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a  b  s  t  r  a  c  t

Sarcopenia,  an age-associated  decline  in  skeletal  muscle  mass  coupled  with  functional  deterioration,
may  be  exacerbated  by obesity  leading  to higher  disability,  frailty,  morbidity  and  mortality  rates.  In
the  combination  of sarcopenia  and  obesity,  the  state  called  sarcopenic  obesity  (SOB),  some  key  age-
and  obesity-mediated  factors  and  pathways  may  aggravate  sarcopenia.  This  review  will  analyze  the
mechanisms  underlying  the  pathogenesis  of SOB.  In obese  adipose  tissue  (AT),  adipocytes  undergo
hypertrophy,  hyperplasia  and  activation  resulted  in  accumulation  of pro-inflammatory  macrophages
and  other  immune  cells  as well  as dysregulated  production  of  various  adipokines  that  together  with
senescent  cells  and  the  immune  cell-released  cytokines  and  chemokines  create  a local  pro-inflammatory
status.  In  addition,  obese  AT is characterized  by excessive  production  and  disturbed  capacity  to  store
lipids,  which  accumulate  ectopically  in skeletal  muscle.  These  intramuscular  lipids  and  their  deriva-
tives  induce  mitochondrial  dysfunction  characterized  by  impaired  �-oxidation  capacity  and  increased
reactive  oxygen  species  formation  providing  lipotoxic  environment  and  insulin  resistance  as well  as
enhanced  secretion  of some  pro-inflammatory  myokines  capable  of inducing  muscle  dysfunction  by
auto/paracrine  manner.  In  turn,  by  endocrine  manner,  these  myokines  may  exacerbate  AT  inflammation
and  also  support  chronic  low  grade  systemic  inflammation  (inflammaging),  overall  establishing  a detri-

mental  vicious  circle  maintaining  AT  and  skeletal  muscle  inflammation,  thus  triggering  and  supporting
SOB  development.  Under  these  circumstances,  we believe  that  AT  inflammation  dominates  over  skeletal
muscle  inflammation.  Thus,  in  essence,  it redirects  the  vector  of  processes  from  “sarcopenia  →  obesity”
to  “obesity  →  sarcopenia”.  We  therefore  propose  that  this  condition  be  defined  as “obese  sarcopenia”,  to
reflect  the  direction  of  the  pathological  pathway.
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. Introduction

The two greatest public health concerns in developed coun-
ries are the aging of the population and the obesity widespread.
urrently, it became clear that the demographic trends in which
oth the size and proportion of the older and obese population are

ncreasing at unprecedented rates would have a major challenge
or the health system in the near future (Kaeberlein et al., 2015).
ach of these trends has important effects on body composition,
unctional disability, morbidity, and mortality (Fabbri et al., 2015).
ging is accompanied with a progressive loss of muscle mass and
trength, called sarcopenia (Rosenberg, 1989) that affects dramat-
cally health status and quality of life (Beaudart et al., 2014; Cesari
t al., 2014; Evans et al., 2010). Depending on the criteria used for
ts definition, the estimates of sarcopenia prevalence is reported as
rom <10% to >70% in individuals older than 60 years (Batsis et al.,
013, 2015; Cruz-Jentoft et al., 2014; Dam et al., 2014). Even with

 conservative estimate of prevalence, sarcopenia affects >50 mil-
ion people today and will affect >200 million in the next 40 years
Santilli et al., 2014).

An aging-dependent increase of fat mass (obesity) is associated
ith the onset of other pathologies, such as metabolic syndrome.

t represents a cluster of risk factors, including insulin resistance
IR), dyslipidemia and hypertension that together culminate in the
ncreased risk of type 2 diabetes mellitus (T2DM) and cardiovas-
ular disorders, as well as sleep apnea, arthritis, and some types
f cancer (Allott and Hursting, 2015; Kopelman, 2000; O’Neill and
’Driscoll, 2015). Coexistence of sarcopenia and obesity, called sar-
openic obesity, SOB (Baumgartner, 2000; Roubenoff, 2000), and
eaning a concomitant overriding of abnormal age-dependent
uscle loss and fat accumulation, may  act synergistically thus max-

mizing their health threatening effects (Bouchard et al., 2009; Lee
t al., 2016; Stenholm et al., 2008; Zamboni et al., 2008). Impor-
antly, SOB has been reported to increase the risk of metabolic
mpairment and physical disability more than either sarcopenia
r obesity alone (Dominguez and Barbagallo, 2007; Rolland et al.,
009).

of sarcopenia and obesity (Kob et al., 2015; Sakuma et al., 2015) as
well as a high level of age-associated co-morbidities, which often
leads to confounding results (Schelbert, 2009). Moreover, sarcope-
nia and obesity are considered as the multifactorial syndromes with
various overlapping causes and feedback mechanisms supposed
to be strongly interconnect and aggravate each other (Biolo et al.,
2014; Blüher and Mantzoros, 2015; Goisser et al., 2015; Kohara,
2014; Lavie et al., 2009; McGregor et al., 2014; Tyrovolas et al.,
2015).

With regard to sarcopenia, we have previously proposed that
normal muscle mass and function maintenance is dependent on
the dynamic balance between several positive and negative reg-
ulators of muscle growth, and that the shift of this balance to
muscle growth inhibitors is one of the key mechanisms involved
in the pathogenesis of sarcopenia (Kalinkovich and Livshits, 2015).
In addition, neuromuscular junction (NMJ) dysfunction character-
ized by the appearance of the C-terminal agrin fragment (CAF) in the
NMJs is also proposed to be most crucial in sarcopenia pathogenesis
(Kalinkovich and Livshits, 2015). Contractile insufficiency followed
by the appearance of tropomyosin-binding subunit troponin −
skeletal muscle-specific troponin T (sTnT), playing an important
role in the control of striated muscle contraction, is also sug-
gested as a key element in sarcopenia pathogenesis (Kalinkovich
and Livshits, 2015).

Concerning SOB, in this review we  focused on several mech-
anisms regulating muscle and fat metabolism, and divided them
into a number of clusters (Fig. 1). Fat accumulation induces dys-
regulated production of array of adipokines and infiltration of
macrophages and other immune cells in AT (Esser et al., 2014)
producing variety of pro-inflammatory cytokines and chemokines,
thus establishing a local as well as a systemic, chronic low-grade
inflammation, “inflammaging” (Florez and Troen, 2008; Franceschi
et al., 2000; Lackey and Olefsky, 2016; Schrager et al., 2007; Tateya
et al., 2013). This inflammation is shown to contribute to the
development and progression of sarcopenia (Beyer et al., 2012) as
Please cite this article in press as: Kalinkovich, A., Livshits, G., Sarc
associated adipose tissue and skeletal muscle inflammation as a m
http://dx.doi.org/10.1016/j.arr.2016.09.008

Despite immense attempts to decipher the mechanisms of sar-
openia and obesity (and thus, SOB) this issue remains unclear.
mong the reasons for this failure is the pleiotropic function of the
olecules and pathways presumably involved in the development
openic obesity or obese sarcopenia: A cross talk between age-
ain mechanism of the pathogenesis. Ageing Res. Rev. (2016),

well as to affect insulin sensitivity (IS) (Chang et al., 2015). Since
insulin is a central anabolic signal, and IR is considered to be the
main factor that controls the development of T2DM (Cleasby et al.,
2016), these observations connect obesity-associated metabolic

dx.doi.org/10.1016/j.arr.2016.09.008
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Sarcopenic obesity:
Co-presence of Sarcopenia 

(skeletal muscle mass 
loss and  dysfunction) 

and obesity 
(accumulation of excessive 

fat mass)

Insulin resistance:
Intramuscular 

mitochondrial dysfunction, 
diminished fatty acid 

uptake and oxidation, and 
enhanced ROS production

Adipose tissue dysfunction : 
Adipocyte hyperplasia and 
hypertrophy, excessive 

production, and diminished 
capacity  to store lipids 

Systemic chronic 
sterile low-grade 

inflammation 
(inflammaging)

Lipotoxicity:
Elevated intramuscular

levels of perilipins, lipids, 
and their derivatives,

as well as inflamed muscle

Adipose tissue inflammation: 
Accumulation of M1 macrophages, Th1, and 

other pro-inflammatory immune cells as 
well as adipokines and cytokines, enhanced 
secretion of chemokines, and accumulation 

of senescent cells

Fig. 1. Schematic representation of the mechanisms presumably involved in sarcopenic obesity (SOB) pathogenesis.
Age-associated obesity and sarcopenia are suggested to be mutually connected (thus, establishing SOB) and are reciprocally regulated by dysfunctional adipose tissue (AT)
and  skeletal muscle. Obese AT, especially visceral AT (VAT), is characterized by adipocyte hyperplasia (increased cell number) and hypertrophy (increased cell size), excessive
production and diminished capacity to store lipids (Rutkowski et al., 2015). Excessive lipids in the form of free fatty acids (FAs) outflow the AT and accumulate ectopically in
skeletal muscle, where they and their derivatives accumulate both inter- and intra-myocellularly and induce mitochondrial dysfunction, disturbed �-oxidation of FAs, and
enhanced reactive oxygen species (ROS) production, leading to lipotoxicity and insulin resistance (Kob et al., 2015; Stinkens et al., 2015). Moreover, intramuscular lipids are
supposed to attract immune cells capable of producing pro-inflammatory myokines and cytokines (Rivas et al., 2016), thus providing local inflammation and, by their leakage
to  the circulation, they support general and AT inflammation. In addition, adipocyte activation lead to excessive accumulation in AT of various immune cells possessing
pro-inflammatory activity such as M1-type macrophages, mast cells, Th1, Th17 and other cells secreting pro-inflammatory cytokines (Apostolopoulos et al., 2016; Exley et al.,
2014;  Tateya et al., 2013). Furthermore, activated adipocytes by themselves produce pro-inflammatory adipokines, such as leptin, osteopontin, chemerin and some others. In
parallel,  chemokines recruit immune cells to already inflamed AT (Raschke and Eckel, 2013; Rodríguez et al., 2015) generating a pro-inflammatory vicious circle. Moreover,
age-associated accumulation of senescent cells leads to the creation of senescence-associated secretory phenotype (SASP) (LeBrasseur et al., 2015). Taken together, they
e affecti
2 system
c factors

s
a

(
e
a
c
g
2
e
i
a
a
2
m
a
p
(
f
e
r
s
s
v
m
S
d
m
m

stablish a profound pro-inflammatory milieu exacerbating AT inflammation and 

015). In addition to this AT-skeletal muscle pro-inflammatory interconnection, a 

losely  associated with SOB (Macaulay et al., 2013; Michaud et al., 2015). All these 

yndrome, immunity and sarcopenia (Chen et al., 2015; Johnson
nd Olefsky, 2013; Minihane et al., 2015).

Obesity is characterized by enhanced production of fatty acids
FAs) that are stored not only in AT, but can also spill over to sev-
ral other tissues including skeletal muscle. They accumulate there
s intermuscular AT (IMAT) and as intramyocellular lipids (IMCLs)
ontaining triacylglycerol (TAG) or FA derivatives such as diacyl-
lycerol (DAG), long chain acyl CoA, and ceramide (Adams et al.,
004; Coen and Goodpaster, 2012; Ritter et al., 2015; Stinkens
t al., 2015). IMCLs induce muscle lipotoxic effect characterized by
mpaired single-fiber contractility leading to lower muscle strength
nd power in elderly (Tumova et al., 2015; Unger et al., 2010) in
ssociation with decreased IS (Corcoran et al., 2007; Crane et al.,
010; Johannsen et al., 2012; Krssak et al., 1999). IMCLs are found
ostly in lipid droplets (LDs) containing perilipins (PLINs), which

re believed to be involved in some important aspects of muscle
hysiology/pathology such as breakdown of stored lipids and IS
Bosma et al., 2012; Robenek et al., 2005). Moreover, IMCLs are
ound in mitochondria where they impair FA �-oxidation (Bosma
t al., 2013) and increase reactive oxygen species (ROS) formation
esulted in the apoptosis/autophagy of muscle cells, thus con-
idered as one of the potential mechanisms of obesity-mediated
arcopenia pathogenesis (Marzetti et al., 2013). This review pro-
ides an analysis of the mechanisms of the mentioned above
olecules and their interrelationships in the pathogenesis of SOB.
Please cite this article in press as: Kalinkovich, A., Livshits, G., Sarc
associated adipose tissue and skeletal muscle inflammation as a m
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everal additional mechanisms supposed to be involved in SOB
evelopment like genetic and epigenetic regulation, the roles of
uscle stem (satellite) cells, growth and sex hormones, and gut
icriobiota have not been considered in the present paper but they
ng skeletal muscle functionality (Kelley and Goodpaster, 2015; Pellegrinelli et al.,
ic chronic sterile low-grade inflammation (inflammaging) is also proposed to be

 and events are suggested to be key elements in SOB triggering and development.

have been comprehensively discussed by others (Arner and Kulyté,
2015; Bischoff, 2016; Blau et al., 2015; Liu and Lim, 2015; Maynard
et al., 2015; Sousa-Victor and Muñoz-Cánoves, 2016).

2. Definition of SOB

As mentioned, SOB is associated with augmented risks for dis-
ability, poor quality of life and higher morbidity and mortality, thus
representing an increasing public health challenge and emphasiz-
ing the urgency in clearly defining the SOB cutoff points. Although
this issue attracts a lot of intention, as reflected in numerous recent
reviews (Buch et al., 2016; Budui et al., 2015; Cauley, 2015; Goisser
et al., 2015; Kob et al., 2015; Kohara, 2014; Molino et al., 2016;
Prado et al., 2016), it remains controversial and unclear. One of
the most important concerns is that although obesity is officially
considered as a disease per se, requiring doctors to treat obese
patients for weight loss (Bosello et al., 2016), surprisingly, to date
there has been no accepted definition of obesity (Blundell et al.,
2014; Casazza et al., 2013). An additional complexity in this issue
arose from the different effects of obesity occurring at different
ages. For example, the “obesity paradox”, in which overweight or
obese individuals display a survival advantage compared with lean
adults (Allison et al., 1999), is very controversial regarding the
effect of obesity in the elderly (Wannamethee and Atkins, 2015;
openic obesity or obese sarcopenia: A cross talk between age-
ain mechanism of the pathogenesis. Ageing Res. Rev. (2016),

Zamboni et al., 2005). Another example is the “athlete’s paradox”
(Goodpaster et al., 2001), in which chronically exercised humans
are markedly insulin-sensitive despite having high IMCLs, which,
in turn, was  shown to play a major role in obesity-associated skele-
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 ING Model
A

4 g Rese

t
e

t
o
b
a
e
t
t
t
m
t
w
l
t
(
a
c
p
n
c
M
A
3
a

m
a
s
b
a
l
t
t
r
(
r
n
a
o
A

y
N
D
p
(
B
d
b
2
w
c
2
d
I
p
p
c
l
v
O
c
m
s

ARTICLERR-708; No. of Pages 22

 A. Kalinkovich, G. Livshits / Agein

al muscle IR and is crucial for the development of T2DM (Marzetti
t al., 2013; Samuel and Shulman, 2016; Stinkens et al., 2015).

In attempting to clarify this problem, several descriptive condi-
ions have been introduced. One of them is “metabolically healthy
besity (MHO)” – a body-mass index (BMI) >30 kg/m2 phenotype
ut without any metabolic syndrome component and which has

 homeostasis model assessment of IR (HOMA) <2.5 (Rey-López
t al., 2014; Stefan et al., 2008). However, in this “healthy” pheno-
ype, a significant proportion (up to 24%) of individuals was found
o be at cardiometabolic risk (Roberson et al., 2014) with an addi-
ional increase in the elderly (Oreopoulos et al., 2009). Moreover,

eta-analysis of eight studies (>61,000 obese individuals) led to
he conclusion that, compared with metabolically healthy normal-
eight individuals, obese persons are at increased risk for adverse

ong-term outcomes even in the absence of metabolic abnormali-
ies, suggesting that there is no healthy pattern of increased weight
Kramer et al., 2013). A similar conclusion has been reached in

 more recent meta-analysis of twenty-two prospective studies
oncerning cardiovascular risk (Eckel et al., 2016). The second
henotype is “metabolically obese normal weight (MONW)” –
ormal weight individuals displaying obesity-related phenotypic
haracteristics (Ruderman et al., 1981; Lopez-Miranda and Perez-
artinez, 2013), which is just the opposite of the obesity paradox.

s expected, meta-analysis of fourteen perspective studies (almost
00,000 participants) of MONW individuals revealed that they have

 substantial cardiovascular and mortality risk (Fan et al., 2013).
Notably, both MHO  and MONW conditions are based only on the

easurement of BMI, which, as is widely accepted now (Hruschka
nd Hadley, 2016) has its intrinsic limitations as a measure of obe-
ity. BMI  does not appropriately determine major components of
ody mass, in particular, body fat, fat distribution, lean body mass,
nd body fluid content. This could potentially introduce serious
imitations when analyzing the relationship of body composition
o health outcomes. As such, MHO  and MONW cannot be referred
o as biological entities since they merely reflect the limited accu-
acy of BMI  in risk prediction, making their clinical value doubtful
Müller et al., 2016). However, surprisingly, in predicting disease
isks, fat mass and fat-free mass, as assessed by validated tech-
iques, i.e., densitometry, dual energy X ray absorptiometry (DXA),
nd bioelectrical impedance analysis (BIA), do not exceed the value
f BMI  (Bosello et al., 2016; Müller et al., 2016; Wannamethee and
tkins, 2015).

In a recent cross-sectional study, including 4984 subjects (≥60
ears), conducted within the framework of the National Health and
utrition Examination Surveys (1999–2004) (Batsis et al., 2015),
XA, BIA and BMI  were used for evaluation of body composition
arameters. Sarcopenia was defined using appendicular lean mass
ALM) (men <19.75 kg, women <15.02 kg) and ALM adjusted for
MI, ALM/BMI (men <0.789 kg/m2, women <0.512 kg/m2). SOB was
efined as subjects fulfilling the criteria for sarcopenia and obesity
y% body fat (%BF) (men ≥25%, women ≥35%) (Deurenberg et al.,
001). It was found that ALM is significantly higher in men  than in
omen, but fat mass was lower. By using the ALM and ALM/BMI

riteria, respectively, sarcopenia prevalence in men  was 16.0% and
7.8%, and 40.5% and 19.3%, thus revealing a pronounced difference
epending on the applied measures and between men  and women.

n addition, sarcopenia was found to be associated with a risk of
hysical limitations also depending on applied criteria. Although
revalence of sarcopenia and SOB varied greatly, they agreeably
orrelated with each other in both sexes (Batsis et al., 2015). In a
ongitudinal study (more than 2 years follow-up in 379 Korean indi-
iduals, mean age 51.9 ± 14.6 years, from the Korean Sarcopenic
Please cite this article in press as: Kalinkovich, A., Livshits, G., Sarc
associated adipose tissue and skeletal muscle inflammation as a m
http://dx.doi.org/10.1016/j.arr.2016.09.008

besity Study), appendicular lean soft tissue (ALST) mass was cal-
ulated using DXA, and visceral adipose tissue (VAT) fat area was
easured using computed tomography (Kim et al., 2014a). It was

hown that while ALST mass significantly decreased, VAT and total
 PRESS
arch Reviews xxx (2016) xxx–xxx

body fat mass increased in most studied men  and women. How-
ever, baseline muscle mass was unable to predict the development
of obesity. The authors suggested that VAT enlargement is asso-
ciated with future loss of skeletal muscle mass providing a novel
insight into SOB obesity in an aging society.

This prospective study is the first to support the existence of the
“obesity to skeletal muscle route” in SOB development, suggesting
that there may  be a causal component in this association. However,
in both studies (Batsis et al., 2015; Kim et al., 2014a), the criteria
used for defining sarcopenia did not include functional muscle com-
ponents such as handgrip strength and/or walking abilities, which
were shown to be reduced faster than muscle mass was in ageing
and they contributed significantly to age-related frailty (Mitchell
et al., 2012).

A further challenge to the definition and assessment of SOB
arose from the suggestion that sarcopenia and osteoporosis might
be almost the same disease simply expressed in muscle and bone,
respectively (Sjöblom et al., 2013). Indeed, a substantially higher
correlation has been observed between the bone mineral density
and lean mass, as compared with the fat body mass (Ho-Pham
et al., 2014; Livshits et al., 2007; Korostishevsky et al., 2016). More-
over, SOB was found to be associated with the development of
osteoporosis among the middle-aged and elderly Korean popula-
tion (Chung et al., 2016), thus being in line with the suggestion
of the existence of an “osteosarcopenic obesity” (OSO) syndrome
proposed as triad of osteoporosis, sarcopenia and adiposity (Ilich
et al., 2014; Ormsbee et al., 2014). However, recent data from
this group revealed an association of OSO with obesity and the
functional features of sarcopenia (reduced handgrip strength and
walking abilities) but not with osteoporosis in postmenopausal
women (Ilich et al., 2015).

In going beyond BMI  and descriptive body composition analysis,
the concept of functional body composition was introduced (Müller
et al., 2009, 2016). It refers to the masses of body components,
organs, and tissues as well as to their inter-relationships within
the context of endocrine, metabolic, and immune functions. Thus,
it provides suitable physiological criteria for future definitions of a
metabolically healthy or unhealthy body composition potentially
including obesity, sarcopenia, and thus, SOB. Correspondingly, we
provide here evidence supporting the notion that joint age- and
obesity-associated AT and skeletal muscle inflammation consti-
tute the main mechanism underlying the development of SOB and
therefore, they could be used in an accurate and complete definition
of SOB.

3. Age- and obesity-associated skeletal muscle lipid
metabolism

Being a complex multifaceted phenomenon, sarcopenia
involves a variety of molecular, structural and physiological factors
changing with age (Kalinkovich and Livshits, 2015). Recent data
clearly demonstrated that sarcopenia could be caused also by
lipid metabolic products infiltrated into muscles (Fig. 2). Thus,
lipids ectopically accumulated between muscle fibres, IMAT, found
beneath the fascia of a muscle, are shown to impose a significant
risk of muscle dysfunction in older adults and across a wide
variety of comorbid conditions (Addison et al., 2014). Moreover,
IMCLs, in the form of lipid droplets (LDs), which are dynamic
energy organelles functioning to store neutral lipids, are found in
most tissue types including AT and skeletal muscle (Badin et al.,
openic obesity or obese sarcopenia: A cross talk between age-
ain mechanism of the pathogenesis. Ageing Res. Rev. (2016),

2013). Coated with a phospholipid monolayer, LDs accumulate
predominantly TAG, but also DAG, sterol esters, long-chain acetyl
coenzyme A and sphingolipids including ceramides that used as
substrates for the formation of intracellular membranes and/or

dx.doi.org/10.1016/j.arr.2016.09.008
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Fig. 2. A model of the proposed major obese/age-inducing factors contributing to skeletal muscle insufficiency resulting in sarcopenia.
Obesity in aged individuals is accompanied by elevated free FA blood levels resulted in their enhanced ectopic accumulation in the form of intermuscular adipose tissue
(IMAT)  as well as intra-muscular triglycerides (IMCLs) in the lipid droplets (LDs) (Badin et al., 2013). Excessive FA accumulation in the LDs, mainly in the form of triglycerides
(TG),  diacylglycerols (DAG) and ceramides may  lead to some pathological conditions, finally leading to muscle fiber insufficiency. The main effect is the marked impairment
of  muscle mitochondria characterized by their reduced biogenesis along with dramatic function disturbances, such as reduced lipid �-oxidation and lipolysis, resulting in
the  accumulation of TG and their derivatives (Akhmedov and Berdeaux, 2013; Romanello and Sandri, 2016). In addition, dysfunctional mitochondria reveal enhanced ROS
production (oxidative stress) (Marzetti et al., 2013), and a disturbed inflammatory signaling pathway (mainly, mTOR blockage) (Sakuma et al., 2015) also occur. In parallel,
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ysfunction of perilipins (PLINs), which are a major component of LDs, is also occ
016), all leading to lipotoxic effect, which targets the insulin signaling pathway, r

nsufficiency, leading to decline in muscle mass and function (sarcopenia).

nergy production in the form of ATP (Bosma et al., 2012; Pol et al.,
014; Watt and Hoy, 2012).

In skeletal muscle, lipolysis of FAs from IMCL stores in LDs
s mediated by lipoprotein lipases mainly by adipose triglyceride
ipase (ATGL) and hormone-sensitive lipase (HSL), and some oth-
rs (Badin et al., 2013). HSL and ATGL work in concert to regulate
ipolysis in skeletal muscle, and their discordant phosphorylation
nd activity are suggested to be responsible for impaired lipolysis
n skeletal muscle of obese and T2DM individuals, associated with
ipotoxicity and IR (Badin et al., 2013; Kase et al., 2015).

.1. Insulin resistance (IR) links fat accretion and muscle mass
iminution

IR typically develops in conditions of excessive fat mass, leading
o a compensatory increase of insulin secretion by pancreatic �-
ells and hyperinsulinemia. However, when �-cells are no longer
ble to compensate for IR, hyperglycemia develops (Samuel and
hulman, 2016; Tuomi et al., 2014). Insulin acts through a tyro-
ine kinase receptor, which phosphorylates the insulin receptor
ubstrates (IRS-1 and IRS-2), leading to successive PI3K and pro-
ein kinase B (PKB)/Akt activation. The main postprandial actions
f insulin include the translocation of glucose transporter GLUT4 to
he membrane of myocytes and adipocytes, activation of glucoki-
ase in hepatocytes, and inhibition of lipolysis and gluconeogenesis
Samuel and Shulman, 2016; Tuomi et al., 2014).

Such processes are compromised in 2TDM, due to the develop-
ent of IR, which is mainly based on the desensitization of the
Please cite this article in press as: Kalinkovich, A., Livshits, G., Sarc
associated adipose tissue and skeletal muscle inflammation as a m
http://dx.doi.org/10.1016/j.arr.2016.09.008

nsulin receptor and impaired phosphorylation of its substrates.
keletal muscle, comprising a system that represents the largest
rgan of the human body and consisting of over 600 separate mus-
les, is the major reservoir of the postprandial glucose (Lenk et al.,
 a consequence of excessive accumulation of lipids and their derivatives (Bosma,
ng in an IR state (Muoio, 2012). The main outcome of these events is muscle fiber

2010). One of the major mechanisms to cause IR is the accumu-
lation in myocytes of the secondary products of lipid metabolism
such as DAG, ceramides and others. This in turn leads to activation
of serine/threonine kinases like c-jun N-terminal kinase (JNK), I�B
kinase (IKK), and protein kinase C (PKC), conducting to serine phos-
phorylation and consequent inactivation of the insulin receptor and
its substrates (Boura-Halfon and Zick, 2009). IR was  also shown to
correlate with impaired lipid oxidation in mitochondria in obesity
(Dela and Helge, 2013; Hafizi Abu Bakar et al., 2015) and during
aging (Carter et al., 2015; Hepple, 2016; Konopka and Sreekumaran,
2013; Leduc-Gaudet et al., 2015; Marzetti et al., 2013; Romanello
and Sandri, 2016).

Increased ROS levels, consequent to lipotoxicity and impaired
mitochondrial function, further augment development of IR. As a
result, the imbalance between oxidant and antioxidant compounds
leads to the activation of stress pathways, such as JNK, IKK, and p38-
mitogen-activated protein kinase (p38-MAPK). In addition, ROS
also inhibits mitochondria function, leading to further intracellular
FA accumulation, thus creating a vicious cycle of lipotoxicity and
IR (Aon et al., 2014; Stinkens et al., 2015). Elevated production of
ROS in muscle mitochondria was  found in aged individuals leading
to local oxidative stress generation and inducing post-translational
modifications, which compromise muscle protein function (Claflin
et al., 2015; Javadov et al., 2015). Notably, high-fat diets (HFD)
result in increased IMCL stores and a concomitant development
of IR (Boden, 2011), highlighting an important role of lipid supply
in FA acid-induced IR (Rivas et al., 2016). Moreover, in obese, IR and
T2DM patients, elevated IMCL levels have been linked to a reduced
openic obesity or obese sarcopenia: A cross talk between age-
ain mechanism of the pathogenesis. Ageing Res. Rev. (2016),

oxidative capacity (Bruce et al., 2003). This suggests that muscle fat
turnover (lipolysis/oxidation) leading to accumulation of bioactive
lipid metabolites such as DAG and others is critical in FA-induced IR

dx.doi.org/10.1016/j.arr.2016.09.008
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Samuel and Shulman, 2016; Stinkens et al., 2015), and to skeletal
uscle inflammation (see below).

.2. PLIN family of proteins is related to muscle strength and
trophy

An immanent part of muscle lipid metabolism are PLIN family of
roteins (PLINs1-5), bound to and embedded in the LD membrane
nd involved in the breakdown of LD stored lipids (Robenek et al.,
005; Sztalryd and Kimmel, 2014). PLIN2, PLIN5, and, probably,
LIN3 are the most abundant muscle PLINs (Badin et al., 2013; Coen
nd Goodpaster, 2012; Harris et al., 2015; MacPherson and Peters,
015; Sztalryd and Kimmel, 2014), but their participation in mus-
le physiology and pathology seems to be different. For example,
ge and physical inactivity or immobilization are found to be asso-
iated with elevated PLIN2 and PLIN3 expression and decreased
LIN5 expression in humans and in animal models (Conte et al.,
013, 2015; Vigelso et al., 2015). Moreover, in old individuals,
nly PLIN2 was associated with the decrease in muscle strength
nd the expression of factors related to muscle atrophy (atrogenes
uRF1, Atrogin and p53). In addition, PLINs (2, 3 and 5) and ATGL
ere found to be co-located within LDs indicating a close associa-

ion between the key lipolytic effectors in resting skeletal muscle
MacPherson et al., 2013). In addition, PLIN5 ablation was found to
e accompanied by reduced TAG stores but increased sphingolipids

ncluding ceramide and sphingomyelin, leading to skeletal muscle-
pecific IR and suggesting that PLIN5 is required to match lipolysis
f skeletal muscle TAG to metabolic demands, which helps to main-
ain IS in skeletal muscle (Bosma, 2016). It was also shown that
ome PLINs are expressed not only in the muscle LDs but also in
itochondria (Ramos et al., 2014). Furthermore, overexpression

xperiments demonstrated that only PLIN5, but not PLIN2, pro-
oted the expression of a cluster of genes involved in FA catabolism

nd mitochondrial �-oxidation (Bosma et al., 2013), suggesting that
he role of PLIN5 is not limited to the regulation of lipolysis, but also
ncludes driving of FAs into the mitochondria for their �-oxidation.
verall, these findings imply an existence of a close link between
besity-induced lipid turnover within skeletal muscle (in addition
o the role of increased lipid supply and uptake fat accumulation),
R and lypotoxicity leading to sarcopenia (Fig. 2).

In support to this notion, several observations demonstrated
hat various types of exercise and training lead to improvements in
S mechanistically linked to increased muscle levels of ATGL both in
at model (Stephenson et al., 2014) and human subjects (Kiens et al.,
011; Yao-Borengasser et al., 2011). Similarly, exercises resulted

n elevated muscle oxidative capacity, IMCL breakdown (utiliza-
ion) and increased content of PLIN2, PLIN3 and PLIN5 in type I
nd type II fibres, both in normal (Mason et al., 2014; Shepherd
t al., 2013; Vigelso et al., 2015) and obese individuals (Bosma
t al., 2012; Louche et al., 2013; Peters et al., 2012). Accordingly,
n enhancement in intramuscular lipid turnover resulting in accel-
rated lipolysis may  serve as a basis for the beneficial metabolic
ffects of exercise in obesity, namely decreased lipotoxicity and
ncreased IS leading to prevention of sarcopenia.

. Adipose tissue inflammation: mechanisms and cross talk
ith skeletal muscle

.1. Mechanisms of AT inflammation

As proposed in the previous chapter, disturbed age- and obesity-
Please cite this article in press as: Kalinkovich, A., Livshits, G., Sarc
associated adipose tissue and skeletal muscle inflammation as a m
http://dx.doi.org/10.1016/j.arr.2016.09.008

ssociated skeletal muscle lipid metabolism might be one of the
echanisms leading to sarcopenia. In addition, cumulated evidence

xists to support the idea that inflammation, both local (in AT and
keletal muscle) and systemic (inflammaging) has a main role in the
 PRESS
arch Reviews xxx (2016) xxx–xxx

development of sarcopenia and, as we  hypothesize, in SOB patho-
genesis. AT covers much of the human body and has several distinct
adipose depots, including omental, mesenteric, subcutaneous and
VAT surrounding the organs (Wronska and Kmiec, 2012). They all
could be involved in a variety of age/obesity-associated abnor-
malities, such as dyslipidemia (impaired lipogenesis and lipolysis),
compromised glucose metabolism, elevated cardiovascular risk,
and premature death (Gaggini et al., 2015). Remarkably, AT retains
also a substantial and unique immune system, which has been
appreciated only recently mainly in the context of its emergent and
significant role in both local and systemic homeostasis, especially
in the development of inflammaging, IR and T2DM (Febbraio, 2014;
Ferrante, 2013; Osborn and Olefsky, 2012; Smitka and Marešová,
2015; Tsai et al., 2015a; Wensveen et al., 2015). Main partici-
pants and their apparent interrelationships in AT inflammation are
depicted in Fig. 3.

Two keystone findings, namely, TNF� overexpression in the
VAT of obese mice capable of affecting IS (Hotamisligil, 1999) and
increased accumulation of macrophages in AT (Weisberg et al.,
2003; Xu et al., 2003) have linked obesity and immunity, specif-
ically, obesity-related inflammation. Macrophages emerged as an
important player in AT inflammation. Comprising ∼10% of all AT
cells in lean subjects, their number may  extent up to 50% in
obese individuals (Weisberg et al., 2003). This elevation is pre-
sumably caused by increased levels of free FAs, cholesterol, and
circulating lipopolysaccharide (LPS) (due to the changes in the gut
microbiota) (Chakraborti, 2015; Kraakman et al., 2014; Pereira and
Alvarez-Leite, 2014). Macrophages are found in crown-like struc-
tures surrounding dying adipocytes, rendering them to capture
and cleave proteolytically adipocyte-derived antigens as well as
present to and activate antigen-specific CD4+ T cells (Morris et al.,
2013). In the steady state lean conditions, there is a prevalence
of M2  macrophage subtype in AT. M2  macrophages are associated
with anti-inflammatory responses, helminth infection and tumor
progression. After activation by T-helper type 2 (Th2) mediators,
such as IL-4 and IL-13, M2 macrophages produce anti-inflammatory
cytokines including IL-10 and IL-1 receptor antagonist (IL1Ra)
(Gordon and Taylor, 2015; Odegaard et al., 2007). Notably, M2
macrophages might promote IS through IL-10 by antagonizing
TNF�-induced IR (Tateya et al., 2013). During weight gain, a “phe-
notypic switch” of AT macrophages from an anti-inflammatory
M2 phenotype to a pro-inflammatory M1  state is suggested as
one of the key AT inflammation events (Lumeng et al., 2007).
M1 macrophages play a significant role in bacterial and viral
infections; being activated by Th1 mediators, such as IFN�, they
secrete pro-inflammatory molecules like TNF�, IL1-�, IL-6, and
monocyte-chemoattractant protein-1 (MCP-1/CCL2) (Bing, 2015;
Castoldi et al., 2016; Olefsky and Glassm, 2010). Moreover, a M2-
to-M1 switch is linked to the emergence of systemic IR (Lumeng
et al., 2007).

Recently, an alternative type of AT macrophage activation based
on increased lipid metabolism has been described (Calay and
Hotamisligil, 2013; Mathis and Shoelson, 2011; Xu et al., 2013).
Upon the exposure to a mixture of glucose, insulin, and palmitate
(“metabolic activation”), macrophages accept a complex pheno-
type (i.e., secretion of classical pro-inflammatory cytokines and
expression of uncommon cell surface proteins ABCA1, CD36, and
PLIN2, but not M1 or M2  surface markers), indicating that metabolic
pathways trigger macrophage inflammation via the mechanisms
that are different from those operative during infection (Kratz et al.,
2014). It has been also suggested that this unusual phenotype is
due to continuous and excessive exposure of AT macrophages to
openic obesity or obese sarcopenia: A cross talk between age-
ain mechanism of the pathogenesis. Ageing Res. Rev. (2016),

free FAs, such as palmitate, in a microenvironment that is sat-
urated with glucose and insulin, thus causatively connecting AT
inflammation and IR (Kratz et al., 2014). Altogether, these findings
suggest that obesity-promoting accumulation of macrophages in

dx.doi.org/10.1016/j.arr.2016.09.008
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Fig. 3. Schematic representation of the main participants and their apparent interrelationships in adipose tissue (AT) inflammation.
Adipocytes, immune and senescent cells, and soluble factors secreted by these cells are proposed to be the key players in age- and obesity-associated AT inflammation.
However, the interrelationships between these components, especially causal relationships during AT inflammation remain unclear. Upon fat accumulation, adipocytes
expand their number, size, and activation. This results in enhanced release of free fatty acids (FAs) and dysregulated production of adipokines, in particular, a shift from
adiponectin to leptin/MCP-1(CCL2) production (Romacho et al., 2015). Along with other adipokines, they can activate and recruit macrophages in AT via binding CCR2, CD36
and/or  toll-like receptor 4 (Castoldi et al., 2016), as well as other immune cells via activation of adhesion molecules and triggering chemotaxis (Exley et al., 2014; Tateya et al.,
2013). Most importantly, the main feature of these cells is their pronounced pro-inflammatory status. Macrophages undergo polarization from an anti-inflammatory (M2)
to  a pro-inflammatory (M1) phenotype, apparently under the influence of accumulating Th1 and Th17 CD4+ cells, and CD8+ cells (Wensveen et al., 2015). B-lymphocytes,
neutrophils, mast cells and some other immune cells are also accumulated and undrgo activation in obese AT contributing to its inflammation (Apostolopoulos et al., 2016;
Grant  and Dixit., 2015; Huh et al., 2014a,b; Magalhaes et al., 2015a; Zlotnikov-Klionsky et al., 2015). All these pro-inflammatory, polarized activated cells secrete a variety of
soluble  substances such as cytokines, chemokines, and many others (Castoldi et al., 2016; Exley et al., 2014; Makki et al., 2013), capable of inducing, supporting, or exacerbating
AT  inflammation. In addition, accumulating in AT, various senescent cells are shown to support ongoing AT inflammation via establishment of senescence-associated secretory
phenotype (SASP) (Acosta et al., 2013; Lasry and Ben-Neriah, 2015). Excessively synthesized, soluble pro-inflammatory factors lead to further activation of the immune cells
producing these factors, and thus amplifying immune response. This self-generating scenario appears to be a main mechanism maintaining and aggravating an ongoing AT
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nflammation. However, a key question − whether obesity by itself induces these ev
pen. Blue arrows reflect scientifically established relationships between AT inflam

s  not yet confirmed.

T, mainly in VAT, is associated with sterile inflammation resulted
n inhibition of insulin signaling, thus supporting the existence
f emerging status termed “immunometabolism” combining both
etrimental and beneficial functions of macrophages in AT inflam-
ation (Beenakker et al., 2013; Fitzgibbons and Czech, 2016; Loftus

nd Finlay, 2016; Mathis and Shoelson, 2011; Schipper et al.,
012; Torres et al., 2016). For example, it has been shown that
acrophages regulate positively efferocytosis − removing of apop-

otic cells by phagocytic cells (Martin et al., 2014). Moreover,
upporting and/or activation of macrophage autophagy capacity,
he process by which cytoplasmic contents are delivered to the
ysosome for degradation, was found to prevent pro-inflammatory

1  macrophage polarization (Liu et al., 2015a) and IR. This effect
s presumably occurs via abrogation of the mammalian target
f rapamycin (mTOR) activation (Jiang et al., 2014), thus link-

ng macrophage autophagy and obesity-associated inflammation
Fitzgibbons and Czech, 2016).

Obesity-associated AT inflammation has recently been des-
gnated as having an innate and adaptive immune components
Andersen et al., 2016; Chng et al., 2015; DiSpirito and Mathis, 2015;
eijkens et al., 2014; Travers et al., 2015). Among them, T lympho-
ytes were found to play a major role in AT inflammatory status.
n lean steady state conditions, AT is enriched in anti-inflammatory
D4+ Th2 and T-regulatory cells (Tregs) that suppress the expansion
Please cite this article in press as: Kalinkovich, A., Livshits, G., Sarc
associated adipose tissue and skeletal muscle inflammation as a m
http://dx.doi.org/10.1016/j.arr.2016.09.008

f pro-inflammatory Th1 cells by secreting IL-10 and inducing IL-
0 synthesis in M2  macrophages (Harford et al., 2011; McLaughlin
t al., 2014; Rodríguez et al., 2015). Importantly, the shift from anti-
nflammatory Th2 and Tregs toward the pro-inflammatory Th1 and
and if so, what are the mechanisms?) or they only concomitant to obesity, remains
n components; Perf-DCs – perforin-granule containing dendritic cells;? – The link

Th17 cells, particularly in the VAT, may  trigger AT inflammation,
in close association with IR (Eljaafari et al., 2015; Kintscher et al.,
2008). Th1 and Th17 secrete IFN� and IL-17, respectively, stimulat-
ing the release of TNF� and IL-6 from M1  macrophages (Sell et al.,
2012). Notably, adipocytes themselves exhibit immune cell-like
functions that lead to Th1 cell activation, triggering inflamma-
tion independently on macrophage infiltration (Meijer et al., 2011).
In addition, AT from metabolically abnormal IR obese individuals
was found to contain increased numbers of IL-22 producing Th22
cells, capable of causing metabolic dysfunction in liver and muscle
(Fabbrini et al., 2013) as well as to amplify IL-1�-driven inflamma-
tion in human AT with a clear relevance to obesity-induced T2DM
(Dalmas et al., 2014). These data support the idea on the existence
of a close link between AT inflammation and glucose metabolism.

In addition to CD4+ T lymphocytes, infiltration of CD8+ T cells to
obese AT was shown to lead the macrophage influx and M1  polar-
ization. An adoptive transfer of CD8+ T cells led to the establishment
of IR in CD8-deficient mice and, in contrast, depletion of CD8+ T
cells in obese mice improved IS (Nishimura et al., 2009). More-
over, CD8+ T cells from HFD-obese mice more efficiently stimulated
TNF� production by VAT macrophages than CD8+ T cells from lean
mice (Nishimura et al., 2009). In line with the reports on increased
production of IFN�,  granzyme B and/or perforin by CD8+ T cells
(Ghazarian et al., 2015), these data suggest a major role of CD8+ T
openic obesity or obese sarcopenia: A cross talk between age-
ain mechanism of the pathogenesis. Ageing Res. Rev. (2016),

cells in AT inflammation.
Recent findings deciphered participation of non-MHC-restricted

unconventional T cells in obesity-associated AT inflammation.
These cells are less diverse in terms of antigen recognition (Exley

dx.doi.org/10.1016/j.arr.2016.09.008
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t al., 2014; Kohlgruber and Lynch, 2015; Tard et al., 2015;
ensveen et al., 2015) and are present at relatively high fre-

uency in lean AT. They recognize lipid antigens and sustain M2
acrophages in VAT. Lack of invariant natural killer T (iNKT) cells

n mice led to reduced AT levels of IL-4 and IL-13, as well as to
ncreased number of M1  macrophages (Lynch et al., 2012). How-
ver, the role of iNKT cells might be changed in response to obesity
eading to their loss in AT and promotion of IR following HFD
Subramanian et al., 2013). The mechanism via which iNKT cells
nhibit AT inflammation under homeostasis, yet promote it in mod-
ls of obesity is not clear (Wensveen et al., 2015). Nevertheless, the
ajority of findings suggest that adipose resident iNKT cells play a

ritical role in preventing local inflammation and protecting against
etabolic disorder in obesity (Kohlgruber and Lynch, 2015). In

ddition, AT contains �� T cells promoting inflammation and IR dur-
ng HFD in mice (Mehta et al., 2015), as well as mucosal-associated
nvariant T (MAIT) cells – innate-like T cells that recognize bacterial
igands, and whose AT and blood levels were found to be elevated
nd reduced, respectively, in obese and T2DM patients. Circulating
n obese subjects MAIT cells are found to be highly activated, asso-
iated with elevated Th1 and Th17 cytokine production (Carolan
t al., 2015; Gapin, 2016; Magalhaes et al., 2015a). Reduced MAIT
ell levels along with normalization of both immune and metabolic
arameters after bariatric surgery (Magalhaes et al., 2015b) suggest

 potential role of MAIT cells in obesity and T2DM.
B cells constitute another adaptive immune subset within the

rown-like structures in the visceral AT (Winer et al., 2014). B cells
ere shown to have a predominantly pathogenic role in obesity-

elated IR, through the secretion of inflammatory cytokines and
ntigen-specific antibodies and via activation of IFN� or IL-17
ecreting Th1 cells (DeFuria et al., 2013; Winer et al., 2011, 2014).
n addition, HFD induces a subtype of B cells, presumably in a T
ell-dependent manner, capable of producing pro-inflammatory
gG2c that can promote macrophage TNF� production and induce
R, thus consistent with the Th1-skewed phenotype of obesity-
inked inflammation (Winer et al., 2011). Recently, it has been found
hat blood B cells support Th17-mediated inflammation in obesity-
ssociated T2DM subjects (Ip et al., 2016).

In addition, in obesity, eosinophils migrate into AT through
4- and �L-integrin-dependent mechanisms and sustain activa-

ion of M2  macrophages via an IL-4/IL-13-mediated mechanism.
oreover, it was  shown that helminth-induced AT eosinophilia

nhances glucose tolerance whereas eosinophil-deficient mice
evelop severe obesity and IR, thus underlying an important, “anti-
bese” role of eosinophils in metabolic homeostasis (Wu  et al.,
011; Qiu et al., 2014). Furthermore, eosinophils reduce chronic

nflammation in AT by secreting Th2 cytokines and promoting M2
acrophages polarization (Zhang et al., 2015). Although mast cells

re also activated in human obese AT, they, in contrast, seem to be
nduce accumulation of M1  macrophages (Divoux et al., 2012), and
heir number and inflammatory phenotype were found to be asso-
iated with 2TDM parameters both in humans and in HFD-obese
ice (Huh et al., 2014b). It was also shown that neutrophils capa-

le of secreting IL-17 and IL-22 (Zindl et al., 2013) as well as several
roteases including neutrophil elastase (Pham, 2006), worsened
FD-induced inflammation and IR in AT and liver (Talukdar et al.,
012).

Recently, by using the mice lacking a rare subpopulation of DCs
nriched with perforin-containing granules (perf-DCs), a unique
ole of DCs in obesity has been discovered. These mice revealed
rogressively gained weight, elevated serum cholesterol, TG, lep-
in and TNF� levels along with increased total body fat and reduced
Please cite this article in press as: Kalinkovich, A., Livshits, G., Sarc
associated adipose tissue and skeletal muscle inflammation as a m
http://dx.doi.org/10.1016/j.arr.2016.09.008

nsulin sensitivity, associated with an altered repertoire of T cells
esiding in AT, all suggesting a protective role of perf-DCs in
he development of obesity and metabolic syndrome (Zlotnikov-
lionsky et al., 2015). Surprisingly, mice lacking perf-DCs were
 PRESS
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substantially more prone to induction of experimental autoim-
mune encephlalomyelitis (EAE) exhibiting significant expansion
of detrimental EAE antigen-specific autoimmune T cell clones
compared to their wild-type counterparts. This phenotype was
associated with an altered repertoire of T cells residing in AT and
has been completely prevented by T cell depletion (Zlotnikov-
Klionsky et al., 2015). These encouraging data seem to support the
provocative hypothesis that obesity-related IR and T2DM might
be autoimmune disorders (Tsai et al., 2015a). Although obesity is
proposed to be an important risk factor for autoimmune diseases,
such as rheumatoid arthritis (RA) and multiple sclerosis (Versini
et al., 2014; Winer et al., 2009), the main and intriguing ques-
tion whether obesity-related AT inflammation and IR/T2DM are a
result of an activated adaptive immune response or whether such
adaptive immune responses evolve from chronic age-associated AT
inflammation (Tsai et al., 2015a), remains unanswered.

4.2. A cross talk between AT inflammation and skeletal muscle
inflammation and dysfunction

4.2.1. Leptin and adiponectin as the inflammation-associated
adipokine prototypes

Discovery of leptin and adiponectin more than 20 years ago
(Scherer et al., 1995; Zhang et al., 1994) has established AT as an
endocrine organ, secreting bioactive molecules called adipokines,
through which AT regulates not only appetite, satiety and energy
expenditure, but also glucose, insulin and lipid secretion and
metabolism, fat distribution, and function of the immune sys-
tem (Bluher and Mantzoros, 2015; Sakuma and Yamaguchi, 2013).
Concerning the age- and obesity-associated conditions, it is well
established that they possess mainly the opposite capacities. In
particular, adiponectin levels decline with age and obesity (Gondim
et al., 2015; Vilarrasa et al., 2005; Voss et al., 2016; You et al., 2013),
whereas exercise-induced weight reduction elevates its levels with
a strong negative correlation between plasma adiponectin concen-
trations and fat mass, and with opposite changes in the levels of
leptin (Balsan et al., 2015; Gondim et al., 2015; Tilg and Moschen,
2006; Voss et al., 2016; You et al., 2013). Notably, it stimulates
FA oxidation and glucose uptake in skeletal muscle and AT in an
AMPK-activated signaling manner, the effect that is blunted in obe-
sity (Chen et al., 2005). The activation of adiponectin is dependent
on signaling through adiponectin receptors AdipoR1 and AdipoR2
abundantly expressed in human skeletal muscle and in primary
myotubes (Jacobi et al., 2006). The capacity of adiponectin to acti-
vate AMPK and inhibit NF�B signaling was connected to decreased
monocyte, macrophage, and DC production of TNF� and IFN� while
increased production of IL-10 and IL-1Ra (Tilg and Moschen, 2006).
Recently, it was  shown that TNF� directly impairs adiponectin
signaling, mitochondrial biogenesis and myogenesis in primary
human myotubes (Sente et al., 2016), while enhanced AdipoR1
expression on Tregs in AT was found to negatively correlated with
epididymal fat (Ramos-Ramírez et al., 2016). In addition, HFD mice
revealed reduced adiponectin serum levels in association with
increased and decreased frequency of Th1 CD4+ T cells and T regs,
respectively, along with reduced levels of IL-10 in AT of HFD mice
as comparted to controls (Maioli et al., 2016).

In contrast to adiponectin, serum levels of leptin were found
to reflect overall adipose mass (Farr et al., 2015; Friedman, 2015)
in association with IR (Sakuma and Yamaguchi, 2013). It was
also observed that leptin possesses a pro-inflammatory activ-
ity by increasing TNF�, IL-6 and IL-12 production by monocytes
(Procaccini et al., 2013). Recently, the concept that leptin sig-
openic obesity or obese sarcopenia: A cross talk between age-
ain mechanism of the pathogenesis. Ageing Res. Rev. (2016),

naling ‘licenses’ various immune cells to differentiate and/or to
engage in immune responses has been proposed (Naylor and Petri,
2016). Indeed, leptin was  found to promote differentiation of CD4+

cells to IL-17-producing cells and enhances IL-17A production,

dx.doi.org/10.1016/j.arr.2016.09.008
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ut suppress the formation of Tregs (Orlova and Shirshev, 2014;
eis et al., 2015). Moreover, deficiency of leptin receptor in CD4+

 cells resulted in a defect in both autoimmune and protective
h17 responses attributed to reduced activation of the STAT3 and

ts downstream targets (Reis et al., 2015). Altogether, these data
uggest a link between key adipokines, adiponectin and leptin,
nd age- and obesity-induced recruitment of pro-inflammatory
mmune cells in AT.

.2.2. Osteopontin (OPN)
Dramatic upregulation of OPN expression in AT in HFD-induced

nd genetically obese mice, by 40 and 80-fold, respectively, (Kiefer
t al., 2008) as well as elevated OPN expression in macrophages
ecruited to the AT in HFD mice (Kiefer et al., 2010; Nomiyama
t al., 2007) indicate its involvement in obesity-associated AT
nflammation. Acting through integrin and CD44 receptors, highly
xpressed in immune cells, AT and skeletal muscle (Kang et al.,
013; Liu et al., 2015b), OPN mediates monocyte adhesion, migra-
ion, differentiation and phagocytosis as well as recruitment of
ro-inflammatory Th1 and Th17 cells to AT (Cantor and Shinohara,
009). Plasma OPN and its expression in VAT are increased in obe-
ity and obesity-associated T2DM; these findings are in line with
he ability of OPN to promote macrophage recruitment and AT
nflammation in these pathologies, in particular, to induce pro-
uction of TNF� and TGF� (Kahles et al., 2014), all well-known
ontributors to obesity-related inflammation. Moreover, OPN gene
eletion in mice was accompanied by reduced AT expression and
lasma levels of IL-6, TNF� and MCP1 along with improved whole-
ody glucose tolerance and reduced IR (Nomiyama et al., 2007),
ecreased of HFD-induced hyperlipidemia and reduced adipocyte
ypertrophy (Chapman et al., 2010). In addition, OPN was  found to
irectly stimulate inflammatory signaling pathways (phosphoryla-
ion of Akt, p38 MAPK, and ERK) and secretion of TNF� and MCP1
n isolated human adipocytes, and in AT macrophages (Zeyda et al.,
011), which are proposed as the main source of OPN (Kiefer et al.,
008; Nomiyama et al., 2007). In human subjects, OPN expression

n AT as well as circulating OPN levels were substantially elevated
n obese patients and were further increased in obese diabetic
r IR patients, compared with lean subjects (Kiefer et al., 2008;
aniele et al., 2014). In contrast, exercise-induced weight loss was
ccompanied by reduced OPN circulating levels (You et al., 2013).
lthough there is some inconsistency in the role of OPN in skeletal
uscle pathology (Pagel et al., 2014), majority of the findings imply

ts unfavorable effects. Indeed, it was found to inhibit cell migra-
ion and differentiation of cultured myoblasts (Uaesoontrachoon
t al., 2008) and suppress muscle regeneration in inflamed muscle
f MDX  mice (a mouse model for human Duchenne muscular dys-
rophy, DMD) by promoting fibrosis and modulating immune cell
ubsets and intramuscular TGF� (Vetrone et al., 2009). In addition,
t was shown to be over-expressed in macrophages that infil-
rate old injured mouse muscle (Paliwal et al., 2012) as well as in
keletal muscle of patients with various muscular dystrophies in
ssociation with elevated levels of inflammation-associated met-
lloproteinases (Zanotti et al., 2011). Its expression is also raised
n muscle and serum of patients with idiopathic inflammatory

yopathies (Xiao et al., 2015). In summary, OPN appears to play a
egative and pro-inflammatory role in age- and obesity-mediated
T and muscle functionality.

.2.3. Resistin
Resistin (from “resistance to insulin”), secreted by adipocytes

McTernan et al., 2002), was considered as a connector between
Please cite this article in press as: Kalinkovich, A., Livshits, G., Sarc
associated adipose tissue and skeletal muscle inflammation as a m
http://dx.doi.org/10.1016/j.arr.2016.09.008

R and obesity, since its serum levels were found to be increased
arkedly in mouse models of genetic and diet-induced obesity

Steppan et al., 2001). Its expression was found also in macrophages
Patel et al., 2003), and the inflammatory conditions appear to
 PRESS
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be the main determinants of its circulating levels (Lehrke et al.,
2004). In addition, resistin was shown to up-regulate the expres-
sion of TNF�, IL-6, IL-12, and MCP-1 in monocytes, macrophages,
and hepatic stellate cells, mediated through the NF�B signal-
ing pathway (Park and Ahima, 2013) and, probably, via adenylyl
cyclase-associated protein 1 proposed to be a functional receptor
for resistin-mediated inflammatory activity in human monocytes
(Lee et al., 2014). In turn, several pro-inflammatory molecules and
resistin itself were found to induce resistin expression in various
cells and tissues (Bokarewa et al., 2005). In line with these find-
ings, circulating resistin levels were found to correlate with TNF�
and IL-6 in apparently healthy subjects (Pantsulaia et al., 2007),
with CRP and plasminogen activator inhibitor (PAI)-1 in subjects
with T2DM, RA, and sepsis often in association with disease activ-
ity and unfavorable outcome (Park and Ahima, 2013). Notably,
exercise-induced weight loss led to reduced resistin circulating
levels (Gondim et al., 2015). It was also found that resistin pro-
motes fat accumulation in LDs of human macrophages via elevated
expression of CD36, a FA scavenger receptor (Xu et al., 2006), as
well as enhances ROS production by muscle cells (Gan et al., 2013).
Inflammatory effects of resitin on human muscle cells were found
to be associated with up-regulation of fractalkine and its recep-
tor, CX3CR1 (Gan et al., 2013). Notably, resistin expression was
detected in skeletal muscle (Carey et al., 2006; Jin et al., 2014),
and after IL-6 infusion its expression was found to be significantly
elevated in human skeletal muscle and AT (Carey et al., 2006). Over-
all, these observations suggest the existence of resistin-mediated
link between age, obesity, oxidative stress, IR and inflammation
potentially affecting skeletal muscle function.

4.2.4. Chemerin
A recently discovered adipokine chemerin and its receptors

CMKLR1 (chemokine-like receptor 1) and ChemR23 (chemerin
receptor 23) were found to be expressed in adipocytes,
macrophages, DCs and skeletal muscle cells (Berg et al., 2010;
Luangsay et al., 2009; Mattern et al., 2014). Chemerin regulates
adipocyte differentiation and metabolism by auto/paracrine man-
ner (Bozaoglu et al., 2010; Roh et al., 2007; Takahashi et al.,
2008). Its expression was  found to be closely linked to obesity,
IR, metabolic syndrome risk factors and inflammation (Bozaoglu
et al., 2010; Ernst and Sinal, 2010; Mariani and Roncucci, 2015), in
negative and positive correlations with adiponectin and leptin lev-
els, respectively (Coimbra et al., 2014). Moreover, chemerin inhibits
myogenesis and induces adipogenesis in C2C12 myoblasts (Li et al.,
2014). Additional evidence for a link between chemerin and obe-
sity was documented after elimination of obesity through bariatric
surgery as well as hypocaloric diet and exercise interventions
accompanied by reduced chemerin circulating levels in concert
with reduced IR tests, TAG and blood glucose levels (Chakaroun
et al., 2012; Kim et al., 2014b; Sell et al., 2010; Venojärvi et al., 2013).
Recent data demonstrated that chemerin-induced IR in skeletal
muscle is associated with several mitochondrial dysfunction along
with decreased expression of some muscle specific transcription
factors in cultured C2C12 myocytes (Xie et al., 2015). Significant
reduction in circulating chemerin levels was  observed in obese and
T2DM individuals after various training programs in association
with decreased IR, CRP and leptin levels (Kim et al., 2014b; Lloyd
et al., 2015; Stefanov et al., 2014). Notably, plasma chemerin levels
were found to be increased in some chronic inflammatory diseases,
and its levels correlated with the levels of TNF�, IL-6, CRP and
FAs (Mariani and Roncucci, 2015; Rourke et al., 2013). Moreover,
TNF� induced chemerin expression in adipocytes (Suzuki et al.,
openic obesity or obese sarcopenia: A cross talk between age-
ain mechanism of the pathogenesis. Ageing Res. Rev. (2016),

2012). Importantly, chemerin receptor ChemR23 was found to be
expressed on M1  macrophages providing their enhanced chemoat-
traction (Herová et al., 2015). In skeletal muscle, chemerin induced
elevation in TNF� and IL-6 expression (Sell et al., 2010). Over-

dx.doi.org/10.1016/j.arr.2016.09.008
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ll, these findings suggest a close connection between chemerin,
nflammation, obesity, IR and muscle pathology.

.2.5. PEDF
Another factor that potentially connects obesity, inflammation

nd muscle pathology is pigment epithelium-derived factor (PEDF),
n adipokine that belongs to the serine protease inhibitor (ser-
in) family (Becerra, 1997). Its significantly elevated circulating

evels were observed in prediabetic and T2DM patients in associa-
ion with increased fat mass, TAG and TNF� levels, fasting insulin,
MI, and cardiometabolic risk factors in humans (Gattu et al., 2013;

enkins et al., 2014; Hui et al., 2014; Sunderland et al., 2012; Tahara
t al., 2011). In contrast, its reduced levels were detected upon
eight loss and insulin sensitization (Crowe et al., 2009; Duggan

t al., 2016), all implicating involvement of PEDF in obesity and IR.
EDF is widely expressed including skeletal myocytes and abun-
antly in AT where it was found to be secreted by adipocytes and
acrophages. Treatment of primary human adipocytes and muscle

ells with PEDF induced IR accompanied by induction of inflamma-
ory NF�B, p38-MAPK and mTOR signaling pathways (Famulla et al.,
015). It was also shown that PEDF mobilizes free FAs from AT into
he systemic circulation resulting in inflammation and ectopic lipid
eposition. In skeletal muscle, PEDF was found to colocalize with
TGL in LDs (Chung et al., 2008), promoting lipolysis in an ATGL-
ependent manner. PEDF administration induced an inflammatory
henotype in mice, resulting in the recruitment and activation of
acrophages and monocytes that secrete increased levels of TNF�

nd IL-6 (Filleur et al., 2009), whereas anti-PEDF antibody reduced
evels of these cytokines (Chavan et al., 2012). Although there are
ome contradictory reports regarding the role of PEDF in metabolic
isorders (Carnagarin et al., 2016; Craword et al., 2013), majority
f data supports the idea that PEDF can connect IR, AT and skeletal
uscle inflammation.

.2.6. Bone morphogenetic proteins (BMPs)
BMPs, the members of the TGF� family of cytokines, possess

leiotropic effects in tissues other than bone, including skeletal
uscle, where they enhance the muscle growth by competing with

he TGF�/myostatin/activin signaling pathway (Grgurevic et al.,
016; Sartori et al., 2014). In AT, BMP-2, −4, −6, −7, and −9
ffectively induce adipogenic differentiation (Kang et al., 2009).
lthough BMP-2, −4, and −6 could not induce expression of ther-
ogenic uncoupling protein 1 (UCP1) (brown adipocyte marker

ene), BMP-7 and BMP-8b promoted brown adipogenesis with
arked induction of UCP1 along with enhanced mitochondrial bio-

enesis and activity (Tseng et al., 2008; Whittle et al., 2012). In
ddition, BMP7 was shown to reverse obesity in mice through a cen-
ral, leptin-independent mTOR pathway (Townsend et al., 2012).
ecently, MB109, a recombinant derivative of human BMP-9, was

ound to enhance expression of brown adipogenic genes in AT and
rown adipogenesis of human AT-derived stem cells as well as sup-
ress weight gaining in HDF-induced obese mice by reducing sizes
f white adipocytes and decreased fasting blood glucose levels (Kuo
t al., 2014). In addition, it was shown that BMP-7 is able to reduce
ignificantly levels of IL-6, TNF� and MCP-1 (Rocher and Singla,
013), enhance the levels of IL-1RA and IL-10 (Singla et al., 2016)
s well as polarize monocytes into M2  macrophages (Rocher and
ingla, 2013; Singla et al., 2016). Collectively, these data implicate
MPs as potential activators of WAT  browning and inhibitors of IR
evelopment and AT inflammation.

.2.7. Myostatin, follistatin and irisin axis
Please cite this article in press as: Kalinkovich, A., Livshits, G., Sarc
associated adipose tissue and skeletal muscle inflammation as a m
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A myokine myostatin, a member of TGF� superfamily, is a
ell-known negative regulator of the growth of skeletal muscles

McPherron, 2016). Mechanisms of this suppressive effect include
ctivation of activin type II receptors A and B, accelerated Smad2
 PRESS
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and Smad3 phosphorylation, up-regulation of genes involved in
the reduction of proliferation and differentiation of skeletal muscle
precursor cells, and enhancement of protein degradation pathways
in mature myofibers (Sartori et al., 2014). In addition, myostatin
was shown to induce oxidative stress by producing ROS in skele-
tal muscle cells through TNF� signaling pathway (Sriram et al.,
2011). It was  also noted that myostatin is induced in aged skeletal
muscle (Bowser et al., 2013). Noteworthy, resistance exercise was
accompanied by reduced mRNA expression levels (Schwarz et al.,
2016). In contrast, expression of follistatin (FST), a natural myo-
statin inhibitor (Lee and McPherron, 2001), is decreased in aged rat
skeletal muscle along with up-regulation in ROS  levels (Ziaaldini
et al., 2015), but increased during exercise (Hansen et al., 2016). Of
note, over-expression of myostatin causes IR, whereas its inhibition
prevents obesity and IR (Dong et al., 2016; McPherron, 2016; Zhang
et al., 2012). Surprisingly, these favorable effects of myostatin inhi-
bition were found to be accompanied by upregulation in the mRNA
and protein expression of irisin in the muscle via increased peroxi-
some proliferator-activated receptor � (PPAR�)  expression. Irisin, a
new muscle tissue-secreted peptide, is defined as the extracellular
cleaved product of fibronectin type III domain containing protein 5
(FNDC5) and whose elevated levels were found in mice in response
to exercise (Boström et al., 2012). Some studies highlight irisin as a
compensatory myokine to promote oxidative metabolism, mito-
chondrial biogenesis and uncoupling, and reduce metabolic risk
(Huh et al., 2014a; Pardo et al., 2014; Vaughan et al., 2015). It is
also secreted by adipocytes (Roca-Rivada et al., 2013), and its up-
regulation was associated with reduced body weight and enhanced
IS (Boström et al., 2012; Moreno-Navarrete et al., 2013; Yan et al.,
2014). Decreased circulating irisin levels and reduced expression of
its structural gene, FNDC5, in muscle and AT were observed in obese
and T2DM subjects (Moreno-Navarrete et al., 2013; Zhang et al.,
2016). A clear correlation in circulating levels as well as in the levels
of mRNA expression in muscle biopsy samples was found between
irisin and FST in healthy and obese individuals (Vamvini et al.,
2013). Blood irisin levels positively correlated with muscle mass,
strength and metabolism and negatively with fasting glycaemia in
humans (Kurdiova et al., 2014). Irisin was  also shown to reduce
TNF� and IL-6 expression in muscle and induce M2  macrophage
polarization in peritoneal macrophages (Dong et al., 2016). More-
over, irisin was found to improve glucose tolerance and uptake in
mouse HFD diabetic skeletal muscle along with reduced expression
of genes involved in gluconeogenesis and fat weight, serum choles-
terol and TAG levels, presumably via AMPK pathway (Xin et al.,
2016). Furthermore, irisin significantly increased expression of sev-
eral genes including PGC1  ̨ leading to increased mitochondrial
content and oxygen consumption in mouse myotubes (Vaughan
et al., 2015). Altogether, these findings support the existence of a
complex cross talk between muscle and AT via myostatin/FST/irisin
axis regulating age- and obesity-associated IR, inflammation and
muscle pathology (Fig. 4).

4.2.8. Fibroblast growth factor 21 (FGF-21)
FGF-21 has been recently proposed as a regulator of muscle-

to-fat relationships. It has been shown, for example, that physical
exercise induces FGF-21 secretion in healthy, but not in 2TDM
individuals (Hansen et al., 2016). FGF-21 is a member of the
FGF superfamily, acting through the interaction with specific
FGF receptors and a cofactor called �-Klotho, expressed in adi-
pose and muscle tissues (Hojman et al., 2009; Moyers et al.,
2007; Ogawa et al., 2007). This expression is associated with sev-
eral metabolic beneficial effects of FGF-21 including weight loss,
openic obesity or obese sarcopenia: A cross talk between age-
ain mechanism of the pathogenesis. Ageing Res. Rev. (2016),

decreased body fat, browning of white AT, anti-hyperglycemic and
anti-hyperlipidemic activity, and enhancement of IS (Coskun et al.,
2008; Fisher et al., 2014; Jeon et al., 2016). In addition, FGF-21
administration in HFD rats resulted in reduced circulating CRP

dx.doi.org/10.1016/j.arr.2016.09.008
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Fig. 4. Hypothesized cross talk between adipose tissue (AT) and skeletal muscle in healthy (non-inflamed) and obese (inflamed) conditions.
A.  Under healthy (lean) conditions, AT is populated by macrophages in a M2-like state as well as by Th2, Tregs, iNKT and eosinophils producing anti-inflammatory cytokines
such  as IL-4, IL-10, IL-13, and IL-33 (Brestoff and Artis, 2015; Han et al., 2015; Odegaard and Chawla, 2015; Wensveen et al., 2015). Adipocytes secrete adipokines like
adiponectin and irisin as well as several BMPs, all capable of sustaining healthy non-inflamed AT and skeletal muscle status (Grgurevic et al., 2016; Sartori and Sandri,
2015;  Schering et al., 2015; Vaughan et al., 2015). Recent data suggest the ability of AT-mediated IGFII/IGFBP5 axis to stimulate myoblast proliferation and differentiation
(Pellegrinelli et al., 2015). Consequently, healthy lean skeletal muscles produce several myokines such as irisin, IL-15, FST and FGF-21 as well as neurotrophic factors BDNF and
GDNF,  which collectively avert AT inflammation (Dong et al., 2016; Fisher and Maratos-Flier., 2016; Mwangi et al., 2014). This favorable immune-metabolic pathway is capable
of  maintaining healthy AT and the skeletal muscle status, thus preventing the development of sarcopenia. B. In obese state, adipocytes undego hypertrophia, hyperplasia
and  activation, resulting in the accumulation of M1-skewed macrophages as well as Th1, Th17 and Th22 lymphocytes and mast cells producing pro-inflammatory cytokines
including IFN�, TNF�, IL-1�, IL-6, IL-7, IL-8, IL-17 and IL-22 (Castoldi et al., 2016; Exley et al., 2014; Tateya et al., 2013; Wensveen et al., 2015). Other innate and adaptive
immune cells, in particular CD8+ T cells, B cells, perf-DCs and MAIT cells also play a role in obesity-induced AT inflammation (Apostolopoulos et al., 2016; Grant and Dixit,
2015;  Magalhaes et al., 2015a,b; Zlotnikov-Klionsky et al., 2015). Various chemokines, such as CCL2, CCL5, CXCL12, CXCL8, and CXCL10, wich are detected in obese AT, are
likely  to be responsible for recruitment of macrophages and other immune cells in obese AT (Yao et al., 2014). Apparently, the pro-inflammatory milieu created (at least,
partly)  by these cells is the source of senescence-associated secretory phenotype (SASP), inducing and/or exacerbating skeletal muscle mass and function decline (LeBrasseur
et  al., 2015). In addition, several adipokines, such as leptin, CRP, OPN, chemerin, resistin, PEDF and myostatin are found abundantly in obese AT in close association with AT
inflammation (Gencer et al., 2016; Mariani and Roncucci, 2015; Rodríguez et al., 2015). Obesity is also accompanied by ectopic fat accumulation in skeletal muscle in the
form  of IMAT and IMCLs, which separately and/or together with muscle cells, produce myostatin, CCL2, TNF�, IL-1� and IL-6. All are capable of inducing IR and lipotoxicity,
thus  affecting, in an auto/paracrine manner, the skeletal muscle functionality, and, in an endocrine manner, triggering and/or worsening AT inflammation (Rivas et al., 2016).
This  detrimental vicious circle probably maintains AT and skeletal muscle inflammation and triggers SOB development. Th − T-helper cells; Tregs − T-regulatory cells; iNKT
−  invariant natural killer T cells; BMPs − bone morphogenic proteins; IGFII/IGFBP5–insulin growth factor-II (IGF-II) and its binding protein-5 (IGFBP-5); FST − follistatin;
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endritic cells; MAIT − mucosal-associated invariant T cells; CRP − C-reactive protei
dipose tissue; IMCLs − intramyocellular lipids. Mast − mast cells; Eos − eosinophi

evels as well as IL-6 and TNF� levels in AT, thus ameliorating
besity-related inflammation (Wang et al., 2015). Among other
ositive effects of FGF-21 is its capacity to protect against HFD-

nduced inflammation and islet hyperplasia in pancreas (Singhal
t al., 2016), prevent HFD-induced obesity (Samms  et al., 2016),
nduce expression of adiponectin (Lin et al., 2015), protect human
keletal muscle myotubes from palmitate-induced IR (Lee et al.,
014), and to defense against immune senescence by delaying
ge-related thymic involution (Youm et al., 2016). Although there
s a contradictory observation claiming a capability of FGF-21 to
uppress expression of adiponectin and up-regulate expression of
eptin and IL-6 in human differentiating preadipocytes (Berti et al.,
015), the majority of published data support the notion that FGF-
1 may  exert anti-inflammatory and insulin sensitizing effects in
T and skeletal muscle.

.2.9. Neurotrophic factors – BDNF and GDNF
Emerging evidence suggests deep involvement of neurotrophic
Please cite this article in press as: Kalinkovich, A., Livshits, G., Sarc
associated adipose tissue and skeletal muscle inflammation as a m
http://dx.doi.org/10.1016/j.arr.2016.09.008

actors brain-derived neurotrophic factor (BDNF) and glial cell
ine-derived neurotrophic factor (GDNF) in age-associated skele-
al muscle and AT pathology. BDNF exerts its effects via the
ropomyosin-related kinase-B receptor (TrkBR) and the p75 neu-
lial cell line-derived neurotrophic factor; perf-DCs − perforin-containing granules
 − osteopontin; PEDF − pigment epithelium-derived factor; IMAT − intermuscular

 B-cells; Neutr − neutrophils.

rotrophin receptor (p75NTR) to initiate several signaling cascades,
including the PI3K/Akt (Numakawa et al., 2010). In skeletal mus-
cle, BDNF is involved in the development and differentiation of
myoblasts and muscle fibers as well as in the regulation of the
survival of motoneuron units (MUs), the presynaptic release of neu-
rotransmitters, and the maintenance of the postsynaptic region
in skeletal myofibers (Raschke and Eckel, 2013; Sakuma et al.,
2015). Moreover, local production of BDNF can be induced by
exercise stimulation in skeletal muscle (Papathanassoglou et al.,
2015; Tsai et al., 2015b). BDNF administration to mice led to
improved IS in skeletal muscle, decreased glucose production in
hepatocytes, and enhanced glucose uptake in muscle and liver
(Marosi and Mattson, 2014). In obesity, impaired signaling of BDNF
through TrkBR was shown to promote fat accumulation (Marosi
and Mattson, 2014), suggesting that disturbed BDNF signaling in
peripheral target organs such as skeletal muscle might be associ-
ated with development of obesity. This idea has been confirmed in
a recent study where chronic administration of the BDNF mimetic
to TrkBR knockout mice revealed ameliorated HFD-induced body
openic obesity or obese sarcopenia: A cross talk between age-
ain mechanism of the pathogenesis. Ageing Res. Rev. (2016),

weight gain and obesity (Chan et al., 2015a). The suggested mech-
anism was  attributed to increased BDNF/TrkBR-mediated energy
expenditure in skeletal muscle through activation of mitochon-

dx.doi.org/10.1016/j.arr.2016.09.008
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rial uncoupling, FA oxidation, glucose uptake, and possible heat
roduction by mitochondrial UCP1. Along with the observation
f reduced expression of BDNF in AT of obese mice (Jin et al.,
015), these findings explore the therapeutic potential of the skele-
al muscle TrkBR agonists in the prevention of obesity (Youn and
ai, 2015). Notably, various immune cells, including Tregs, were
hown to produce BDNF (Chan et al., 2015b; Kerschensteiner et al.,
999; Papathanassoglou et al., 2015), and the preferential accumu-

ation of BDNF-releasing activated T lymphocytes and macrophages
as detected near p75NTR-positive myofibers within regeneration

Colombo et al., 2013). These observations support the notion that
DNF may  serve as a local mediator for muscle regeneration via

 crosstalk between immune and muscle cells (Kalinkovich and
ivshits, 2015).

An additional candidate for improving neuro-muscular function
mpaired in sarcopenia and obesity might be another neurotrophic
actor, GDNF. It is produced in target tissues of neurons, including
keletal muscle (Suzuki et al., 2012), and its receptor, Ret tyrosine
inase, is expressed in MUs  (Baudet et al., 2008). GDNF overex-
ression or its injection causes multiple innervation and slows the
rocesses impaired in sarcopenia, including improving presynap-
ic and postsynaptic plasticity of the NMJs, protecting MUs  from
egeneration (Keller-Peck et al., 2001; Nguyen et al., 1998) as well
s supporting survival and regeneration of damaged MUs  (Pajenda
t al., 2012). A connection between GDNF and obesity has been
lso documented. Chronic hypothalamic or nigrostriatal expres-
ion of GDNF in rodents and primates can induce weight loss
n animals with age-related obesity and prevent weight gain in
oung animals (Manfredsson et al., 2009). In addition, GDNF trans-
enic mice resisted the HFD-induced weight gain, IR, dyslipidemia,
yperleptinemia, and hepatic steatosis along with higher energy
xpenditure as compared to wild type mice despite similar food
ntake and activity levels (Mwangi et al., 2014). These beneficial
ffects were accompanied by increased expression in skeletal mus-
le and brown AT of PPAR� gene known to be associated with
ncreased lipolysis and enhanced lipid �-oxidation. Recently, a
ignificant increase in the expression of microglial inflammatory
arkers CD11b and CD68 was determined in the skeletal muscle

ear intramuscular axons and NMJs in a rat model of familial amy-
trophic lateral sclerosis (ALS); an inflammation was  accompanied
y elevation in IL-1� and TNF� levels in the muscle homogenates
Van Dyke et al., 2016). It is also found that physical exercise stim-
lates the synthesis of BDNF and GDNF (Monteiro-Junior et al.,
015). In sum, these findings suggest the existence of a novel and
eneficial role of BDNF and GDNF in the age/obesity/inflammation-
ssociated skeletal muscle pathology.

.2.10. IL-15
One of the most surprising observations in the field of the

onnection between obesity-associated inflammation and skele-
al muscle pathology is the capability of IL-15, a pro-inflammatory
ytokine highly expressed in skeletal muscle to increase signif-
cantly myotube FA oxidation, presumably via enhanced AMPK
hosphorylation and its downstream acetyl-CoA carboxylase (Ye,
015). In myotubes, IL-15 increased transcriptional expression of
everal pro-oxidative genes and induced elevation in mitochondrial
ensity (O’Connell and Pistilli, 2015) as well as reduced mitochon-
rial ROS levels (Li et al., 2015). Similarly, IL-15 gene transfer was
ccompanied by suppressed expression of genes involved in lipo-
enesis and gluconeogenesis along with enhanced expression of
enes responsible for lipolysis and glucose metabolism (Sun and
iu, 2015), whereas mice knockout for IL-15 receptor, IL-15R�,  were
Please cite this article in press as: Kalinkovich, A., Livshits, G., Sarc
associated adipose tissue and skeletal muscle inflammation as a m
http://dx.doi.org/10.1016/j.arr.2016.09.008

ound to be hyperglycemic and IR (Loro et al., 2015). The capability
f IL-15 to inhibit adipogenesis is suggested to be dependent on
ecrease in leptin mRNA expression in adipocytes and prevention
f their differentiation (Almendro et al., 2009). In adipocytes, IL-15
 PRESS
arch Reviews xxx (2016) xxx–xxx

reduced rate of proliferation, induced their apoptosis and blocked
differentiation (Alvarez et al., 2002; Fuster et al., 2011). Moreover,
IL-15 transgenic mice, as compared to wild type mice, were found to
have significantly elevated mitochondrial activity and mass in AT
(Barra et al., 2012). IL-15/sIL-15R�  gene transfer induced weight
loss and improved glucose homeostasis in obese mice (Sun et al.,
2016). In addition, endurance training enhanced skeletal muscle
IL-15 expression in human subjects (Rinnov et al., 2014). Collec-
tively, these data suggest that a reciprocal muscle-to-fat signaling
pathway involves the release of IL-15 from muscle tissue providing
beneficial anti-obese and insulin sensitizing effects (Quinn et al.,
2013).

4.3. Chemokines

Mounting evidence implicates that the chemokine-chemokine
receptor axes play a fundamental role in the triggering/facilitating
of obesity-mediated AT inflammation and its link to IR and T2DM.
Indeed, up-regulated expression of chemokine receptors like CCR1,
CCR2, CCR3, CXCR4 and CCR5 on inflammatory cells along with
increased levels of their ligands (chemokines) including CCL2
(MCP-1), CCL5 (RANTES), CXCL12 (SDF-1), CXCL8 (IL-8), and CXCL10
(IP-10) was  detected in AT of obese patients. In addition, serum lev-
els of various chemokines are found to be dramatically increased in
obese versus lean individuals (Makki et al., 2013; Yao et al., 2014;
Xu et al., 2015a). It was also shown that human skeletal muscle cells
might actively self-promote muscular inflammation by eliciting
CXCL10 secretion, which is known to amplify Th1 cell tissue infiltra-
tion (Crescioli et al., 2012) as well as to participate in inflammatory
myopathies (Limongi, 2015). In addition, it has been demonstrated
that intra-muscular TNF� expression is restricted to the popula-
tion of intramuscular leukocytes (mainly, macrophages) and that
the chemokine CCL2 is associated with skeletal muscle inflam-
matory markers in HFD-mice and human obese/T2DM individuals
(Patsouris et al., 2014). Furthermore, in this study, an exposure of
myotubes to palmitate resulted in elevated production of CCL2 and
that its muscle-specific overexpression in transgenic mice induced
the local recruitment of macrophages and altered local IS. Recently,
it has been shown that human skeletal muscle cells might actively
self-promote muscular inflammation by eliciting CXCL10 secretion,
under the influence of IFN� and TNF�, which in turn may  amplify
Th1 cell tissue infiltration (Limongi, 2015). Moreover, contracting
myotubes are shown to release CCL2 in a NF�B manner to chemoat-
tract monocytes/macrophages (Miyatake et al., 2016). Altogether,
these observations indicate a profound involvement of chemokines
not only in recruitment of inflammatory cells in AT but also in skele-
tal muscle where they may  induce and facilitate inflammation and
IR.

4.4. Senescence-associated secretory phenotype (SASP)

As discussed above, a hallmark of aging is chronic low-grade
sterile inflammation, inflammaging, which is closely associated
with frailty and age-related diseases, but the mechanisms are
still not fully understood. Accumulating data suggest a contri-
bution to inflammaging of senescent cells, which by secreting
pro-inflammatory cytokines and chemokines establish a SASP
(LeBrasseur et al., 2015; Herranz et al., 2015; Salama et al., 2014;
Sikora et al., 2014), thus linking senescent cells to age-related
inflammation and diseases. Senescent cells accumulate in vari-
ous tissues and organs with ageing and have been hypothesized
to disrupt tissue structure and function because of the compo-
openic obesity or obese sarcopenia: A cross talk between age-
ain mechanism of the pathogenesis. Ageing Res. Rev. (2016),

nents they secrete. It was  found that life-long removal of senescent,
p16(Ink4a)-expressing cells delayed onset and also attenuated
progression of already established age-related conditions in AT
and skeletal muscle (Baker et al., 2011, 2016), suggesting that

dx.doi.org/10.1016/j.arr.2016.09.008
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eduction in the burden of senescent cells could ameliorate age-
elated disabilities and chronic diseases. Accordingly, applying the
rugs selectively targeting some pro-survival networks in senes-
ent cells, called senolytic agents, revealed that an anticancer
rug dasatinib, which eliminates highly expressed in senescent
ells ephrin, c-kit and several other tyrosine kinases, eradicated
enescent human fat cell progenitors (Zhu et al., 2015), thus con-
rming a major role of senescent fat cells in AT pathology (Tchkonia
t al., 2010). Moreover, it was shown that senescent fat progeni-
or cells – preadipocytes, also termed “adipose-derived stem cells”
r “fat cell progenitors”, being the most abundant progenitor cell
ype in humans (Tchkonia et al., 2013) and comprising 15–50% of
he cells in AT, accumulate in AT with aging; they acquire SASP
ith dramatically (up to 46-fold) increased production of var-

ous pro-inflammatory cytokines compared with non-senescent
ells (Xu et al., 2015b). Notably, exercise prevents the accumula-
ion of senescent cells and the expression of SASP (Schafer et al.,
016). The mechanisms involved in such SASP-associated inflam-
aging may  include mTOR (Herranz et al., 2015), NFkB (Salminen

t al., 2012), p53, p15(INK4b), p21(CIP1), and JAK-STAT signaling
athways (Acosta et al., 2013; Xu et al., 2015b). Interestingly, it
as shown that senescence could be transmitted in a paracrine

ashion via secretion of CCL2, IL-1 and IL-8, TGF� family mem-
ers (Activin A and GDF-15), and the chemokines CCL2 and CCL20
Acosta et al., 2013). In addition, JAK-STAT inhibition suppressed
he SASP in preadipocytes and SASP-induced AT inflammation (Xu
t al., 2015b). It has been suggested also that accumulation of senes-
ent cell is a result of age-associated immune deficiency, and their
emoval is increased upon the use of immune stimulatory agents
Ovadya and Krizhanovsky, 2014). Collectively, these findings sug-
est that targeting senescent cells could be a promising way to
lleviate SASP-mediated AT inflammation. Although there is no
ata so far regarding direct detrimental effects of SAPS on skeletal
uscle function, an age- and obesity-associated ectopic lipid accu-
ulation in skeletal muscle potentially capable of local establishing

f SAPS does not exclude such possibility.
Nevertheless, it remains unclear how AT affects skeletal mus-

le metabolism, structure and contractile function. In attempts to
nswer this question, Pellegrinelli et al. (2015) have examined
he effects of secreted factors from AT on myocyte structure and
he atrophy program within muscle by applying an elegant three-
imensional human primary cell culture experiments. The authors

ound that myocytes co-cultured with adipocytes obtained from
AT (but not from SAT) were smaller in accordance with gene and
rotein expression profile associated with muscle atrophy. Inter-
stingly, troponin was detected among suppressed components,
hose reduction has been suggested as a key element in contrac-

ile insufficiency in sarcopenia (Kalinkovich and Livshits, 2015). In
ddition, a reduction in pathways of oxidative metabolism and pro-
ein synthesis along with elevated production of IL-6 and IL-1� was
lso observed in the study. Moreover, it has been noted that harm-
ul effect of VAT on muscle was accompanied by blockage of the
xpression of the myogenic growth factor IGF-II and its binding pro-
ein IGFBP-5, both known to stimulate myoblast proliferation and
ifferentiation (Ren and Anversa, 2015). In line with these encour-
ging data are recent observations demonstrating that significantly
levated intramuscular storage of ceramide and DAG in HFD-obese
nd aged mice was closely associated with the loss of ALM and
uscle strength along with the development of IR and increased

xpression of IL-1� and TNF� via impaired mTOR and I�B� signal-
ng pathways as compared to young mice (Rivas et al., 2016). These
ndings raise a question on the potential importance of adipose-
Please cite this article in press as: Kalinkovich, A., Livshits, G., Sarc
associated adipose tissue and skeletal muscle inflammation as a m
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uscle proximity and the likelihood that these neighbors may  be
nteracting in a discordant ways in obesity (Kelley and Goodpaster,
015). Indeed, it has been observed that with aging, IMAT increases
hile muscle mass declines (Delmonico et al., 2009). Moreover,
 PRESS
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ceramide accumulation in skeletal muscle was found to be associ-
ated with pro-inflammatory induction of IR (Holland et al., 2011),
and increased accumulation of DAG is predictive of IR in humans
(Bergman et al., 2012). In addition, under palmiate-IR conditions,
IGF-II/IGFBP-5 expression was  found to be reduced significantly
in myocytes (Deshmukh et al., 2015). Overall, these findings sug-
gest a possibility of the age-associated and inflammation-mediated
direct unfavorable impact of intramuscular lipids on skeletal muscle
mass and function, thus being a key element in SOB pathogene-
sis. Hypothesized link between age- and obesity-associated AT and
skeletal muscle inflammation and sarcopenia, presumably being a
main mechanism of SOB, is schematically depicted in Fig. 4.

5. Concluding remarks

Obesity and sarcopenia and their comorbidity state, SOB, are
the major public health problems that are anticipated to grow fast
and significantly as human population ages. However, despite sub-
stantial attempts, we  are still far from understanding the molecular
mechanisms that govern SOB. Certainly, deciphering these mech-
anisms is important not only for achieving scientific progress in
the field but also for creating the basis for prophylactic and thera-
peutic interventions. Based on the latest achievements in the study
of obesity and skeletal muscle pathology, as reviewed above, we
propose the existence of a cross talk between AT and skeletal mus-
cle, two  greatest tissues in the human body, via establishment of
an age-associated detrimental vicious circle, in which chronic low-
grade local (AT and skeletal muscle) and systemic inflammation
(“inflammaging”) is a major joining mechanism of SOB.

With regard to the role of sarcopenia in SOB pathogenesis, we
have previously proposed that the prevalence of negative regula-
tors of muscle growth, such as TGF�, myostatin, activins and some
others over positive regulators like BMPs, BDNF, irisin, and FST con-
stitute a main mechanism of sarcopenia pathogenesis (Kalinkovich
and Livshits, 2015). Remarkably, these molecules are found to
be deeply involved in regulation of inflammation, and not only
in skeletal muscle, but also in AT. For example, muscle growth
inhibitors myostatin and activin A are shown to be increased in
aging and capable of enhancing several key events associated with
obesity as well as inducing and supporting AT and skeletal mus-
cle inflammation (Dong et al., 2016). In contrast, muscle growth
enhancers BMPs, BDNF, irisin, and FST (all produced by AT and/or
skeletal muscle) were found to possess anti-inflammatory activ-
ity (Nimmo  et al., 2013; Pedersen, 2013; Rashke and Eckel, 2013),
confirming an idea about a close link between skeletal muscle
metabolism, obesity and inflammation. A possible causal role of
chronic low-grade inflammation in age- and sarcopenia-associated
frailty has been recently proposed (Walston, 2015).

Moreover, MOH, proposed as “healthy” obesity phenotype,
revealed a lower extent of inflammation at both the systemic and AT
levels in comparison with MONW − its “non-healthy” counterpart.
In particular, MOH  exhibited “favorable” changes in adiponectin,
leptin, TNF�, IL-6, CRP, chemerin, and resistin (Ahl et al., 2015;
Badoud et al., 2015; Blüher and Schwarz, 2014; Doumatey et al.,
2016; Indulekha et al., 2015; Phillips and Perry, 2013) as well as in
the balance of immune cells, such as macrophages, Th22, Th17, and
Tregs (Badoud et al., 2015).

Obviously, there are might be other potential mechanisms. For
example, the capacity of obese- but not lean-derived adipose stem
cells to induce proinflammatory environment (Th17 promotion and
monocyte activation), which, in turn, inhibited adipogenesis and
openic obesity or obese sarcopenia: A cross talk between age-
ain mechanism of the pathogenesis. Ageing Res. Rev. (2016),

adipocyte insulin response (Eljaafari et al., 2015), might signify
these stem cells as a new player in the development of obesity. In
addition, an age-associated dysfunction of muscle stem (satellite)
cells has been proposed to be involved in the fat-associated mus-

dx.doi.org/10.1016/j.arr.2016.09.008
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le pathology (Sciorati et al., 2016), thus implicating these stem
ell impairments as a potential key factor in SOB. Moreover, recent
roteomic and secretomic data revealed a huge amount of novel
olecules and pathways that might be potentially involved in trig-

ering and development of obesity and sarcopenia (and thus, in
OB). For instance, although the full set of human adipokines is
till not entirely characterized, it has become clear that AT is a
ource of more than 600 potentially secretory proteins (Lehr et al.,
012). In addition, by a combined experimental and bioinformatics
orkflow in analyzing the secretome of lipid-induced IR skeletal
uscle cells, >1000 putative secreted proteins including cytokines,

hemokines and other inflammation-related molecules have been
etermined (Deshmukh et al., 2015). These data indicate an exis-
ence of novel factors and pathways that might be potentially
nvolved in inflammation-mediated SOB.

Concerning the domination of AT or skeletal muscle pathology
n the SOB pathogenesis accumulating data indicate that AT depots
re the most vulnerable target to mediate significant immune cell
nfiltration and inflammation contributing to systemic inflammag-
ng (Kwon and Pessin, 2013) and, presumably, to skeletal muscle
nflammation via ectopic IMAT and IMCLs (Pellegrinelli et al.,
015; Kelley and Goodpaster, 2015). As depicted in Fig. 4, there

s an intensive obesity-induced AT inflammation that appears to
e self-generating finally establishing a detrimental vicious circle
roviding local (via paracrine/autocrine guideline) and systemic
via endocrine regulation) inflammation that targets skeletal mus-
le. In this setup, AT inflammation significantly dominates over
keletal muscle inflammation, and since it heads (it is the pri-
ary reason) these “hierarchical” events, it triggers skeletal muscle

nflammation (a secondary event). Considering the dominating
ole of AT inflammation, in the etiology of this condition, we
elieve that the vector of events is in essence not the “sarcope-
ia → obesity” but rather, “obesity → sarcopenia”. We  therefore
uggest the modified term, “obese sarcopenia”, which, in view of
he presented data, more accurately reflects the actual order of
vents in the pathological pathway leading to a combination of
arcopenia and obesity. Obviously, this idea requires further val-
dation, and might be the subject of an emerging future study.
owever, regardless the terminology, deciphering the molecular
echanisms of age-associated obesity and sarcopenia might be

mportant in distinguishing between causes and consequences of
hese comorbidities thus helping to improve their prevention and
reatment.
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