone, muscle, and fat exists; however, it is not clear what levels
of osteokines, myokines, and adipokines constitute homeostatic cross-talk compared to
disrupted cross-talk. One hypothesis derived from this review is that homeostatic cross-talk
may be absent in OA, SA, and OSA (bones, muscle, and fat do not talk to each other),
causing cellular stress. The changes in muscle fiber types in sarcopenia suggest there may
be fiber-specific bone-muscle—fat cross-talk between. The reduced cross-talk between fast
twitch fibers and bone and adipose tissues may provide a potential mechanism. Less-
known molecular signals may be important in the development of OSA. The inflammatory
adipokine chemerin is strongly implicated in OA; however, its role in SA and OSA must be
investigated. Ebf1 is an adipose tissue transcription factor that reciprocally regulates the
bone-fat switch; however, its actions may be tissue-dependent. As such, it is implicated
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in OA. However, little is known about its expression in BMAT and local adipocytes in
muscle. BMAT produces adiponectin locally, suggesting that fat infiltrated into muscle
may also produce adiponectin. This suggests that systemic levels may not be as important
as local concentrations. Leptin is also important to maintain muscle mass, possibly by
inhibiting myostatin. However, overall, questions remain regarding adipokine production
of infiltrated fat.

Ultimately, it is time to think about each impairment or disease, not existing in isolation
but as being interconnected with others and possibly each contributing to the other. That
is particularly true for body composition impairments, including OSA [4]. Based on
the evidence discussed, a new conceptual model for body composition deterioration is
proposed; see Figure 5. This model places adiposity at the center of the development of OSA.
It also allows for the existence of osteopenia/osteoporosis, sarcopenia, and osteosarcopenia
independent of adiposity, although, at this point, we are not sure whether each can exist
without simultaneous fat infiltration. The discussed impairments continuously progress
year after year from the very first modification of cross-talk to the most advanced disruption.
This creates an opportunity to refine diagnostic criteria further. However, BMI should
not be used in any research setting related to bone and muscle loss, as more precise body
composition data are needed. Managing adiposity is about managing fat mass, and every
effort should be made to precisely measure it. Using the current obesity epidemic as
evidence, utilizing proxy fat mass (BMI) measures may not be the best approach. DXA
is used to diagnose bone loss and, lately, muscle loss via assessment of appendicular
muscle mass. However, DXA is underutilized regarding its use in younger individuals,
and clinicians could be more proactive in assessing bone and muscle mass throughout life
using BIA. As a final point, learning more about fat mass and its effects on other tissues
needs to be the goal of future research in adiposity, as this ignores the critical effects of
adipose tissue in the development and clinical presentation of OA, SA, and OSA.

1 Immune cell infiltration
T Mitochondrial

T Immune cell infiltration

A T Mitochondrial
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T Mitochondrial
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Healthy Y o
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t Fibrosis ¢
el senescence o
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0 = osteopenia/osteoporosis; S = sarcopenia; A = adiposity, 0S = osteosarcopenia; OA = osteopenic
adiposity; SA = sarcopenic adiposity; OSA = osteosarcopenic adiposity

Figure 5. Clinical manifestations of adiposity in bone and fat. The presence of fat in bone and muscle
is a key contributor to the pathophysiology and clinical diagnoses of low bone and fat mass and excess
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fat mass. This new model places adiposity at the center of osteopenic adiposity, sarcopenic adiposity,
and osteosarcopenic adiposity. There is the possibility that adiposity, osteoporosis, sarcopenia,
and osteosarcopenia can exist independently; therefore, these are also represented. These may
also develop into OA, SA, or OSA. Created with BioRender.com Abbreviations: (| = decreased;
1 = increased; Ebfl = early B-cell factor 1; BMAT = bone marrow adipose tissue. Created with
BioRender.com.

In conclusion, the role of adipose tissue in bone and muscle health is more complex
than previously thought, and this needs to be recognized at the clinical level so that positive
changes to the narrative around obesity and body composition can be made.
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