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Abstract

Age-associated obesity and muscle atrophy (sarcopenia) are intimately connected and are reciprocally regulated by ad-
ipose tissue and skeletal muscle dysfunction. During ageing, adipose inflammation leads to the redistribution of fat to
the intra-abdominal area (visceral fat) and fatty infiltrations in skeletal muscles, resulting in decreased overall strength
and functionality. Lipids and their derivatives accumulate both within and between muscle cells, inducing mitochon-
drial dysfunction, disturbing B-oxidation of fatty acids, and enhancing reactive oxygen species (ROS) production, lead-
ing to lipotoxicity and insulin resistance, as well as enhanced secretion of some pro-inflammatory cytokines. In turn,
these muscle-secreted cytokines may exacerbate adipose tissue atrophy, support chronic low-grade inflammation,
and establish a vicious cycle of local hyperlipidaemia, insulin resistance, and inflammation that spreads systemically,
thus promoting the development of sarcopenic obesity (SO). We call this the metabaging cycle. Patients with SO show
an increased risk of systemic insulin resistance, systemic inflammation, associated chronic diseases, and the subsequent
progression to full-blown sarcopenia and even cachexia. Meanwhile in many cardiometabolic diseases, the ostensibly
protective effect of obesity in extremely elderly subjects, also known as the ‘obesity paradox’, could possibly be ex-
plained by our theory that many elderly subjects with normal body mass index might actually harbour SO to various
degrees, before it progresses to full-blown severe sarcopenia. Our review outlines current knowledge concerning the
possible chain of causation between sarcopenia and obesity, proposes a solution to the obesity paradox, and the role
of fat mass in ageing.
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Introduction

The animal body’s remarkable ability to rapidly adapt to ever-
changing environmental and internal signals is vital for organ-
ismal health and survival. Modern human ageing is possibly a
maladaptive programmed response to modern changes in
food intake, sanitation and environmental pollution after sev-
eral millennia of human civilization. Most notable in human
ageing are the changes in physiology and body composition,
such as the changes or redistribution in muscle and adipose
mass, even if the total body weight remains unchanged.!!
Across populations today, muscle mass remains relatively sta-
ble during early life, but after age ~30 years, muscle mass de-
clines at a rate of ~0.5-1.0% per year.!”) With ageing, the
impaired balance between protein synthesis and proteolysis
in skeletal muscle results in a progressive decline in skeletal
muscle mass, strength, and function and is defined as
sarcopenia.l®! As the strength of limb muscles and respiratory
muscles gradually decrease, normal physical functions and
activities such as breathing, standing, walking, and running
will also decline.'?! On average, the peak strength decreases
by 20-40% between 30 and 80 years old. Loss of muscle
has a serious consequence on many chronic diseases, and
on ageing itself, because it leads to weakness, loss of inde-
pendence, and increased risk of death.' Various myokines
released from active muscles act as signalling mediators be-
tween skeletal muscle and other vital organs, such as the
liver, fat, and brain.!®! This signalling influences the progres-
sion of chronic disease such as diabetes, cardiovascular dis-
ease (CVD), osteoporosis, osteoarthritis, cancer, and many
other ageing-related diseases. Thus, sarcopenia represents a
major health problem and an important burden for health-
care systems across the globe.®!

Sarcopenic muscles show reduced numbers of stem cells
(called satellite cells) and terminally differentiated myofibres.
Moreover, type Il glycolytic myofibres become hypotrophic
with reduced diameter, and the muscles become infiltrated
with adipose tissue and, at later stages, fibrotic tissue.l”! Fatty
infiltration into both muscle and bone, and the redistribution
of subcutaneous fat to the intra-abdominal area (visceral fat),
all result in decreased overall strength and functionality, in-
creasing the risk of falls and fractures, and a potential in-
crease in morbidity.’®] The proportions of visceral fat and
intramuscular fat also increase with age, reaching a peak be-
tween 60 and 75 years old, as the proportion of subcutane-
ous fat decreases.!) Interestingly, a major geriatric study of
nonagenarians indicated that, muscle fat infiltration is still
positively correlated with the area of pericardial and visceral
adipose tissue in these oldest old individuals, although vis-
ceral fat mass strangely become protective against frailty in
this age group (part of a phenomenon known as the obesity
paradox, which we will address in a later section).*? It is
noteworthy that while the redistribution of fat does not nec-
essarily manifest as obesity, intramuscular fat infiltration gen-

erally increases the chances of progression to obesity across
adults.*Y In obesity, muscle progenitor cells could also differ-
entiate to an adipocyte-like phenotype as a result of para-
crine signals from cytokines, leading to reduced muscular
renewal, increased fatty infiltration, and thus a vicious
cycle.*? This synergy between muscle loss and fatty infiltra-
tion might trigger and aggravate the pathogenesis of
sarcopenic obesity (SO).[*3 SO refers to an obese disease
condition accompanied by low skeletal muscle quality,
strength and/or function, more common in the elderly, and
seriously affects their quality of life by directly causing unsta-
ble walking, balance disorders, falls, and fractures.*¥ Deposi-
tion of intramyocellular lipids further promotes lipotoxicity,
which induces and aggravates mitochondrial dysfunction, ox-
idative stress, insulin resistance (IR), and inflammation.™**
These molecular changes interact with each other, leading
to a vicious cycle that impairs the regeneration of muscle
and blocks the recovery of physical function.!*®! Hormone
dysfunction is another explanation for the ageing-induced in-
crease in adipogenesis and the accelerated loss of bone and
muscle mass after menopause in women and andropause in
men.”! Studies have increasingly recognized the importance
of muscular fatty infiltrations for the age-mediated loss of
skeletal muscle function, and are beginning to suggest that
this new important factor is closely linked to physical
inactivity.™*®!

In general, two major problems have plagued the field for
many years. Firstly, sarcopenia and obesity are both consid-
ered multifactorial syndromes sharing various overlapping
causes and feedback mechanisms. However, different studies
have presented confusing views on the pathogenic relation-
ship between sarcopenia and obesity, with no clear answer.
Secondly, inflammation and insulin resistance both play im-
portant roles in sarcopenia and obesity, but the origins of lo-
cal inflammation and insulin resistance, and how they cause
systemic inflammation, systemic insulin resistance, and
changes in body composition, had remained unclear.

Our review posits that assuming adipocyte dysfunction is
the first of many drivers of local inflammation and insulin re-
sistance (IR), followed by a vicious cycle (the metabaging cy-
cle) that spreads systemically, may be the best unifying
explanation for the metabolic syndrome that causes both
obesity and sarcopenia during ageing, and further explains
the obesity paradox in certain age groups. While previous re-
views had focused on other aspects of sarcopenia and
50,1922 gur review re-analyses the current knowledge from
new perspectives based on the following biomedical puzzles:
(1) Does ectopic fatty infiltration into skeletal muscles lead to
muscle atrophy even before sarcopenia is diagnosed? (2)
Does lipid-induced inflammaging and IR unify the chronic
conditions of obesity and sarcopenia mechanistically, sug-
gesting a vicious cycle causes SO? (3) If the mortality risk of
sarcopenia patients is higher than SO patients, is fat mass
really protective, as suggested in the obesity paradox? This
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review examines the possibility of a pathogenic mechanism
with multiple drivers and triggers, proceeding from local
hyperlipidaemia to fat redistribution and local inflammation
to sarcopenia, suggesting that a metabaging cycle that
spreads systemically may be the root cause for obesity, sarco-
penia and the metabolic syndrome during ageing.

Methods

A comprehensive literature search was performed on the
PubMed, EMBASE, OVID, and Cochrane library databases,
using data from 1 January 2015 to 31 June 2021. The follow-
ing search terms were used: sarcopenia or muscle wasting or
muscle atrophy or sarcopenic or muscle attenuation, and
obesity or obese or adiposity or fat mass. Primary studies
were included if they met the following criteria: (1) study
type: animal research, clinical research and cell experiments;
(2) subjects: elderly persons and aged animals with sarcope-
nia or sarcopenic obesity; (3) primary indexes: muscle atro-
phy, ectopic fat infiltration, fat wasting, and decline of
physical function. Studies were excluded if (1) study topic:
non-sarcopenia-relevant basic research, neuromuscular junc-
tion mechanism and gut microbiota mechanisms; (2) sub-
jects: young adults.

Hyperlipidaemia initially leads to local
adipose inflammation and fat
redistribution

During transient hyperlipidaemia after food intake, adipose
tissues are driven to expand. The expansion of adipose de-
pots can be driven either by the increase in adipocyte size
(hypertrophy), or by the formation of new adipocytes from
perivascular preadipocytes and pericytes (hyperplasia).’?®
Under conditions of over-nutrition, chronic stress, and/or
long periods of physical inactivity, maladaptive adipose tissue
expansion causes an increase in hypoxia in these cells, be-
cause of their expanded size.?! Adipose tissue hypoxia either
increases the expression of pro-fibrotic genes and leads to
adipose fibrosis, or directly leads to adipose necrosis, induc-
ing infiltration by immune cells and adipose inflammation.?”!

The metabolic and redox states of adipocytes also dictate
the adipose tissue responses.?®! During ageing, the extant
adipocytes gradually develop resistance to insulin, leptin, fi-
broblast growth factor-21 (FGF21), and other secreted fac-
tors, leading to further elevation in local glucose and lipid
concentrations.?”! Furthermore, the extant adipocytes’ im-
paired insulin signalling permits lipolysis, further promoting
local hyperlipidaemia.?®]

Thus, even before obesity becomes obvious, persistent hy-
perlipidaemia contributes to fat redistribution, for example,
subcutaneous adipose inflammation and lipolysis, fuelling vis-
ceral adipose tissue (VAT) expansion.[?3! Many other extracel-
lular signals have also been reported to influence
adipogenesis.?®! Besides lipids themselves, local levels of in-
sulin, glucocorticoids, sex steroids, and bone morphogenetic

proteins (BMPs) also directly regulate peroxisome
proliferator-activated receptor-y (PPARy) and CCAAT/
enhancer-binding  protein-o. ~ (CEBPa), to  facilitate

preadipocyte differentiation.’?®! Thus, hyperlipidaemia, hy-
perinsulinaemia, and other metabolic signalling cues drive
the creation and expansion of new lipid storage depots dur-
ing fat redistribution.?*!

Separately, systemic physiological states, such as those as-
sociated with inflammation, excessive oxidative stress, and
the production of reactive oxygen species (ROS), have com-
plex and context-dependent effects on adipose tissue ho-
meostasis and fibrosis.>®) ROS overproduction in myoblasts
causes accumulation of S100B, which promote the myo-
blast-to-adipocyte transition, and myoblasts from sarcopenic
subjects show properties of (pre)adipocytes.®* In turn,
S100B stimulates NF-kB activity with resultant upregulation
of YY1 and YYl-dependent inhibition of microRNA-133, a
promyogenic and anti-adipogenic microRNA,B? ultimately
leading to the transition of myoblasts into adipocytes.Z!
Chronic inflammation in extant adipose depots and other tis-
sues also contribute to the pathophysiology of adipose tissue
dysfunction, including the gradual impairment of adipogene-
sis that contributes to IR and metabolic disease.’?®
Pro-inflammatory cytokines such as interleukin (IL)-1f
inhibit adipogenesis, or the ability of pre-adipocytes to
mature into functional lipid-enriched adipocytes.*®! In a
chronic inflammation microenvironment, preadipocytes can
transdifferentiate into macrophage-like cells, with increased
expression of pro-inflammatory cytokines and decreased
adipogenic capacity in response to inflammatory stimuli.®¥
This ultimately contributes to a vicious cycle of adipose tissue
inflammation, lipolysis and fibrosis as well.

Lipid derivatives accumulate in muscle
cells to cause myosteatosis

Inflammation-induced lipolysis, hyperlipidaemia, and the pro-
gressive redistribution of lipids to newly formed visceral fat
depots and nearby muscles lead to ectopic fat infiltration in
many organs. Fat redistribution is a hallmark of modern age-
ing that has been validated amongst nonagenarians as
well.* Excess lipids are thought to ‘spill over’ to other tis-
sues, especially the skeletal muscles,’®> which accumulate
the lipids as intermuscular adipose tissue (IMAT), intramuscu-
lar adipose tissue and intramyocellular lipid droplets (IMCLs)
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containing triacylglycerol or fatty acid derivatives such as di-
acylglycerols (DAG), long chain acyl CoAs, and ceramides.®®]
Skeletal muscle ectopic fat infiltration, or myosteatosis, is
an abnormal phenomenon that increases with ageing and is
recognized to negatively correlate with muscle mass,
strength, mobility and normal metabolism.B”) Evidence
shows that skeletal muscle fat infiltration accelerates with in-
creasing age amongst middle aged and older men.® Fur-
thermore, changing rates in myosteatosis are likely more
related to ageing than any particular disease.’*” Clinical data
showed that skeletal muscle fat infiltration occurred in both
lean and obese individuals, although the infiltrated muscle
volume was positively associated with body mass index
(BMI).1*Y Skeletal muscle fat infiltration appears to be inde-
pendent of muscle mass, however, suggesting it precedes
muscle atrophy to cause sarcopenia.’®”}

While the biological mechanisms underlying increased
myosteatosis or skeletal muscle fat infiltration are currently
unclear, recent evidence suggest the importance of leptin
signalling,*®! fibro-adipogenic precursor (FAP) cells,*® and
mitochondrial dysfunction.™™ The muscular environment
contains various populations of tissue-resident progenitors,
including the muscular satellite cells and FAPs.*® FAPs ap-
pear to be the main stem cell population implicated in
sarcopenia-related IMAT development.!*®! In muscle disuse
or pathological conditions, such as Duchenne muscular dys-
trophy, FAPs proliferate and differentiate into adipose and fi-
brous tissue.*!! Inflammatory deregulation and the possible
overlap between tumour necrosis factor-o (TNF-a) and
transforming growth factor f1 (TGF-f1) signalling may pro-
mote survival of FAPs and adipocytic differentiation leading
to IMAT development and fat accumulation during
sarcopenia.l*?! FAPs are highly influenced by environmental
changes during ageing. The Notch signalling pathway may
also be involved in FAP-driven IMAT development during
ageing.[**! This pathway is a major mechanism implicated in
the maintenance of satellite cell quiescence as well as promo-
tion of their proliferation after injury. During ageing, an atten-
uated Notch signalling response results in impaired
proliferation of satellite cells and a failure in muscle
regeneration./** Furthermore, TGF-B is a Notch inhibitor up-
regulated during ageing and may explain the spontaneous
entry of satellite cells into the cell cycle during ageing.!**!
During ageing, altered Wnt10b signalling increases expres-
sion of key adipogenic genes to promote IMAT
accumulation.!*®! The Wnt signalling pathway appears to be
particularly complex, especially when related to ageing be-
cause expression levels of Wnt proteins will not all vary in
the same direction. Ageing is also linked to altered synthesis

of nitric oxide (NO) in skeletal muscle,*”! which regulates FAP
fate through inhibition of their differentiation into
adipocytes.

Ectopic lipid deposition has also been linked to cellular
stress responses and apoptosis via increased lipid

metabolism.[*8] IMCLs are mostly found in lipid droplets
(LDs) containing perilipins (PLINs), which are believed to be
involved in important aspects of muscle physiology such as
the breakdown of stored lipids.!*®! In skeletal muscle, lipolysis
in the IMCL stores is mediated by lipoprotein lipases, includ-
ing the adipose triglyceride lipase (ATGL) and
hormone-sensitive lipase (HSL).°® HSL and ATGL need to
work in concert to regulate lipolysis in skeletal muscle, and
their discordant activity are thought to be responsible for
dysregulated lipolysis and IR in the skeletal muscle of obese
and type Il diabetes mellitus (T2DM) individuals.®!! One of
the major mechanisms that cause muscle IR is thought to
be the myocytes’ accumulation of secondary products of lipid
metabolism such as DAG, ceramides, and other lipids in
IMCLs.[*3! Ceramide levels were found to be higher in obese
and insulin-resistant individuals compared to
insulin-sensitive muscle. Ceramides can directly induce cellu-
lar IR by blocking the downstream effects of insulin signalling,
such as glucose transporter-4 (GLUT4) translocation.®?
Besides hyperlipidaemia-induced ectopic lipid deposition,
dysregulated lipid oxidation in mitochondria during ageing
also predisposes individuals to muscle IR.3! If not for the cu-
mulative ROS damage to mitochondria with ageing, ectopic
lipid deposition per se might not induce muscle IR, as is often
seen in young endurance athletes, a phenomenon known as
the Athletes’ Paradox. But as a result of mitochondrial dys-
function with ageing, the lipid oxidation-induced ROS and lo-
cal inflammation lead to the activation of stress signalling
pathways, such as c-Jun N-terminal kinase (JNK), IxB kinase
(IKK), protein kinase C (PKC) and p38-mitogen-activated pro-
tein kinase (p38-MAPK), all of which also suppress insulin-
PI3K-mTOR signalling.>* In addition, the impaired insulin-
PI3K-mTOR signalling further inhibits muscle mitochondrial
function, leading to further lipid accumulation and lipid
oxidation-induced ROS, thus creating a vicious cycle of
myosteatosis, lipotoxicity and muscle IR with ageing.>”

Myosteatosis leads to systemic
inflammaging, systemic insulin
resistance, and sarcopenic obesity

The vicious cycle of local myosteatosis and muscle IR can now
complete a larger vicious cycle with local adipose inflamma-
tion to create a storm of inflammation to induce systemic
IR (Figure 1). One important reason is that the local muscle
IR leads to reduced lipid uptake and increases local free fatty
acid (FFA) concentrations, thereby worsening the local hyper-
lipidaemia and local IMAT inflammation, as explained in the
earlier section, and boosting the secretion of inflammatory
factors by both adipose and muscle tissues.”® Inflammaging,
defined as the increase in senescence-associated secretory
phenotype (SASP) inflammatory cytokines with ageing, can
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Figure 1 The metabaging cycle. (1) during transient hyperlipidaemia after food intake or inactivity, or local hyperlipidaemia due to lipolysis, nearby
adipose tissues are driven to expand. (2) Excess lipids are thought to ‘spill over’ and redistribute to other tissues, especially the skeletal muscles.
(3) Lipids and their derivatives accumulate both within and between muscle cells (myosteatosis), inducing mitochondrial dysfunction, disturbing
B-oxidation of fatty acids, and enhancing reactive oxygen species (ROS) production, leading to lipotoxicity, which also induces (4) insulin resistance
and (5) inflammation. The pro-inflammatory factors further induce infiltration of macrophages and other immune cells into adipose and muscle, which
further secrete a large amount of pro-inflammatory cytokines and chemokines, thus broadening the local chronic inflammation into a low-grade sys-
temic inflammaging state in adipose depots and muscles, which further spreads inflammation-induced insulin resistance and lipid dysfunction. (6) The
vicious cycle of local myosteatosis and muscle insulin resistance can now complete a larger vicious cycle leading to reducing lipid uptake and increasing
local free fatty acid concentrations, and thus local lipolysis. The resultant local hyperlipidaemia, lipotoxicity, and insulin resistance that triggered the
local inflammaging, further worsens the lipid dysfunction and insulin resistance in a spreading vicious cycle that results in sarcopenic obesity. We call

this the metabaging cycle.

spread this metabolic dysfunction systemically as this
low-grade chronic inflammatory state spreads
inflammation-induced IR, lipid dysfunction, and senescence
across the adipose depots, muscles and other tissues.””) Se-
nescent cells accumulate in a range of tissues with age, se-
creting numerous pro-inflammatory cytokines, chemokines,
growth factors, and extracellular matrix (ECM) degrading
proteins.”® SASP is thought to have evolved as an adaptive
signal to acutely and rapidly recruit immune cells to the vicin-
ity of senescent cells in order to mediate their clearance dur-
ing tissue development, wound healing or carcinogenesis. In
the setting of chronic metabolic dysfunction, however, SASP
becomes a maladaptive signal to progressively spread
inflammation-induced IR.

The pro-inflammatory factors further induce infiltration of
macrophages and other immune cells into adipose, muscle
and other tissues, which further secrete a large amount of
pro-inflammatory cytokines and chemokines, thus broaden-
ing the local chronic inflammation into a systemic
inflammaging condition in adipose depots, muscles and other
tissues.>”! Notably, it was local hyperlipidaemia, lipotoxicity,
and IR that triggered the local inflammaging, which worsened
the lipid metabolism dysfunction in a spreading vicious cycle.
We call this the metabaging cycle (Figure 1). As a result, this

lipotoxic vicious cycle becomes the major mechanism that
drives systemic IR and sarcopenic obesity.”]

Sarcopenic obesity (SO), a combination of sarcopenia and
obesity, is the concurrence of muscle loss and excessive body
fat accrual.’! The definition of SO has not been universally
established, and that is partly due to the existence of various
diagnostic criteria for both sarcopenia and obesity. Korea’s
recommended SO diagnostic criteria are defined as subjects
fulfilling both the criteria for obesity (men body fat >27%,
women body fat >38%) and the European Working Group
on Sarcopenia in Older People 2 (EWGSOP2) criteria for
sarcopenia.!®® However, current diagnostic criteria are likely
inaccurate, because the concurrent loss of muscle and gain
in fat could bring little or zero net change in body weight or
BMI. This means many ‘normal’ subjects in current studies
could actually be SO subjects that were not suspected nor
tested for (pre-)sarcopenia, and we might be grossly
underestimating both the prevalence and the impact of SO.
Nevertheless, in the longitudinal Korean Sarcopenic Obesity
Study, the extent of visceral obesity at the start of the study
was shown to correlate with the extent of appendicular mus-
cle loss over ~2 years of follow-up, indicating that fat redistri-
bution may play a causal role in this association.[®!
Compared with obesity alone, SO is associated with a
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heightened risk for adverse health outcomes, such as disabil-
ity or impairment, CVD, metabolic diseases, morbidity, and
mortality.[®?

In both animal models and human patients,
obesity-induced hyperlipidaemia and lipotoxicity-induced in-
flammation is thought to be one of the drivers for 50.1°3! As
mentioned before at the local level, but now at the systemic
level, the main effect of lipotoxicity is the marked impairment
of mitochondria, characterized by enhanced ROS production,
disturbed mitophagy and reduced mitochondrial biogenesis.
This is accompanied by significant functional disturbances,
such as reduced lipid B-oxidation of fatty acids and
lipolysis,'®* resulting in systemic IR.

Enhanced release of fatty acids and dysregulated produc-
tion of adipokines can activate and recruit macrophages via
binding chemokine (C-C motif) receptor 2 (CCR2), CD36
and/or toll-like receptor 4 (TLR4),!%*! as well as other immune
cells via activation of adhesion molecules and triggering che-
motaxis, worsening the pro-inflammatory vicious cycle. For
example, ectopic lipids induce Nod-like receptors protein 3
(NLRP3) inflammasome formation to trigger caspase-1, which
subsequently activate IL-1p and IL-18, thus activating the pro-
inflammatory M1 macrophages resident in the skeletal
muscle.®® These macrophages release TNFa, IL-1P, IL-6,
monocyte-chemoattractant protein-1 (MCP-1), and TGFf,
which can also stimulate trans-differentiation of fibroblasts
into myofibroblasts to cause fibrosis and further tissue dam-
age, worsening the systemic inflammaging.

Macrophages have emerged as an important player in tis-
sue inflammaging. Macrophages undergo polarization from
an anti-inflammatory (M2) to a pro-inflammatory (M1) phe-
notype, apparently under the influence of accumulating Thl
and Th17 CD4+ cells, and CD8+ cells.[®”) M1 macrophages ac-
tivated by Th1 mediators, such as interferon y (IFNy), go on to
secrete pro-inflammatory molecules like TNFa, IL1-B, IL-6,
and MCP-1/CCL2. Such a M2-to-M1 switch is linked to the
emergence of systemic IR.[®”! Adipose tissue-resident B cells,
which are localized around macrophage clusters, have also
been shown to have a predominant pathogenic role in
obesity-related IR in mice.l®® These pathogenic B cells
activate IFNy-producing CD4+ and CD8 + T cells and/or IL-
17-secreting Th1 cells within the visceral adipose tissues, pre-
sumably through LTB4/leukotriene-B4 receptor 1 (LTB4R1)
signalling. All these pro-inflammatory immune cells secrete
a complex mixture of cytokines and chemokines to induce,
support, and exacerbate tissue inflammation.

While adipose tissue responds to pro-inflammatory cyto-
kines with fibrosis, lipolysis, fat redistribution and central
obesity, as explained in the earlier section: skeletal muscle
tissue responds to pro-inflammatory cytokines with atrophy
and sarcopenia. Cytokines such as TNF-a, TNF-like weak pro-
moter of apoptosis (TWEAK), IL-18, and IL-6, are thought to
induce muscle atrophy during sarcopenia.'®® Increased levels
of TNF-a and TWEAK have been shown to inhibit the

expression of anabolism hormones such as insulin and insulin
growth factor 1 (IGF-1).7°! Additionally, the local expression
of IGF-1 is blunted by pro-inflammatory cytokines TNFa and
IL-1pB, leading to impairment of glucose disposal into the mus-
cle and the resistance of mTORC1 activation from insulin
receptor substrate 1 (IRS1) phosphorylation and its down-
stream cascade, an example of the synergy between IR and
anabolic resistance.l’?! High TNF-a concentrations also result
in the activation of the caspase cascade via ROS production
and TNF receptor 1 (TNFR1) activation. TNFR1 activation in-
creases muscle cell apoptosis, leading to the release of more
TNF-0. to exacerbate the vicious cycle.”*! Besides its role in
programmed cell death, TNF-a also upregulates the expres-
sion of the muscle ubiquitin ligase muscle ring fingerl
(MuRF1) via the NF-xB pathway, to promote muscle proteol-
ysis and muscle atrophy.”*! In addition, TNF-a also
upregulates ROS via increased lipolysis and lipid oxidation, ac-
tivating NF-kB either directly or indirectly.’? In turn, the in-
creased amount of NF-kB may contribute to an increased
accumulation of ceramide in sarcopenic muscle and the at-
tenuation of anabolic signalling by resistance exercise.l”*! In-
deed, ceramide, a fatty acid-derived second messenger in
TNF-a and IL-1P signalling pathways, was a key element in in-
sulin/IGF-1 resistance and thus anabolic resistance in muscle
cells.”"! Under pathological conditions, TWEAK also becomes
overexpressed and activates the NF-kB pathway via the FGF-
inducible 14 receptors, leading to increased expression of
MuRF1 and activation of the ubiquitin-proteasome (UPS)
pathway as well.[®! Thus, systemic inflammaging induces a
complex variety of mechanisms to cause muscle atrophy dur-
ing SO.

Cross-talk in inflammaging and insulin
resistance leads to full-blown
sarcopenia

Sarcopenic obesity patients may appear as ‘normal’ subjects
due to the mutual masking effect of sarcopenia and obesity.
But after a long period of systemic inflammaging, chronic in-
flammation in adipose depots would lead to the systemic at-
rophy and wasting observed in cachexia and full-blown
sarcopenia.l”®! White adipose tissue (WAT) lipolysis and
WAT browning are examples of how chronic inflammation
can cause adipose tissue wasting.[75] In cancer cachexia, lipol-
ysis and (reversible) adipose wasting may occur to an extent
before (irreversible) muscle wasting is detected.”® This sug-
gests that SO may progress to full-blown sarcopenia in the
same way that cachexia develops: systemic inflammation-
induced adipose atrophy, which unmasks and exacerbates
the muscle atrophy (Figure 2).

Increased lipolysis and lipid oxidation, decreased lipogene-
sis, lipid deposition, and adipogenesis, as well as WAT
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Figure 2 Resolving the obesity paradox. During ageing, adipose inflammation leads to the redistribution of fat to the intra-abdominal area (visceral
fat) and fatty infiltration into muscle. Intramuscular fat infiltration increases the chances of progression to obesity, which reduced muscular renewal,
progressing to pre-sarcopenia. This synergy between muscle loss (pre-sarcopenia) and fatty infiltration (myosteatosis) might trigger and aggravate the
pathogenesis of sarcopenic obesity (SO), low-grade inflammation (inflammaging) and systemic insulin resistance. SO patients may appear as ‘normal’
subjects due to the mutual masking effect of sarcopenia and obesity. The vicious cycle of local myosteatosis and muscle insulin resistance can complete
a larger vicious cycle leading to increasing lipolysis and local free fatty acid concentrations (the metabaging cycle), thereby worsening and spreading
the local hyperlipidaemia. But after a long period of systemic inflammaging, chronic inflammation would exhaust both extant and newly formed ad-
ipose depots, leading to the systemic atrophy and wasting observed in cachexia and full-blown sarcopenia. This suggests that SO may progress to
full-blown sarcopenia in the same way that cachexia develops: systemic inflammation-induced adipose atrophy, which unmasks and exacerbates

the muscle atrophy.

browning, are known to underlie adipose atrophy.l’”} Inflam-
matory TNF-a, or cachectin, is a primary cytokine in the rep-
ertoire of pro-inflammatory factors and a strong promoter of
the hydrolysis of intracellular TGs in fat cells.’Y It can stimu-
late lipolysis by at least three separate mechanisms. One is by
inhibiting insulin receptor signalling, thereby counteracting
the anti-lipolytic effect of the insulin hormone. Another is
by inhibiting signalling through the Gi-protein-coupled aden-
osine receptor to counteract the anti-lipolytic effect of aden-
osine. The third way is via direct stimulation of basal (non-
hormonal) lipolysis through interactions with the
lipid-binding protein perilipin. In human adipocytes, TNF-
a-mediated lipolysis is dependent on down-regulation of
perilipin expression via mitogen activated protein kinases
(MAPKs) p44/42 and JNK, which could be of etiological impor-
tance for the development of IR in both cachexia and
obesity.[”®! Correlation analyses indicated a significantly posi-
tive association between serum TNF-o and serum FFA in
early-stage cachexia. In fact, serum IL-6, another pro-
inflammatory cytokine, is also positively correlated with
serum FFA in both early-stage and late-stage cachexia.l’®]
Inflammatory cytokines like IL-6 and tumour-derived

parathyroid hormone-related protein (PTHrP) can also medi-
ate WAT browning by inducing expression of thermogenic
genes.”! WAT browning was associated with increased ex-
pression of brown fat markers including UCP-1, peroxisome
proliferator-activated receptor-y co-activator-la. (PGC-1a),
PPARy and cell death-inducing DNA fragmentation
factor-like effector A (CIDEA) in cachectic mice.®” Thus, in-
flammatory factors can directly cause lipolysis and WAT
browning to induce adipose atrophy (Figure 1 and 2).

As mentioned in the earlier section, inflammation can also
cause IR. In humans, insulin and catecholamines are the most
important hormones regulating adipocyte lipolysis under nor-
mal conditions.’®Y Catecholamines such as adrenaline stimu-
late human adipocyte lipolysis through an increase in cyclic
adenosine monophosphate (CAMP) levels, resulting in protein
kinase A (PKA)-mediated phosphorylation and activation of
HSL.5B2 Insulin usually inhibits catecholamine-induced lipoly-
sis through the disruption of PKA scaffolding induced by
B-adrenoceptor signalling.’®3! In IR subjects, however, the li-
polytic effect of catecholamines is increased in VAT. Lipolysis
in VAT enables direct delivery of FFAs to the liver, which may
lead to elevated hepatic triglyceride (TG) production,
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increased very low-density lipoprotein secretion, and higher
plasma TGs which exacerbates an already dysregulated hy-
perlipidaemic state.l”®!

In the presence of chronic inflammation and the resultant
IR, muscle atrophy is exacerbated as well. Besides the direct
inflammation-induced mechanisms explained in earlier sec-
tion, the muscle protein synthesis response to amino acids
is also impaired, in part via the suppression of insulin signal-
ling, which is required to drive mTORC1 signalling for protein
synthesis.®¥ Meanwhile, increased mitochondrial ROS pro-
duction and insulin resistance can activate the forkhead box
O family of transcription factors (FoxO) pathway. FoxOs
co-ordinate a variety of stress-response genes, including au-
tophagy and ROS detoxification, during catabolic
conditions.®! Yet a ROS-FoxO cross-talk occurs in cells
whereby ROS and FoxO reciprocally regulate their levels,&®]
and old sedentary rat muscles show elevated levels of the at-
rophy genes (atrogenes), atrogin-1 and MuRF-1, both of
which are FoxO targets.®”) In turn, the atrogenes trigger the
UPS and the lysosome-autophagy system that significantly
contribute to disturbed mitochondrial fission and muscle re-
modelling, causing severe muscle atrophy.

Sarcopenic obesity often correlates
with chronic disease incidence, while
sarcopenia often correlates with
chronic disease severity

As a pathological characteristic for several diseases, local IMAT
could have a feedback effect on whole-body metabolism and
influence other chronic diseases. Cross-sectional studies have
reported a higher incidence of cardiovascular risk factors and
metabolic syndrome in SO subjects.®® Furthermore, the
effect of muscle fat infiltration on vascular alterations may
constitute a significant mechanism that augments cardiovas-
cular risk in lean patients with chronic obstructive pulmonary
disease (COPD).®®! SO was associated with a higher risk of
hypertension, dyslipidaemia and IR, and up to an 8-fold
increased risk for the metabolic syndrome compared with
non-sarcopenic and non-obese subjects.®® Similar findings
were reported in a large cross-sectional analysis of over
14 000 adults from the National Health and Nutrition Examina-
tion Survey Ill, in which the SO group (defined by
BIA-measured muscle mass and BMI) had the highest risk of
IR and dysglycaemia.®* Nearly 20% of treatment-seeking
overweight and obese adult women displayed SO and showed
a significantly higher prevalence of T2D and hypertension than
those without SO.°% Logistic regression analysis showed that
SO increases the odds of having T2D and hypertension by
nearly 550% [odds ratio (OR) = 5.42, 95% confidence interval
(95% Cl): 1.37-21.40, P < 0.05).°? Amongst 239 SO patients,

43.5% subjects had chronic kidney disease, 12.1% subjects had
ischaemic heart disease, and 5.9% subjects had stroke.!**! SO
was significantly associated with reduced index scores for
immediate memory and language in fully adjusted models
with corresponding s —2.71 (95% Cl: —5.06 to —0.36;
P = 0.024) and —248 (95% Cl: —4.87 to —0.08;
P = 0.043).°"1 Obesity itself leads to hepatic steatosis or
non-alcoholic fatty liver disease, which can proceed to
non-alcoholic steatohepatitis,’®>! as well as obesity-related
cancers such as colorectal and breast cancer.!®!

Full-blown sarcopenia, on the other hand, often leads to
loss of respiratory function, and increased risk of death.!
Sarcopenic individuals also have a significantly higher risk of
life-threatening falls (cross-sectional studies: OR = 1.60, 95%
Cl: 1.37-1.86, P < 0.001, 1, = 34%; prospective studies:
OR =1.89, 95% Cl: 1.33-2.68, P < 0.001, |, = 37%) and frac-
tures (cross-sectional studies: OR = 1.84, 95% Cl 1.30-2.62,
P =0.001, I, = 91%; prospective studies: OR = 1.71, 95% Cl
1.44-2.03, P =0.011, I, = 0%), compared with non-sarcopenic
individuals.®”! Early studies have shown that 15.7% patients
with late-stage diabetes had full-blown sarcopenia, and skel-
etal muscle mass index values were significantly decreased in
patients with diabetes.®® A cross-sectional analysis from
KNHANES 2008-2011 reported that 12.2% of non-alcoholic
fatty liver disease subjects had sarcopenia, and full-blown
sarcopenia was significantly associated with severe liver
fibrosis.l®® Moreover, in both liver cirrhosis and chronic heart
failure patients, skeletal muscle loss seemed to reflect a
steady decline in health, rather than acute severity of
disease,[*°%1°1 with both sarcopenia and the chronic dis-
eases concurrently worsening each other.

Thus, it seems that SO is frequently associated with in-
creased risk of chronic disease incidence, while full-blown
sarcopenia is frequently associated with increased chronic
disease severity and risk of death. On one hand, this suggests
that as muscle wasting progresses from SO to sarcopenia, it is
associated with a worsened prognosis for several chronic dis-
eases. On the other hand, in the context of sarcopenia, this
might also suggest that obesity might be ‘protective’ against
chronic disease severity and death, a phenomenon similar
to the ‘obesity paradox’.

Sarcopenic obesity progresses to
full-blown sarcopenia: solving the
obesity paradox

In many cardiometabolic diseases, the so-called ‘obesity par-
adox’ could perhaps be partly explained by our theory that
SO progresses to full-blown sarcopenia in a continuum during
ageing and ageing-related chronic diseases (Figure 2). In
2002, Gruberg et al. observed better health outcomes in
overweight and obese patients with coronary heart disease,
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compared with their normal-weight counterparts. This unex-
pected phenomenon, which contradicted the commonly held
view that obesity worsens metabolic and health outcomes,
was described as the ‘obesity paradox’.l'°2 A systematic re-
view of 40 cohort studies with 250 152 patients confirmed
that overweight patients had significantly lower risks for total
mortality (risk ratio = 0.87) and cardiovascular mortality (risk
ratio = 0.88).11% This ‘obesity paradox’ phenomenon was
also confirmed in patients with hypertension, chronic heart
failure, peripheral arterial disease, stroke, thromboembolism,
T2D, COPD, and osteoporosis.[*° Similarly, obese sarcopenic
elderly show significantly lower mortality than non-obese
sarcopenic elderly. A cross-section study indicated that robust
nonagenerians presented significantly greater pericardial and
abdominal adipose volume than the frail nonagenarians, who
are at higher risk of death.™ In another elderly cohort
where the mean age was 77.22 * 7.22 years, sarcopenic sub-
jects (HR =9.26, P < 0.001) had nearly twice as high a risk of
mortality as SO subjects (HR = 5.23, P < 0.001), relative to
control subjects.’??) While many explanations have been of-
fered to explain the obesity paradox,*°”! including confound-
ing variables like smoking status, collider stratification bias,
and the imperfections of BMI as an obesity measure, none
have been definitive. Many of these studies neglected the
metabolic effects of inconspicuous fat tissue, like visceral ad-
iposity, and obesity masked by sarcopenia.l’°® In fact, a sys-
tematic review of older adults aged >65 years found that
BMI in the overweight range is not associated with a signifi-
cantly increased mortality risk, and BMI in the moderately
obese range is only associated with a modest increase in mor-
tality risk.”°”! Similarly, a more recent large meta-analysis of
nearly 200 000 individuals aged 65 or older showed a
U-shaped relationship between BMI and mortality, with the
lowest risk seen in those with a BMI between 24.0 and
30.0 kg/m? and risk only began to increase when BMI
exceeded 33 kg/m? in severe obesity.[*°®! A larger elderly co-
hort study showed the association between mortality and
combined measurements of BMI and waist-to-hip ratio, even
after adjusting for various factors. They found that central ad-
iposity was associated with mortality, even amongst subjects
with a normal BMI,12%! suggesting that the obesity paradox
may at least partly result from failing to accurately account
for central adiposity in some patients with ‘normal BMI’.
Our metabaging theory that SO progresses to sarcopenia,
and the extensive evidence presented in sections, further
suggests that the higher mortality in the ‘normal BMI’ elderly
groups might also be partly because the underlying chronic
disease has actually progressed to the point of being associ-
ated with full-blown sarcopenia, instead of SO, in some pa-
tients. In other words, fat loss is not an independent
causative factor but a tightly associated feature of chronic
disease (including sarcopenia) progression, severity, and
death in the oldest old. First, we know unintentional weight
loss (>5% reduction in both lean and fat mass within

12 months) occurs in ~20% of older adults, and this trend is
associated with increased mortality and morbidities, such as
malignancy, non-malignant gastrointestinal disease, and psy-
chiatric conditions.[**%! Second, this is likely an underestimate
since ageing-related lean mass decreases tend to be masked
and offset by gains in fat mass or obesity in the early stages
of chronic disease,*****?! due to metabolic imbalance, such
that lean mass loss only manifests upon severe inflammation
and then fat loss in the later stages.”>"8”! Third, in cancer, fat
loss is often a result of cancer progression, which advances
regardless of a patient’s body weight. For example, a cross-
sectional investigation for gastric cancer, the mean subcuta-
neous fat area was significantly lower in deceased gastric can-
cer patients [108.0 (+70.0) cm?], than in patients who were
still alive over 6 months [155.5 (+74.3) cm?](P < 0.001).1**3!
Thus, fat mass is merely another effect of cancer progression,
the ultimate cause of mortality in these cases. The
metabaging cycle can explain this too, by accounting for the
severe inflammation induced by advanced cancers and the
resultant lipolysis in cancer cachexia. In a final thought exper-
iment to illustrate this point, given that obesity and hyperin-
sulinaemia also increases the risk of many ageing-related
cancers (and other chronic diseases), if one were to compare
early-stage (obesity-enriched) cancer patients with late-stage
cancer (cachexia-enriched) patients, our theory predicts and
explains why one would observe obesity ‘protects’ against
cancer mortality as well, that is, the obesity paradox.

Conclusion: importance of diagnostic
criteria and methods

Besides supporting our theory of sarcopenia progression with
metabaging and the role of fat loss in the obesity paradox
(Figure 2), all these findings also suggest that we should
search for indices that are better than BMI to measure body
fat redistribution and visceral obesity more accurately. Unfor-
tunately, the correct assessment of SO and full-blown sarco-
penia still represents a challenge for clinicians. Various
techniques have emerged for assessing muscle loss, amongst
which, computed tomography (CT) and magnetic resonance
imaging are deemed as the gold standard for distinguishing
fat and other soft tissues from muscle mass. However, the
high costs of magnetic resonance imaging and the risks of
CT radiation make them difficult to recommend for sarcope-
nia diagnosis in general.'** Another low radiation method
called dual-energy-X-ray absorptiometry is recommended to
estimate the lean mass and fat mass of the whole body or
certain regions of the body. However, the high costs and
scarce availability of this technique have led to the search
for more convenient alternatives. As an affordable and read-
ily available tool, bioelectrical impedance analysis (BIA) can
be used to estimate total muscle mass as well. However,
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current BIA devices cannot accurately quantify muscle mass,
for it indirectly reflects whole body composition, which is in-
fluenced by fluid and food intake, internal body fat, and
disease-related conditions.***! Thus, BIA is mainly used as a
method for screening sarcopenia while dual-energy-X-ray ab-
sorptiometry is better for distinguishing muscle from fat and
other tissues in elderly persons. One possible area of im-
provement is to use portable BIA devices that can accurately
measure the muscle mass of locally defined body parts, such
as the forearm, thigh or calf.

In oncology, CT images are a routine part of treatment
and are available from patient records as a chart review.l’”}
CT image analysis has emerged as the gold standard for
body composition assessment in cancer patients due to its
ability to discriminate and quantify muscle, adipose tissue
and other organ masses. Inconsistent methods of assessing
fat and reporting values as cross-sectional area (cm?) or
volume (cm?), total fat mass (kg or %), change in area or
the rate of changes limit the ability to interpret and
compare studies, however.””! The recent development of
the D3-creatine dilution method!*®! with high reproducibil-
ity and minimized invasiveness has accomplished promising
results in the estimation of skeletal muscle mass, but its
adoption in the clinical setting as a routine method remains
difficult. A robust panel of body fluid biomarkers to detect
the first signs of muscular loss has not been established
either. Another frequently seen comorbidity in these pa-
tients is cachexia, which is also in itself often accompanied
by reduced hand grip strength and/or low walking speed,
as well as worse performance in the short physical perfor-
mance battery test.''”) Recently, in a study based on
469 830 UK Biobank participants, associations of sarcopenia
with adverse outcomes (all-cause mortality, incidence and
mortality from CVD, respiratory disease, and COPD) were
strongest when sarcopenia was defined as slow gait speed
plus low muscle mass, followed by severe sarcopenia,
strongly suggesting that this combination of physical
capability markers should still be considered in the diagno-
sis of sarcopenia.l**®! However, recent data indicated that
gait speed lacked strong association with physical function,
while hand grip strength could robustly and conveniently
predict sarcopenia.**!

Serum homocysteine (OR = 1.9, 95% Cl: 1.0-3.6) and highly
sensitive C-reactive protein (hsCRP) (OR = 3.9, 95% Cl:
2.2-6.9) were also independent predictors of sarcopenia in
1582 participants, with stronger correlations seen in
women.*?°! More innovative efforts are needed to establish
a globally standardized definition, assessment method and
prediction method for sarcopenia.

Part of this involves recognizing that significant changes in
body composition do take place during ageing, even if the
BMI appears unchanged, for example during fat redistribu-
tion, myosteatosis, and muscle weakness/atrophy. In modern
ageing, adipose tissue undergoes expansion, inflammation,

fibrosis and atrophy, due to the sedentary lifestyle, chronic
stress, and excess nutritional intake. The resultant transfer
of lipids from the subcutaneous adipose depot to the VAT,
intermuscular and intramuscular spaces lead to myosteatosis,
lipotoxicity, IR, and a chronic inflammatory environment. This
lipotoxic vicious cycle spreads systemically in what we term
the metabaging cycle (Figure I). It is worth noting that
myosteatosis does not imply obesity, but a special state of
fat redistribution accompanied by skeletal muscle atrophy
and the persistent secretion of proinflammatory factors, al-
though a study on nonagenerians suggested that
myosteatosis is well-correlated with visceral adiposity.[*”!
New diagnosis methodologies are needed to capture this
state early, for example by using reliable predictive serum
or urine biomarkers for inflammaging, or by measuring limb
muscle mass via portable BIA, or perhaps by taking CT scans
of muscle vs. fat distribution. Given that myosteatosis is likely
to cause local muscle IR, inflammation and atrophy, that
could rapidly spread systemically via the metabaging cycle
to cause SO and full-blown sarcopenia, the field may need
to study and define another state of ‘proto-sarcopenia’, de-
fined by a certain threshold of myosteatosis, for timely diag-
nosis and early metabolic interventions. It might also be
worthwhile to expand current SO studies to include defini-
tions of pre-sarcopenia and probable sarcopenia according
to muscle weakness, and definitions of obesity according to
abdominal circumference or waist-to-hip ratios, to correct
for current BMI-based underestimations of SO prevalence
and clinical impact.

For many years, an outstanding unresolved problem is
whether a ‘healthy’ obesity phenotype exists, and which is
the best level of BMI to maintain, given the obesity paradox?
This has been very controversial, especially regarding the ef-
fect of obesity on the elderly. Certainly, deciphering the un-
derlying mechanisms is important not only for achieving
scientific progress in the field of metabolism, but also for cre-
ating new prophylactic and therapeutic interventions in the
clinic. Based on the latest evidence on adipose and skeletal
muscle pathology, as reviewed above, we believe there exists
a complex cross-talk between lipotoxicity, adipose and skele-
tal muscle atrophy, two of the largest tissues in the human
body by mass, via the establishment and spreading of a
metabaging cycle, in which lipid-induced chronic inflamma-
tion and IR leads to sarcopenia and obesity concurrently,
and heightens the risk for metabolic syndrome diseases. It
should be mentioned that several key questions concerning
the process of fat redistribution and skeletal muscle atrophy
still remain unanswered. For example, what are the dominant
molecular, nutritional, and genetic factors that drive ectopic
fat redistribution and/or myosteatosis? What are the key
lipids that mediate lipotoxicity? Is severe sarcopenia equiva-
lent to cachexia? What interventions can halt the metabaging
cycle to reverse SO and the metabolic syndrome? Additional
mechanistic, longitudinal, prospective, and well-controlled
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studies will go a long way towards fighting the current epi-
demic of metabolic syndrome diseases.
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