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Abstract An age-dependent decline in skeletal

muscle mass, strength, and endurance during the

aging process is a physiological development, but

several factors may exacerbate this process, leading to

the threatening state of sarcopenia, frailty, and even-

tually higher mortality rates. Obesity appears to be

such a promoting factor and has been linked in several

studies to sarcopenia. The reason for this causal

association remains poorly understood. Notwithstand-

ing the fact that a higher body mass might simply lead

to diminished physical activity and therefore contrib-

ute to a decline in skeletal muscle, several molecular

mechanisms have been hypothesized. There could be

an obesity derived intracellular lipotoxicity (i.e.,

elevated intramuscular levels of lipids and their

derivatives), which induces apoptosis by means of an

elevated oxidative stress. Paracrine mechanisms and

inflammatory cytokines, such as CRP and IL-6 could

be confounders of the actual underlying pathological

mechanism. Due to a cross-talk of the hypothalamo-

pituitary axis with nutritional status, obese subjects are

more in a catabolic state of metabolism, with a higher

susceptibility to muscle wasting under energy restric-

tion. Obesity induces insulin resistance in the skeletal

muscle, which consequently leads to perturbed metab-

olism, and misrouted signaling in the muscle cells. In

obesity, muscle progenitor cells could differentiate to

an adipocyte-like phenotype as a result of paracrine

signals from (adipo)cytokines leading to a reduced

muscular renewal capacity. The present review out-

lines current knowledge concerning possible path-

ways, which might be involved in the molecular

pathogenesis of sarcopenic obesity.
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As we age, skeletal muscle mass and muscle function

(strength and/or performance) progressively decline.

Sarcopenia in the strict sense refers to a status in which

this decline exceeds normal age-dependent develop-

ment (Cruz-Jentoft et al. 2010; Fielding et al. 2011).

Sarcopenia is a functionally relevant decline of muscle

mass and function and is closely related to physical

disability and a propensity to have falls and has even

been linked to increased mortality (Cooper et al. 2011;

Landi et al. 2013; Batsis et al. 2014). Sarcopenia is also

regarded as being a major component of frailty and

may be promoted by disuse, altered endocrine func-

tion, chronic diseases, inflammation, insulin resis-

tance, and malnutrition (Baumgartner 2000; Bouchard

et al. 2009; Bollheimer et al. 2012; Volkert and Sieber

2011). In the development of sarcopenia atrophy of

muscle fibers, especially type II fibers occurs and the

number of motor neuron decreases (Muscaritoli et al.

2010). Currently, there are two major consensus

definitions for the diagnosis of sarcopenia. Both the

European Working Group on Sarcopenia in Older

People (EWGSOP) and the International Working

Group on Sarcopenia recommend objectively mea-

sured low appendicular muscle mass and diminished

gait speed (either B 0.8 or\1 m/s) for diagnosing of

sarcopenia (Cruz-Jentoft et al. 2010; Fielding et al.

2011). In addition to these two key components of

muscle mass and muscle performance, the European

definition suggests quantifying hand grip strength as a

surrogate of muscle power for further inclusion of

patients with normal walking speed, but low muscle

mass (Cruz-Jentoft et al. 2010). Notwithstanding these

accepted standards for the operationalization of sar-

copenia, most studies published in this field have used

individually adjusted classifications. Consequently,

the prevalence of sarcopenia differs considerably from

about 10 % to over 80 % in individuals older than

60 years (Batsis et al. 2013).

Aging is not only accompanied by a decline in

muscle mass, but is also associated with an increasing

fat mass, resulting in lower physical activity (Baum-

gartner 2000). Fat distribution changes with age so that

there is an increase in visceral fat but also fat deposits

occurs in skeletal muscle, the liver, heart and pancreas

(Sakuma and Yamaguchi 2013; Wei et al. 2006;

Shimabukuro et al. 1998; Sparangna and Hickson-bick

2000; Garris 2005; Summers 2006). Obesity is char-

acterised by endocrine changes and visceral fat

deposits produce more pro-inflammatory adipokines

leading to a low-grade inflammatory state (Schrager

et al. 2007). Loss of lean body mass, reduced immune

function, cognitive decline, accelerated atherosclerosis

and insulin resistance are the consequences of this low-

grade inflammatory state (Kennedy et al. 2004; Zam-

boni et al. 2005; Florez and Troen 2008; Zamboni et al.

2008; Waters et al. 2010). Increased levels of inflam-

matory molecules like TNFa and IL-6 have catabolic

effects on skeletal muscle mass and are involved in

sarcopenia (Zamboni et al. 2008; Waters et al. 2010).

Sarcopenic obesity denotes the combination of

sarcopenia and obesity, which means a concomitant

overriding of abnormal age-dependent muscle loss and

fat accumulation (Baumgartner et al. 2004; Bouchard

et al. 2009). In a landmark study by Rolland and

colleagues, it was shown that sarcopenic obesity, in

particular, leads to an increase in functional impair-

ment, which was higher for sarcopenic obesity than

either sarcopenia or obesity alone (Rolland et al.

2009). Since about three out of four European adults

are overweight, obesity will become an important

challenge for the health system in the near future

(Doak et al. 2012). However, just as for sarcopenia,

many discrepant definitions have been used for the

classification of obesity, especially in the context of

compound sarcopenic obesity. In a recent cross-

sectional analysis of non-institutionalized persons in

the United States who took part in the National Health

and Nutrition Examination Surveys 1999–2004 the

prevalence of sarcopenic obesity was examined with

eight different definitions from former studies. Con-

sequently, the percentage of participants over the age

of 60 years meeting the criteria of sarcopenic obesity

reached 4.4–84.0 % for men and 3.6–94.0 % for

women (Batsis et al. 2013). Against this background

of observational studies, it should also be noted that,

up until now, obesity has not been proven to be an

independent risk factor for sarcopenia (Rolland et al.

2009; Baumgartner 2000). Nevertheless, some clinical

studies have indicated that insulin resistance may

underlie the development of sarcopenia and inflam-

matory (adipo)cytokines, as well as growth hormone,

testosterone, and high levels of circulating free fatty

acids appear to play a role in the development of
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sarcopenic obesity (Stenholm et al. 2008a). In addi-

tion, laboratory research has suggested some pathways

and potential culprits that might link obesity with

pathological muscle loss (Stenholm et al. 2008a).

Therefore, a closer look at the molecular pathology of

sarcopenia in the context of accompanying obesity

might be helpful in distinguishing between causes,

consequences, and potential confounders of these co-

morbidities.

Pathways potentially involved in the pathogenesis

of sarcopenic obesity are highlighted in Fig. 1.

Excessive accumulation of fatty acids and their

derivates (IMCL)

Up to 50 % of the body weight of young adults is lean

muscle mass. During aging, approximately half of this

muscle mass vanishes. In parallel, fat mass—partic-

ularly visceral fat—increases (Sakuma and Yamagu-

chi 2013). The excess of fat(ty acids) is not only stored

in adipocytes, but can also spill over to several other

tissues such as the liver, heart, pancreas, or skeletal

muscle (Shimabukuro et al. 1998; Sparangna and

Hickson-bick 2000; Garris 2005; Summers 2006; Wei

et al. 2006). According to a broader interpretation of

the theory of lipotoxicity, the intracellular oversupply

of fat and/or its derivatives could be a reason not only

for insulin resistance, but also for the decline in muscle

mass in obesity. In the heart, liver, and pancreas,

corresponding mechanisms of apoptotic deterioration

due to an intracellular excess of fatty acids have been

described. (Shimabukuro et al. 1998; Sparangna and

Hickson-bick 2000; Garris 2005; Summers 2006; Wei

et al. 2006). Muscle morphology, size, and function

may also be altered by a high uptake and storage of

Fig. 1 The figure presents possible pathways involved in

sarcopenic obesity. Pathways which favour proper functionality

of the skeletal muscle are depicted in blue, blocking of these

pathways by obesity is shown in red. An excess of fatty acids in

the organism leads to apoptosis of pancreatic b-cells (green) and

consequently to reduced secretion of insulin. This results in

deregulation of the muscular PKB/Akt pathway and a decreased

translocation of GLUT4 transporters leading to insulin

insensitivity. Moreover, protein turnover is altered due to

changes in S6K1 activity. Secretion of IL-15, a paracrine

anabolic myokine, is suppressed by adipose tissue. Hence,

TNFa induces muscle atrophy by stimulation of apoptosis as

well as by upregulation of the proteasomal decay of filament

proteins. Satellite cells dedifferentiate to an adipocyte-like

phenotype stunting regeneration of muscle fibres. (Color figure

online)
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fatty acids. In obesity, high circulating levels of lipids

accumulate in skeletal muscle as triacylglycerol or

derivates, such as diacylglycerol (DAG), long chain

acyl CoA, and ceramide (Adams et al. 2004; Watt et al.

2006). These intramyocellular lipids (IMCL) are

associated with decreased insulin sensitivity (Jacob

et al. 1999; Krssak et al. 1999). DAG, long chain acyl

CoA, and ceramides are a biochemical link between

increase in IMCL and insulin resistance (Griffin et al.

1999; Choi et al. 2008). These molecules can interact

directly or indirectly with different targets of the

insulin signalling pathway, e.g., insulin-receptor sub-

strate or protein kinase B and may inhibit insulin

signal transduction (Consitt et al. 2009). Increase in

fat(ty) acids, as a result of a diet with a high fat content,

and/or adipositas, is responsible for an increase in

IMCL in the context of insulin resistance. A high

concentration of fatty acids also has a toxic effect on

b-cell function. Lipids, especially saturated palmitic

acid, induce b-cell apoptosis and reduce proliferation

in pancreatic islets leading to decreased insulin

secretion (Van Herpen and Schrauwen-Hinderling

2008). Elevated levels of palmitic acid correlate with

de novo synthesis of ceramides and cause activation of

apoptotic pathways in several cell types, including the

b-cells (Van Herpen and Schrauwen-Hinderling

2008).

In addition, the translocation of the glucose trans-

port protein GLUT4 to the membrane is blocked,

lowering the storage capacity of muscle cells for blood

glucose (Kusminski et al. 2009). As a consequence,

IMCL and not glucose is used preferentially as an

energy source in skeletal muscle. In the case of a

permanent positive fat balance, the storage of intra-

cellular fat is also not balanced by an increased

oxidative capacity (Goodpaster et al. 2001). Accord-

ingly, diabetes develops as a result of a high fat content

and produces metabolic dysregulation of the muscle,

finally leading to sarcopenia.

However, an age-dependent increase in IMCL is

primarily based on mitochondrial dysfunction, which

it is claimed is an essential element of the pathogen-

esis of sarcopenia (Reznick et al. 2007). Mitochon-

drial dysfunction is generated by different processes

and has various molecular, cell-biological and cyto-

logical levels. For the development of sarcopenia,

increased reactive oxygen species formation (ROS),

an age-dependent decrease in central mitochondrial

regulator peroxisome-proliferator-activated-receptor-c

coactivator 1 a (PGC-1a) and induced mitochondrial

apoptosis of muscle cells are important (Harman 1956;

Anderson and Prolla 2009; Marzetti et al. 2010). Apart

from lipids, mitochondrial DNA (mtDNA) may be a

target for oxidative stress (Herbst et al. 2007). Oxida-

tive damage to mtDNA has a close link to reduced ATP

production, which relates to a possible pathomechanism

in the development of sarcopenia. Transcription factor

PGC-1a decreases ROS formation (St-Pierre et al.

2006), equilibrates lipid oxidation and synthesis with

direct effects on IMCL levels (Espinoza et al. 2010) and

promotes mitochondrial biogenesis (Wende et al.

2007). An animal model has suggested a functional

connection between an age-dependent decrease in

PGC-1a and sarcopenia (Wenz et al. 2009). Transgene

muscular over-expression of PGC-1a in 22-month-old

rats showed an improvement in morphological, func-

tional and biochemical parameters of sarcopenia com-

parison to wild-type animals. Transgene animals

showed a lower fat percentage, together with a higher

mitochondrial capacity and a higher capacity for

oxidative phosphorylation and increased insulin sensi-

tivity, suggesting a PGC-1a-mediated mitochondrial

dysfunction in muscular aging (Wenz et al. 2009).

Finally, a mitochondrial-mediated apoptosis may be a

part of the development of sarcopenia. The relevance of

mitochondrial triggered apoptosis pathways and elici-

tors needs to be further investigated (Marzetti et al.

2010).

Paracrine mechanism and inflammation

Among many other adipo(cyto)kines, adipose tissue

releases the hormone adiponectin whose plasma

concentration is negatively correlated with whole

body fat mass. Accordingly, weight loss raises adipo-

nectin blood levels while a further gain in fat mass

decreases them (Sakuma and Yamaguchi 2013).

Adiponectin increases insulin sensitivity by facilitat-

ing glucose uptake in skeletal muscle and adipose

tissue and stimulates fatty acid oxidation (Yamauchi

et al. 2002). In addition, adiponectin triggers the

preferential use of fatty acids as a fuel in skeletal

muscle. These effects are mediated by the activation of

the 50-AMP-activated protein kinase (AMPK) signal-

ing pathway (Yamauchi et al. 2002; Kusminski et al.

2009). Adiponectin interacts with at least two cellular

receptors (ADIPOR1 and ADIPOR2; Yamauchi et al.
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2003). Activation of ADIPOR1 and/or ADIPOR2

stimulates peroxisome-proliferator-activated recep-

tor-a (PPARa), AMPK and p38 mitogen-activated

protein kinase (Tilg and Moschen 2006). Activation of

AMPK signaling is reduced in obesity, due to the lack

of adiponectin, although expression of ADIPOR1 and

ADIPOR2 is similar (Chen et al. 2005). Serum

concentrations of adiponectin are not only low in

obesity, but additionally decreases with advancing age

(Vilarrasa et al. 2005). Moreover, adiponectin regu-

lates the expression of several pro- and anti-inflam-

matory cytokines. It decreases the inflammatory

response by inhibiting TNFa and interleukin-c (IL-

c) secretion and elevates production of anti-inflam-

matory cytokines, such as IL-10 and IL-1 receptor

antagonist, by human monocytes, macrophages, and

dendritic cells (Tilg and Moschen 2006).

In contrast to adiponectin, leptin, another major

adipokine, is positively correlated with fat mass

(Sakuma and Yamaguchi 2013). Leptin is mainly

responsible for the control of appetite. In addition to

this function, leptin regulates neuroendocrine function,

energy homeostasis, haematopoiesis, and angiogene-

sis, and is a mediator of immune-mediated diseases and

inflammatory processes (La Cava and Matarese 2004).

In contrast to adiponectin, leptin has a pro-inflamma-

tory effect by up-regulating the production of IL-6, IL-

12 and TNF-a (Tilg and Moschen 2006).

Adipocytes and to an even higher extent proadipo-

cytes themselves have also been shown to express IL-

6, tumor necrosis factor a (TNFa) and monocyte

chemotactic protein-1 (MCP-1; Sepe et al. 2011).

MCP-1 promotes migration and differentiation of

monocytes to adipose tissue macrophages that pro-

duce, apart from TNF-a and IL-6, additional inflam-

matory cytokines, such as IL-1b (Schrager et al. 2007).

Consistent with this, C-reactive protein (CRP) and IL-

6 are positively correlated with obesity, particularly

with central obesity (Schrager et al. 2007). A higher fat

mass results in activation of macrophages, inflamma-

tory T lymphocytes, and mast cells, creating a pro-

inflammatory state. Taken together, visceral adipose

tissue provokes higher concentrations of pro-inflam-

matory cytokines directly by its own secretion and

indirectly by stimulation of monocytes through leptin

and down-regulation of the anti-inflammatory adipo-

nectin (Sepe et al. 2011).

The molecular link between adiponectins and

obesity is underpinned by the observation that a loss

of muscle mass, as well as strength, are associated with

higher levels of the ‘‘geriatric cytokines’’ IL-6 and

CRP (Schrager et al. 2007; Schaap et al. 2006).

Multiple mechanisms have been proposed to explain

this correlation. For example, higher mRNA expres-

sions of IL-6, IL-1ß and IL-8 in human adipose tissue

are associated with increased MAP3K8 expression.

MAP3K8 is an important signal transducer and

activator of pro-inflammatory pathways (Ballak et al.

2014). These pathways could be linked to obesity-

induced adipose tissue inflammation, but do not seem

to have systemic effects on insulin resistance (Ballak

et al. 2014).

IL-6 also has an anti-inflammatory potential, which

has been proposed to be a feedback inhibition pathway

for TNFa (Roubenoff 2003). In addition, IL-6 is

secreted by the muscle itself on physical exercise,

accelerated by low glycogen storage. Consequently, it

stimulates the energy sensing AMPK and PI3-Kinase

pathways to increase insulin sensitivity and oxidation

of fatty acids. After release in the blood stream, IL-6

enhances gluconeogenesis in the liver and lipolysis in

adipose tissue (Pedersen and Febbraio 2008). In

addition, IL-6 and TNFa are able to lower the anabolic

hormone insulin-like growth factor-1 (IGF-1) and

induce insulin resistance, leading to a catabolic state

(Roubenoff 2003). TNFa excreted either from adipose

tissue or stimulated immune cells might induce

apoptosis in muscle cells (Marzetti et al. 2009).

Consequently, intraperitoneal administration of TNFa
in rats for 8 days directly leads to apoptotic DNA

laddering in muscle without external necrotic induc-

tion (Carbó et al. 2002). Besides its role in pro-

grammed cell death TNFa also upregulates the

expression of the muscle atrophying ubiquitin ligase

MuRF1 via the NF-jB pathway (Cai et al. 2004).

The Trial of Angiotensin Converting Enzyme

Inhibition and Novel Cardiovascular Risk Factors

(TRAIN) study investigated the relationship between

BMI, total fat mass, appendicular lean mass and CRP

and IL-6 (Cesari et al. 2005). CRP and IL-6 showed a

positive correlation with BMI and total fat mass and

were inversely correlated with fat-adjusted appendic-

ular lean mass. However, there were no significant

associations between CRP and IL-6 concentrations

with obesity or sarcopenia. Obesity showed a signif-

icantly correlation with high CRP and IL-6 levels after

adaption for sarcopenia (Cesari et al. 2005). For

individuals with low body fat, the prevalence of
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limitations on walking obviously increases with

elevated concentrations of CRP in the blood, whereas

no changes were found for the group with the highest

amount of adipose tissue (Stenholm et al. 2008b). In

line with this, in a recent study by Levine and

Crimmins (2012), CRP was not able to significantly

vary the power to predict physical functioning prob-

lems in either the group of solely sarcopenic, solely

obese or sarcopenic obese participants, even though a

correlation of CRP levels and the risk of physical

disabilities was revealed. Remarkably, the highest

concentrations of CRP were detected in sarcopenic

non-obese subjects, followed by a significantly lower

mean by obese participants, independent of muscle

status (Levine and Crimmins 2012). In summary, the

role of inflammatory cytokines in the development of

sarcopenic obesity is not well understood at present,

since CRP and IL-6 could simply be confounders of

the true underlying pathological mechanism.

Endocrinological adaptions

Testosterone and GH

Body composition is mainly influenced by endocrino-

logical factors which include hormonal signals, either

anabolic or catabolic, throughout an individual‘s

lifespan. Testosterone appears to be an important

factor for building up skeletal muscle and it increases

muscle protein synthesis (Urban et al. 1995). Levels of

this hormone decline with age and are individually

influenced by nutrition and physical activity, with a

trend towards decreasing in obese men (Sakuma and

Yamaguchi 2013; Allan et al. 2007). Short-term

(4 weeks) testosterone administration to elderly men

to increase levels to ranges similar to young men

elevates skeletal muscle strength and protein synthesis

(Urban et al. 1995).

Growth hormone (GH) coordinates the postnatal

growth of different tissues, including skeletal muscle

(Florini et al. 1996). The highest GH levels are

measured at puberty, which are accompanied by high

levels of circulating liver-derived, insulin-like growth

factor-I (IGF-I) and decline during throughout the

lifespan (Ryall et al. 2008). GH acts directly via the

GH receptor which activates different signaling path-

ways (Lanning and Carter-Su 2006), but also indi-

rectly via liver-derived IGF-I as a downstream target

for GH-mediated transcription (Chia et al. 2006).

Different signaling cascades are activated by GH and

its decrease with age has numerous consequences for

skeletal muscle structure and function (Ryall et al.

2008). The age-related decline in GH results in

reduced liver-derived IGF-I. This anabolic hormone

might also be lowered by an excess of adipose tissue

(Roubenoff 2003). Coincidence of low testosterone

together with a decline in IGF-I has been shown to

increase the probability of developing frailty (Yeap

et al. 2012). However, supplementation of testosterone

for 6 months in healthy men between the ages of 60

and 80 years with low endogenous testosterone levels

did not result in an increase in functional mobility or

muscle strength (Emmelot-Vonk et al. 2008). Taken

together, testosterone and GH/IGF-1 are undoubtedly

major players in muscle health. The above analysis

might indicate a pathophysiological relationship.

Myostatin and oxytocin

Another important growth factor regulating muscle

growth is myostatin. This protein acts as a negative

regulator of skeletal muscle mass (Lee 2004). Muscle

atrophy due to lower limb unloading for 2 weeks

raises myostatin levels (Sakuma et al. 2009). The

influence of advancing age on myostatin is, at present,

unclear. In a cross-sectional study of younger, middle-

aged and older men and women, the serum myostatin

concentrations were shown to increase with age and

were inversely correlated with skeletal muscle mass

(Yarasheski et al. 2002). Obesity and insulin resistance

increase expression of myostatin in skeletal muscle

(Hittel et al. 2009; Allen et al. 2011) and adipose tissue

samples obtained from obese and extremely obese

women revealed elevated levels of circulating myost-

atin (LeBrasseur 2012). As a consequence of obesity,

an increase in myostatin represents a risk for skeletal

muscle health and systemic metabolism in older

individuals (Sakuma et al. 2014). Therefore, the

possibility of using myostatin as a potential target

for the therapy of sarcopenia deserves further inves-

tigation (White and LeBrasseur 2014).

Oxytocin, whose functions in lactation, parturition

and social behaviour have been well documented,

seems also to be involved in several other functions. In

an animal model study, oxytocin-receptor-deficient

mice developed late onset obesity with normal food

intake (Takayanagi et al. 2008; Camerino 2009).
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Otherwise, a central oxytocin infusion in diet-induced

obese mice results in a body weight loss (Zhang et al.

2011). Deblon et al. (2011) using a model of diet-

induced obese rats, reported a dose-dependent

decrease in body weight, increased adipose tissue

lipolysis, and fatty acid b-oxidation, as well as reduced

glucose intolerance and insulin resistance, as a result

of central oxytocin infusion. Probably, oxytocin plays

essential roles in the regulation of energy homeostasis

and the administration of oxytocin may be a promising

therapeutic approach for the treatment of human

obesity and type 2 diabetes (Deblon et al. 2011).

Impaired hypothalamo-pituitary-signals

Central adiposity elevates whole body metabolism and

resting energy expenditure through up-regulation of

the hypothalamo-pituitary-thyroid axis (Kok et al.

2005). For elderly people, there is a greater need for a

sufficiently high-quality protein intake to maintain

adequate muscle protein synthesis (Volkert and Sieber

2011). Moreover, during aging, individuals become

more and more prone to malnutrition and uninten-

tional weight loss, accompanied by wasting of muscle

mass. Therefore, apparently the intake of essential

nutrients shows tendentially an uncoupling from the

actual requirement in old people (Volkert 2013).

Consequential energy deficiency leads to diverse

endocrinological adaptions. Obese subjects, in partic-

ular, who have elevated levels of thyroid hormone,

should have problems in adapting their resting energy

expenditure in the short-term to actual demand

(Sainsbury and Zhang 2012). Since thyroxin (T4)

has a metabolic half-life of 7 days and its conversion

to the more active form triiodothyronine (T3) is even

up-regulated in fasting by improved activity of the

enzyme 50-deiodinase, there is a gap between energy

uptake and expenditure in the first few days following

caloric restrictions (Sainsbury and Zhang 2012). If the

dietary limitations continue for longer periods, T3

levels will be reduced, resulting in greater fatty acid

accumulation and stunted fatty acid oxidation.

Accordingly, amino acids may be preferentially used

as a fuel while protein synthesis is blocked (Iossa et al.

2001). Therefore, obesity seems to provoke a higher

catabolic endocrinological state while it blocks ana-

bolic signals. Consequently, obese elderly subjects

especially are more prone to muscle wasting, due to

generally elevated energy expenditure, despite fre-

quent episodes of malnutrition.

Muscle regeneration

In response to injury or trauma, skeletal muscle is able

to regenerate substantially by means of mesenchymal

progenitor cells called satellite cells. In adults, satellite

cells are quiescent. Muscle fiber necrosis will lead to a

fusion of steam cells, resulting in new myofibers,

which replace damaged fibers. Proliferation of satellite

cells and fusion with existing myofibers to substitute

or enhance myonuclei is the result of activation via

muscle load (Ciciliot and Schiaffino 2010). Even

though there have been conflicting results regarding

the changes in satellite cell numbers during aging,

most studies have reported a decrease in these

progenitor cells throughout an individual‘s lifetime

(Kadi and Ponsol 2010). Investigations of the exper-

imental aspects of human muscle have been limited.

Most knowledge about satellite cells in relation to age

and under pathophysiological conditions has been

obtained using experimental setups of rodent models

and transgenic and knockout mouse models. Boldrin

et al. (2010) highlighted the differences and similar-

ities between human and mouse satellite cells. The

involvement of stem cells in the pathogenesis of

sarcopenia and sarcopenic obesity are still a subject of

debate, because of our incomplete understanding of

human satellite cells (Thornell 2011).

In accordance with this perspective, an increase in

total fat mass resulting in lipotoxicity and inflamma-

tion lead progenitor cells to dedifferentiate into

mesenchymal adipocyte-like default cells (MAD

cells) that express typical genes of fatty tissue, such

as Peroxisome proliferator-activated receptor-c
(PPAR-c). These MAD cells could accumulate inter-

muscular adipose tissue (IMAT) which reduces the

self-renewal capacity of the muscle (Sepe et al. 2011).

In addition to this, IMAT secretes several paracrine

active hormones and inflammatory cytokines, like

adipose tissue, and may possibly enable a feed-

forward cycle of IMAT generation. This gathering of

intramuscular fat infiltration results in worse lower

extremity performance in elderly persons, indepen-

dent of whole body fat mass and muscle cross-

sectional area (Roubenoff 2003).
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Recently the hormone oxytocin was shown to be

involved in muscle regeneration and homeostasis

(Elabd et al. 2014). Oxytocin levels decline with age,

as well as oxytocin receptor expression in the old muscle

stem cells. A consequence of age-specific systemic

decrease in oxytocin is the decline in muscle regener-

ation accompanied by increased fibrosis (Elabd et al.

2014). Systemic administration of oxytocin increases

muscle regeneration by improving aged muscle stem

cell activation and/or proliferation. Oxytocin knockout

mice do not show a defect in muscle development, but

this deficit results in premature sarcopenia. Oxytocin

may probably also be a therapeutic approved for the

treatment or prevention of skeletal muscle aging and/or

sarcopenia (Elabd et al. 2014).

Energy supply and internal remodelling of skeletal

muscle

To achieve functionality of the myofibers, an adequate

energy supply and a sufficient amount of myofibrillar

protein has to be provided. The oxidative production

of energy is maintained by the mitochondria, whose

biogenesis is in turn driven by the peroxisome

proliferator-activated receptor gamma coactivator

1-alpha (PGC-1a) (Summermatter et al. 2012). Var-

ious stimuli, including exercise training, cold induc-

tion, and thyroid treatment, are able to activate PGC-

1a. These inducers fail to up-regulate PGC-1a and its

downstream effector nuclear response factor-1

(NRF1) in old rats, resulting in low mitochondrial

biogenesis (Derbré et al. 2012). Further chronic

overload with fat raised by a high fat diet reduce the

mRNA level of PGC-1a in the muscle of old rats

(Bollheimer et al. 2012). These studies suggest that an

excess of fatty acids, together with old age, might lead

to lower concentrations of PGC-1a thereby further

stunting the anabolic response of physical activity.

Mice that were fed with a high fat diet for 12 weeks,

as well as their littermates receiving standard rodent

chow, showed a similar amount of centrally nucleated

myofibrils as a marker for the regeneration of muscle.

In line with these findings, no changes were detected

in the percentage muscle fiber composition. In

contrast, the mean diameter of all three fiber types

(type I; IIA and IIB) was evenly elevated for the group

of mice that had a higher intake of dietary fat (Turpin

et al. 2009). Nevertheless, the greater fiber area may

possibly have been due to the short duration of the

trial, since several other animal studies have found a

decrease in muscle thickness which was seen to be

dependent on obesity (Fellner et al. 2014). Sprague–

Dawley rats receiving a diet in which fatty acids

constituted 45 % of the energy source had lower cross-

sectional areas in the quadriceps muscle compared to

the group that was fed with standard rodent chow

(Fellner et al. 2014).

Two contrasting processes define the levels of

myofibrillar proteins. Firstly, synthesis of these pro-

teins is regulated as a function of the cells (Magnuson

et al. 2012). Wistar rats receiving a high fat diet (45 %

energy provided by fat) until the age of 20 months

showed a greater decrease in their quadriceps muscle

volume with aging than littermates receiving standard

rodent chow. In this animal model, the energy-sensing

AMPK and PKB/Akt pathways are deregulated (Mag-

nuson et al. 2012). Both pathways are known to

modulate muscle protein synthesis via phosphoryla-

tion by stimulating the ribosomal protein S6 kinase

beta-1 (S6K1) and inhibiting the eukaryotic transla-

tion initiation factor 4E-binding protein 1 (4E-BP1).

Taken together, it is proposed that long-term feeding

with a high fat diet decreases both S6K1, as well as 4E-

BP1 activity, resulting in deregulated muscle protein

synthesis (Bollheimer et al. 2012). In a recent study,

20-week-old obese and lean Zucker rats were com-

pared in terms of their fractional protein synthesis

(Nilsson et al. 2013). Even though obese rats showed

atrophied hind limb muscle, their basal protein

synthesis rates were higher than in the lean littermates.

Here, S6K1, which enhances protein synthesis, is

activated whereas DEPTOR as an inhibitor of trans-

lation is down-regulated. Therefore, the authors con-

cluded that there has to be a higher protein turnover

favouring degradation. Consistent with this, obese

animals failed to adequately induce protein synthesis

after stimulation (Nilsson et al. 2013). Therefore, both

studies showed a deregulation of protein turnover due

to an overload of fatty acids, while the cellular

concentration of S6K1 seemingly depended on the age

of the rats and the animal model used.

Secondly, proteins are degraded, mainly by the

proteasomal or the lysosomal pathway, to utilize the

liberated amino acids for new protein synthesis or for

energy production (Magnuson et al. 2012). FOXO1 is

known to induce transcription of the E3 ubiquitin

ligases MAFbx and MuRF-1, thereby accelerating
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proteasomal decay of muscle proteins. Expression of

these proteins, consequent ubiquitination, and finally

proteolytic activity in muscle cells are not altered with

a high fat diet or leptin deficiency. Likewise, degra-

dation of intracellular proteins via the lysosomal

pathway, also called autophagy, showed no differ-

ences between the various animal groups in this study

(Turpin et al. 2009).

In recent years, skeletal muscle has been shown to

secrete several hormone-like proteins called myokines.

These molecules include IL-6, IL-8, IL-15, brain-

derived neurotrophic factor (BDNF) and leukemia

inhibitory factor (LIF). Even though discussed as a

negative predictor of muscle mass in obese elderly

subjects, IL6 seems to have an anabolic and insulin-

sensitizing effect on muscle cells (Pratesi et al. 2013).

IL-15 is an anabolic cytokine that stimulates protein

synthesis while stunting proteolysis in cultured myo-

tubes (Quinn et al. 2002). The IL-15 protein content of

the gastrocnemius muscle decreases in senescent

ad libitum fed male Fischer 344 9 Brown Norway

hybrid rats, while levels for animals receiving a 40 %

caloric restriction diet until 37 months of age remained

constant (Marzetti et al. 2009). Consequently, the

increase in TNFa and subsequent apoptotic signaling

as monitored by caspase 3 and caspase 8 was stunted in

the group of caloric-restricted rats (Marzetti et al.

2009). Consequently, it may be hypothesized that over

nutrition and obesity anabolic IL-15 production of the

aging muscle may be reduced, making it more

susceptible to TNFa-dependent induction of apoptosis.

Exercise training

Exercise training has a beneficial effect on muscle

strength and physical activity (Frimel et al. 2008) and

may affect different aspects of sarcopenic obesity.

Exercise may consist of resistance and/or aerobic

training like endurance exercise, flexibility training,

balance training, high intensity interval training or a

combination of different kinds of exercise with

various influences on sarcopenic obesity.

Resistance training

Resistance training reduces body weight and enhances

muscle strength and mass effectively in aging individ-

uals (Frontera et al. 1988; Fiatarone et al. 1990).

Resistance training directly increases human skeletal

muscle protein synthesis and causes muscle hypertrophy

(Walker et al. 2011). Actually in older people with

obesity, it leads to muscle mass gain and improves body

composition (Donnelly et al. 2009). Additionally,

resistance exercise also diminishes the pathological

progression of sarcopenic obesity by reducing inflam-

matory cytokines IL-6 and TNFa and CRP (Lambert

et al. 2008; Donges et al. 2010). In summary, resistance

exercise has a high potential for the effective treatment

of sarcopenia because it improves muscle performance

and functional capacity as clinically important outcome

parameters (Latham et al. 2003).

Aerobic training

On the one hand, accumulation of IMCL blunted the

anabolic effect of insulin on the muscle (Choi et al.

2008). On the other hand, Goodpaster et al. (2001)

were able to show that IMCL is enriched in the

muscles of endurance athletes, without causing any

obvious functional impairment. In addition, the skel-

etal muscle of trained endurance athletes is markedly

more insulin sensitive than the skeletal muscle of

sedentary individuals (Goodpaster et al. 2001). There-

fore, aerobic exercise counteracts the negative effects

of IMCL by improving oxidative capacity. Conse-

quently, endurance training results in recovery of

skeletal muscle sensitivity to the anabolic effect of

insulin (Fujita et al. 2007), increased mitochondrial

function (Lanza and Nair 2009), decreased circulating

myostatin (Argiles et al. 2012), upregulated muscle

protein synthesis (Villareal et al. 2011) and enhance-

ment of nutrient stimulated vasodilatation and nutrient

delivery to muscle (Timmerman et al. 2012). It also

reduces body weight by decreasing abdominal and

visceral fat mass (Mathus-Vliegen 2012). Accord-

ingly, aerobic exercise has an anti-inflammatory

potential by reducing obesity-associated cytokines

like IL-6, IL-18, TNFa and CRP (Kohut et al. 2006).

Combined resistance and aerobic training

The combination of resistance and aerobic exercise

seems to be more effective than either of them alone

(Villareal et al. 2011) resulting in weight loss,

enhancement of muscle mass, performance and func-

tionality as well as decrease of abdominal and visceral

fat mass. Consequently, inversion of inflammatory
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processes could be achieved, at least in part, by

combined exercise training in frail, obese older adults

(Lambert et al. 2008; Nicklas et al. 2008; Donges et al.

2010).

However, there are contradictory data concerning

which cytokines are altered during treatment. While

one study demonstrated down-regulation of IL-6, IL-

18, TNFa and CRP, others found only one of these

factors to be suppressed. Consequential exercise and/

or strength training were described as being effective

anti-inflammatory therapies for improving muscle

function (Kohut et al. 2006; Donges et al. 2010;

Nicklas et al. 2008).

High intensity interval training (HIT)

HIT is an enhanced form of interval training, an

exercise strategy alternating periods of short intense

aerobic exercise with less-intense recovery periods

(Wisloff et al. 2007). This exercise reduces body mass,

waist circumference, subcutaneous and abdominal fat

Boutcher 2011) besides increasing muscle mass (Tapp

et al. 2008; Boudou et al. 2003). Mitochondrial

biogenesis and lipidoxidation and synthesis are

improved by HIT via increased levels of PGC-1a in

skeletal muscle (Wisloff et al. 2007). Enhanced insulin

sensitivity, improved muscle capacity for fatty acid

oxidation and glycolytic enzyme content are the result

of HIT (Boutcher 2011).

At present, the most successful treatment for

sarcopenic obesity is regular multi-component exer-

cise training combined with a diet-induced waste loss

and maintenance of an adequate protein supply

(Thornell 2011; Bouchonville and Villareal 2013).

Further studies are needed to assess other therapy

options, such as pharmacological treatment.

Summary

The pathomechanism of sarcopenia and particularly

sarcopenic obesity are currently not well understood.

The loss of muscle mass and strength is considered in

many studies to be sufficient to define sarcopenia.

However, this point of view overlooks the need for

elevated muscle mass and strength in people with

sarcopenia raised by obesity to counteract the

increased body weight. Moreover, as muscle mass

declines, the predictive power of BMI drops and other

factors, such as body fat distribution, become more

important in the definition of adiposity. Future studies

should increasingly focus on physical functioning and

the ability to perform the tasks associated with daily

live, to develop an adequate cut-off point for charac-

terisation of sarcopenia resulting from obesity.

At present, a direct induction of apoptosis and

muscle wasting due to short- to medium-term fatty

acid overload has not been described. However,

chronic exposure to high dietary fatty acids seems to

deregulate the endocrinologic insulin system. This is

caused by impairment of pancreatic b-cell function, as

well as a decrease in insulin sensitivity of the skeletal

muscle itself. Another important factor of sarcopenic

obesity is the process of inflamm-aging. In the past few

years, several studies have revealed that adipose tissue

produces numerous (pro)-inflammatory cytokines and

releases them into the blood stream. In addition, both

muscle mass and strength have been shown to be

negatively associated with these cytokines. However,

apart from the direct induction of apoptosis through

the TNFa pathway, the molecular mechanism of

inflammation-induced muscle wasting is still a matter

of ongoing discussion. Possibly the elevated cyto-

kines, especially IL-6, are simply confounders of the

underlying pathology. For chronic exposure to high

amounts of fat, a dedifferentiation of myotube pro-

genitor cells to mesenchymal adipocyte-like default

cells has been proposed. Consequently, this process

would decrease the regenerative capacity of the

skeletal muscle with aging. In addition to direct

effects on muscle cells, the whole body metabolism is

set to a higher expenditure of energy as a result of

obesity. Against the background of frequent malnu-

trition in the elderly, this might lead to an elevated use

of proteins as fuel and finally muscle wasting.

The molecular pathology of sarcopenia is difficult

to unravel for several reasons. Firstly, elderly subjects

have a high level of co-morbidities, which often leads

to confounding results. Secondly, sarcopenia, and

presumably sarcopenic obesity as well, are syndromes

with multiple overlapping causes and feedback mech-

anisms. Finally, muscle wasting during aging is a

slowly accumulating process beginning at the age of

30. Based on the assumption of continuous 3–8 %

muscle loss per decade, this would translate into a

change of about 0.05 % per month. Even with

advanced analysis techniques, it is almost impossible

to detect functional and biochemical differences in
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short- to mid-term experiments. Therefore, long-term

studies are necessary—either longitudinal clinical or

in a controlled setting an animal model—to further

unravel the molecular pathology of sarcopenic

obesity.
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Carbó N, Busquets S, van Royen M, Alvarez B, Lopez-Soriano

FJ, Argiles JM (2002) TNF-alpha is involved in activating

DNA fragmentation in skeletal muscle. Br J Cancer

86:1012–1016. doi:10.1038/sj.bjc.6600167

Cesari M, Kritchevsky SB, Baumgartner RN, Atkinson HH,

Penninx BW, Lenchik L et al (2005) Sarcopenia, obesity,

and inflammation—results from the trial of angiotensin

converting enzyme inhibition and novel cardiovascular

risk factors study. Am J Clin Nutr 8(82):428–434

Chen MB, McAinch AJ, Macaulay SL, Castelli LA, O’brien PE,

Dixon JB, Cameron-Smith D, Kemp BE, Steinberg GR

(2005) Impaired activation of AMP-kinase and fatty acid

oxidation by globular adiponectin in cultured human

skeletal muscle of obese type 2 diabetics. J Clin Endocrinol

Metab 90:3665–3672

Chia DJ, Ono M, Woelfle J, Schlesinger-Massart M, Jiang

H, Rotwein P (2006) Characterization of distinct

Stat5b binding sites that mediate growth hormone-

stimulated IGF-I gene transcription. J Biol Chem 281:

3190–3197

Choi CS, Befroy DE, Codella R, Kim S, Reznick RM, Hwang

YJ, Liu ZX, Lee HY, Distefano A, Samuel VT, Zhang D,

Cline GW, Handschin C, Lin J, Petersen KF, Spiegelman

BM, Shulman GI (2008) Paradoxical effects of increased

expression of PGC-1 alpha on muscle mitochondrial

function and insulin-stimulated muscle glucose metabo-

lism. Proc Nat Acad Sci 105:19926–19931

Ciciliot S, Schiaffino S (2010) Regeneration of mammalian

skeletal muscle. Basic mechanisms and clinical implica-

tions. Curr Pharm Des 16:906–914

Consitt LA, Bell JA, Houmard JA (2009) Intramuscular lipid

metabolism, insulin action and obesity. IUBMB Life

61:47–55

Cooper R, Kuh D, Cooper C, Gale CR, Lawlor DA, Matthews F,

Hardy R, The FALCon and HALCyon Study Teams (2011)

Objective measures of physical capability and subsequent

health: a systematic review. Age Ageing 40:4–23

Biogerontology (2015) 16:15–29 25

123

http://dx.doi.org/10.1155/2011/868305
http://dx.doi.org/10.1016/j.cell.2004.09.027
http://dx.doi.org/10.1038/sj.bjc.6600167


Cruz-Jentoft AJ, Baeyens JP, Bauer JM, Boirie Y, Cederholm T,

Landi F et al (2010) Sarcopenia: European consensus on

definition and diagnosis. Age Ageing 39:412–423

Deblon N, Veyrat-Durebex C, Bourgoin L, Caillon AK, Bussier

A-L, Petrosino S, Piscitelli F, Legros J-J, Geenen V, Foti

M, Wahli W, Di Marzo V, Rohner-Jeanrenaud F (2011)

Mechanisms of the ant-obesity effects of oxytocin in diet-

induced obese rats. PLoS ONE 6:e25565
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Handschin C, Zheng K, Lin J, Yang W, Simon DK, Bachoo

R, Spiegelman BM (2006) Suppression of reactive oxygen

species and neurodegeneration by the PGC-1 transcrip-

tional coactivator. Cell 20:397–408

Summermatter S, Thurnheer R, Santos G, Mosca B, Baum O,

Treves S et al (2012) Remodeling of calcium handling in

skeletal muscle through PGC-1a: impact on force, fatiga-

bility, and fiber type. Am J Physiol—Cell Physiol 302:

C88–C99

Summers SA (2006) Ceramide in insulin resistance and lipo-

toxicity. Progr Lipid Res 45:42–72

Takayanagi Y, Kasahara Y, Onaka T, Takahashi N, Kaeada T,

Nishimori K (2008) Oxytocin receptor-deficient mice

developed late-onset obesity. NeuroReport 19:951–955

Tapp EG, Chisholm DJ, Freund J, Boutcher SH (2008) The

effects of high-intensity intermittent exercise training on

fat loss and fasting insulin levels of young women. Int J

Obes 32:684–691

Thornell LE (2011) Sarcopenic obesity: satellite cells in the

aging muscle. Curr Opin Clin Nutr Metab Care 14:

22–27

Tilg H, Moschen AR (2006) Adipocytokines: mediators linking

adipose tissue, inflammation and immunity. Nat Rev

Immunol 6:772–783

Timmerman KL, Dhanani S, Glynn EL, Fry CS, Drummond MJ,

Jennins K, Rasmussen BB, Volpi E (2012) A moderate

acute increase in physical activity enhances nutritive flow

and the muscle protein anabolic response to mixed nutrient

intake in older adults. Am J Clin Nutr 95:1403–1412

Turpin SM, Ryall JG, Southgate R, Darby I, Hevener AL,

Febbraio MA et al (2009) Examination of lipotoxicity’ in

skeletal muscle of high-fat fed and ob/ob mice. J Physiol

587:1593–1605

Urban RJ, Bodenburg YH, Gilkison C, Foxworth J, Coggan AR,

Wolfe RR, Ferrando A (1995) Testosterone administration

to elderly men increases skeletal muscle strength and

protein synthesis. Am J Physiol 32:E820–E826

Van Herpen NA, Schrauwen-Hinderling VB (2008) Lipid

accumulation in non-adipose tissue and lipotoxicity.

Physiol Behav 94:231–241

Vilarrasa N, Vendrell J, Maravall J, Broch M, Estepa A, Begia

A, Soler J, Simon I, Richart C, Gomez JM (2005) Distri-

bution and determinants of adiponectin, resistin and ghrelin

in a randomly selected healthy population. Clin Endocrinol

63:329–335

Villareal DT, Smith GI, Sinacore DR, Shah K, Mittendorfer B

(2011) Regular multi-component exercise increases phys-

ical fitness and muscle protein anabolism in frail, obese,

older adults. Obesity 19:312–318

Volkert D (2013) Malnutrition in older adults-urgent need for

action: a plea for improving the nutritional situation of

older adults. Gerontology 59:328–333

Volkert D, Sieber CC (2011) Protein requirements in the elderly.

Int J Vitam Nutr Res 81:109–119

Walker DK, Dickinson JM, Timmerman KL, Drummond MJ,

Reidy PT, Fry CA, Gundermann DM, Rasmussen BB

(2011) Exercise, amino acids and aging in the control of

human muscle protein synthesis. Med Sci Sports Exerc

43:2249–2258

Waters DL, Baumgartner RN, Garry PJ, Vellas B (2010)

Advantages of dietary, exercise-related, and therapeutic

interventions to prevent and treat sarcopenia in adult

patients: an update. Clin Interv Aging 5:259–270)

Watt MJ, Hebvener A, Lancaster GI, Febbraio MJ (2006) CNTF

reverses obesity-induced insulin resistance by activating

skeletal muscle AMPK. Nat Med 12:541–548

Wei Y, Wand D, Topczewski F, Pagliassotti MJ (2006) Satu-

rated fatty acids induce endoplasmatic reticulum stress and

apoptosis independently of ceramide in liver cells. Am J

Physiol Endocrinol Metab 291:E275–E281

Wende AR, Schaeffler PJ, Parker GJ, Zechner C, Han DH, Chen

MM, Hancook CR, Lehmann JJ, Huss JM, McClain DA,

Hollszy JO, Kelly DP (2007) A role for the transcriptional

coactivator PGC-1 alpha in muscle refueling. J Biol Chem

282:36642–36651

Wenz T, Rossi SG, Rotundo RG, Spiegelman BM, Moraes CT

(2009) Increased muscle PGC-1a expression protects from

sarcopenia and metabolic disease during aging. Proc Nat

Acad Sci USA 106:20405–20410

White TA, LeBrasseur NK (2014) Myostatin and sarcopenia:

opportunities and challenges—a mini-review. Gerontology

60:289–293

Wisloff U, Stoylen A, Loennechen JP, Bruvold M, Rognmo O,

Haram PM, Tjonna AE, Helgerud J, Slordahl SA, Lee SJ,

Videm V, Bye A, Smith GL, Najjar SM, Ellingsen O,

Skjaerpe T (2007) Superior cardiovascular effect of aero-

bic interval training versus moderate continuous training in

heart failure patients. A randomized study. Circulation

115:3086–3094

Yamauchi T, Kamon J, Minokoshi Y, Ito Y, Waki H, Uchida S,

Yamashita S, Noda M, Kita S, Ueki K, Eto K, Ananuma Y,

Froguel P, Foufelle F, Ferre P, Carling D, Kimura S, Nagai

R, Kahn BB, Kadowaki T (2002) Adiponectin stimulates

glucose utilization and fatty acid oxidation by activating

AMP-activated protein kinase. Nat Med 11:1288–1295

Yamauchi T, Kamon J, Ito Y, Tsuchida A, Yokomizo T, Kita S,

Sugiyama T, Miyagishi M, Hara K, Tsunoda M, Murakami

K, Ohteki T, Uchida S, Takekaea S, Waki H, Tsuno NH,

Shibata Y, Terauchi Y, Froguel P, Tobe K, Koyasu S, Taira

K, Kitamura T, Shimizu T, Nagai R, Kadowaki T (2003)

Cloning of adiponectin receptors that mediate antidiabetic

metabolic effects. Nature 423:762–769

Yarasheski KE, Bhasin S, Sinha-Hikim I, Pak-Loduca J,

Gonzalez-Cadavid NF (2002) Serum myostatin-immuno-

reactive protein is increased in 60-92 year old women and

men with muscle wasting. J Nutr Health Aging 6:343–348

28 Biogerontology (2015) 16:15–29

123



Yeap BB, Paul Chubb SA, Lopez D, Ho KKY, Hankey GJ,

Flicker L (2012) Associations of insulin-like growth factor-

I and its binding proteins, and testosterone, with frailty in

older men. Clin Endocrinol 78:752–759

Zamboni M, Mazzali G, Zoico E, Harris TB, Meigs JB, Di

Franchesco V, Fantin F, Bissoli L, Bosello O (2005) Health

consequences of obesity in the elderly: a review of four

unresolved questions. Int J Obes 29:1011–1029

Zamboni M, Mazzali G, Fantin F, Rossi A, Di Franchesco V

(2008) Sarcopenic obesity: a new category of obesity in the

elderly. Nutr Metab Cardiovasc Dis 18:388–395

Zhang G, Bai H, Zhang H, Dean C, Wu Q, Li J, Guariglia S,

Meng Q, Cai D (2011) Neuropeptide exocytosis involving

synaptotagmin-4 and oxytocin in hypothalamic program-

ming of body weight and energy balance. Neuron 69:

523–535

Biogerontology (2015) 16:15–29 29

123


	Sarcopenic obesity: molecular clues to a better understanding of its pathogenesis?
	Abstract
	Excessive accumulation of fatty acids and their derivates (IMCL)
	Paracrine mechanism and inflammation
	Endocrinological adaptions
	Testosterone and GH
	Myostatin and oxytocin
	Impaired hypothalamo-pituitary-signals

	Muscle regeneration
	Energy supply and internal remodelling of skeletal muscle
	Exercise training
	Resistance training
	Aerobic training
	Combined resistance and aerobic training
	High intensity interval training (HIT)

	Summary
	Acknowledgments
	References


