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INTRODUCTION

Summary

Obesity is a worldwide problem which carries significant health risks and reduces
a quality of life. Excessive accumulation of adipose tissue leads to increased secretion of
hormones, inflammatory mediators and immune system effectors that are involved in the
pathogenesis of inflammation and insulin resistance. Nowadays, it is believed that regu-
lar moderate physical activity may be associated with beneficial health effects including
a reduction of adipose tissue mass, improvement of adipokines secretion profiles, and, as
a consequence, reduced insulin resistance. It should be emphasized that the beneficial
health effect of exercise can be associated with endocrine activity of muscles. Muscles
release many humoral factors, called myokines, that affect other organs including adipose
tissue, liver, brain and cardiovascular system. It is suggested that myokines can neutralize
the negative effects of many adipokines. In this review we would like to summarize the cur-
rent knowledge of endocrine interaction between adipose tissue and skeletal muscles in
the regulation of tissue insulin sensitivity.

Streszczenie

Otyto$¢, jako problem ogdlno$wiatowy, stanowi powazne zagrozenie dla zdrowia ludzi
oraz obniza jako$¢ ich zycia. Nadmierne nagromadzenie tkanki ttuszczowej prowadzi do
zwiekszonego wydzielania licznych hormonéw, mediatoréw zapalnych i innych efektoréw
systemu immunologicznego, ktére sg zaangazowane w patogeneze stanu zapalnego i in-
sulinoopornosci. Obecnie uwaza sie, ze regularna aktywno$c¢ fizyczna o umiarkowanym
natezeniu moze wywiera¢ korzystny wptyw na zdrowie cztowieka, ktéry przejawia sie re-
dukcja masy tkanki ttuszczowej, poprawa profilu wydzielanych adipokin i w konsekwencji
zmniejszeniem opornosci na dziatanie insuliny. Nalezy podkresli¢, ze korzystny wptyw ak-
tywnosci fizycznej moze by¢ zwiazany z czynnos$cia wydzielnicza migéni. Mig$nie wydzie-
lajg wiele czynnikdw humoralnych, zwanych miokinami, ktére moga oddziatywaé na inne
narzady, takie jak tkanka ttuszczowa, watroba, mézg oraz uktad sercowo-naczyniowy.
Sugeruje sie, ze miokiny moga tagodzi¢ negatywne skutki dziatania wielu adipokin. Obec-
na praca pogladowa ma na celu przedstawienie aktualnej wiedzy na temat oddziatywan
endokrynnych wystepujacych pomigdzy tkankg ttuszczowsg i tkanka migsniowa w odnie-
sieniu do regulacji tkankowej wrazliwos$ci na dziatanie insuliny.

served on the surface of adipocytes, hepatocytes and

Insulin is a pleiotropic hormone, which under normal
conditions determines intensity of the metabolism of car-
bohydrates, proteins and lipids. Insulin regulates many
processes. It stimulates glucose transport, protein synthe-
sis and glycogen synthesis as well as it inhibits lipolysis
and regulates cell survival (1). The insulin action on the
target cells is dependent on a specific membrane recep-
tor IR (insulin receptor). The highest number of IRs is ob-

miocytes. Activated receptor initiates a cascade of protein
kinase phosphorylation. Insulin activates two main signal-
ing pathways. The first one is the phosphatidylinositol 3-ki-
nase (PI3-K) pathway, which stimulates cell growth, sur-
vival, differentiation and homeostasis of the metabolism.
The second one is the Ras-mitogen activating protein ki-
nase (Ras-MAPK) pathway, which regulates gene expres-
sion and determines the cell proliferation (2).
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Impairment of the insulin signaling leads to dis-
turbed glucose homeostasis and results in decreased
tissues insulin sensitivity. The state described above
is known as an insulin resistance. Insulin resistance
affects many tissues and organs, especially the skel-
etal muscles, liver, adipocytes and brain. Up to date,
three types of disturbances have been described, all of
which result in the development of insulin resistance:

1. The pre-receptor insulin resistance being related
to the genetically incorrect structure of the insulin
molecule.

2. Insulin resistance may result also from receptor
abnormalities. Mutations in the gene encoding
the insulin receptor were found in patients with
inherited insulin resistance (3). These mutations
result in a lack of ability of the insulin receptor to
transmit insulin signaling to the target cell.

3. The post-receptor level abnormalities, including
abnormal course of metabolic pathways, dis-
turbed structure and function of regulatory pro-
teins, and impaired glucose transport, can also
induce insulin resistance. In addition to the ge-
netic factors also environmental factors such as
obesity, physical inactivity and sedentary lifestyle
contribute to the decreased insulin sensitivity.
In this review we would like to summarize the cur-
rent knowledge of endocrine crosstalk between
skeletal muscles and adipose tissue, and their ef-
fect on insulin action.

RELATIONSHIP BETWEEN OBESITY AND INSULIN
RESISTANCE

According to data presented by the World Health
Organization (WHO) obesity has reached epidemic
proportions. In the European countries, the problem
of overweight and obesity concerns 30-80% of adults.
It was also found that almost 20% of children and ado-
lescents is overweight, and one in three is obese (4).
Obesity is a major factor of morbidity and mortality,
associated with increased risk of development of sev-
eral diseases such as hypertension, coronary heart
disease, atherosclerosis, dyslipidemia, type 2 diabetes
and certain types of cancer. Moreover, the last epide-
miological studies indicated that obesity also predis-
poses to the development of neuroinflammation and
neurodegenerative diseases.

It is now believed that adipose tissue (AT) is not only
a storage depot of the energy, but also it is considered
to be the largest endocrine organ that produces and
secretes several factors called adipokines. Adipokines
through autocrine, paracrine and endocrine action are
involved in the regulation of many processes, such as
food intake, insulin secretion, insulin sensitivity, ener-
gy expenditure, inflammation and the function of the
cardiovascular system (5). AT is composed of preadi-
pocytes, adipocytes, endothelial cells, mesenchymal
stem cells and immune cells (monocytes and macro-
phages), which have a secretory activity (6). The large
group of bioactive adipocyte-derived protein molecules
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includes: leptin, adiponectin, resistin, visfatin, chemer-
in, tumor necrosis factor (TNF-a), interleukin-6 (IL-6),
monocyte chemoattractant protein-1 (MCP-1), plas-
minogen activator inhibitor-1 (PAI-1) (7) and others.
Excessive accumulation of adipose tissue mass leads
to dysregulation of the expression of adipokines and,
in consequence, to development of many pathologi-
cal conditions. Moreover, obesity is associated with
increased macrophage infiltration, endothelial cell
activation and fibrosis (8). In the recent years, special
attention has been paid to the relationship between
adiposity, inflammation and the development of insu-
lin resistance. Actually, several potential mechanisms
have been suggested to be as involved in the develop-
ment of obesity-associated insulin resistance.

1. The metabolic hypothesis assumes that en-
hanced plasma free fatty acid (FFA) concentration
results in an increase in intracellular longchain
Acyl-CoA, diacylglycerol (DAG) and cerami-
des concentrations. Consequently these factors
cause an activation of protein kinases, such as
protein kinase C (PKC) isoforms (9), the inhibitor
of nuclear factor-kB kinase-g (IKKB), and Jun ki-
nase (JNK) (10). Then, activated kinases can im-
pair insulin signaling by increasing the inhibitory
serine phosphorylation of insulin receptor sub-
strates 1 (IRS-1), which in turns lead to decreased
IRS-1 tyrosine phosphorylation (11).

2. In the last decade, numerous studies indicated
the involvement of selected adipokines in the
development of insulin resistance. It should be
noticed that concentration of adipokines corre-
lates with adipose tissue mass. In obese subjects
there was observed a significant increase in the
expression of pro-inflammatory cytokines (TNF-q,
IL-6), and adipokines (leptin, resistin) that contrib-
ute to the development of insulin resistance (12).
The overexpression of cytokines and adipokines
leads to activation of pro-inflammatory signaling
pathways, such as JNK and IKKB pathways, re-
sulting in impaired insulin action in insulin sensi-
tive tissues. In 2015, Xie et al. (13) have proposed
a new mechanism by which chemerin may in-
duce development of insulin resistance in skel-
etal muscles. These authors demonstrated that
chemerin, through a protein kinase B — forkhead
box O3a (AKT-FoxO3a)-dependent signaling path-
way, impaired mitochondrial function, which in
turn may be involved in development of insulin
resistance. It should be emphasized that in obe-
sity decreased expression and release of anti-in-
flammatory adipokines, such as adiponectin and
omentin has been observed.

3. Increased tissue inflammation results in recruit-
ing macrophages to the area of inflammation. The
most important chemokine involved in this pro-
cess is MCP-1. Data from studies on transgenic
mice overexpressing MCP-1 in the adipose tis-
sue and MCP-1-deficient mice (MCP-1-/~ mice)
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showed that MCP-1 plays a role in the recruitment
of macrophages in adipose tissue (14). An in-
crease in MCP-1 expression in an adipose tissue
contributes to the macrophage infiltration into this
tissue and causes insulin resistance. Tissue mac-
rophages are phenotypically a heterogeneous
population of cells, which are classified accord-
ing to activation state (polarization). There are two
well-known subtypes: classically (phenotype M1)
and alternatively (phenotype M2) activated mac-
rophages. M1 macrophages express CD11c
surface marker, increase the activity of inducible
NO synthase (iINOS) and secrete pro-inflam-
matory cytokines, such as TNF-a and IL-6 (15).
These cytokines suppress secretion of adipo-
nectin and increase insulin resistance. Moreover,
diet-induced obesity causes a phenotype switch
from M2-polarized state to M1 pro-inflammatory
state (16). Interestingly, in lean subjects there is
a larger amount of alternatively activated macro-
phages, which are characterized by expression of
chitinase-like protein Ym1, arginase and secretion
of the anti-inflammatory cytokines, such as IL-10
and IL-1Ra (15). It is believed that M2 macro-
phages in lean subjects may be involved in main-
tenance of homeostasis in the adipose tissue by
mute of an inflammatory response, which in turn
leads to increased insulin sensitivity.

INTERACTION BETWEEN SKELETAL MUSCLES
AND ADIPOSE TISSUE

In non-obese subjects, skeletal muscles account ap-
proximately for 40-50% of the total body weight, there-
fore constitutes the largest organ in the human body.
Krogh-Madsen et al. (17) observed that even a short
periods of physical inactivity lead to metabolic chang-
es including a reduction of insulin sensitivity, loss of
muscle mass and accumulation of visceral adipose tis-
sue (WAT). These metabolic changes increase the risk
of development of many diseases. Today, it is known
that regular moderate physical activity is associated
with beneficial health effects: reduction of adipose tis-
sue mass, improvement of adipokines secretion pro-
files, which can result in reduced insulin resistance.

The results of numerous studies conducted during
the last decade have indicated that skeletal muscles in
addition to regulation of the whole-body glucose and
fatty acid metabolism, can also act as an endocrine ac-
tive organ releasing humoral factors that affects other
organs including adipose tissue, liver, brain and car-
diovascular system. The cytokines or other peptides
that are produced, expressed and released by muscle
fibers and exerted endocrine effects has been classi-
fied as myokines (18). Several myokines have been
identified so far. Interleukin-6 (IL-6), interleukin-8 (IL-8),
interleukin-15 (IL-15) (19), brain-derived neurotrophic
factor (BDNF) (20), leukemia inhibitory factor (LIF) (21),
fibroblast growth factor 21 (FGF21), irisin and myonec-
tin (CTRP15) (22) are amongst them.

IL-6 was described for the first time by Muraguchi
et al. (23) as a B cells stimulatory factor 2 (BSF2). IL-6
is produced and released by many different type of
cells. IL-6 is a pleiotropic cytokine, which presents dual
role in a regulation of insulin sensitivity. It is known that
IL-6 depending on the in vivo environment can act as
an enhancer or inhibitor of insulin signaling. In obesity,
an adipose tissue is a major source of circulating IL-6
that causes a development of insulin resistance. Para-
doxically, skeletal muscle contraction during exercise
leads to increase in IL-6 mMRNA expression and subse-
quently it enhances circulating IL-6 concentration (24),
which in turn improves the whole-body insulin sensitiv-
ity. It is known that the effect of IL-6 on insulin signal-
ing is mediated by activation of AMP-activated protein
kinase (AMPK). Exposure of the mouse soleus muscle
to supraphysiological levels of IL-6 enhances fatty acid
oxidation, glucose uptake and the translocation of glu-
cose transporter 4 (GLUT4) to the plasma membrane,
which is mediated by AMPK (25).

Moreover, it seems that muscle-derived IL-6 can play
an important role in a regulation of a low-grade inflam-
mation generated during obesity. It was observed that
IL-6 induces an anti-inflammatory environment by pro-
moting production of the two classic anti-inflammatory
cytokine, interleukin-1 receptor antagonist (IL-1ra) and
interleukin-10 (IL-10) (26, 27). Both of these cytokines
could inhibit nuclear factor kappa B (NF-kB) activity.
IL-6 is also involved in the regulation of TNF-a level.
In vitro studies, both in cultured human monocyte and
in the human monocyte cell line U937, indicated that
administration of IL-6 inhibits production of lipopoly-
saccharide (LPS)-induced TNF-a (28).

In the recent years experimental data have demon-
strated that other myokine, IL-15 can improve insulin
resistance. IL-15 is a member of the common recep-
tor y-chain family of cytokines, which includes IL-2,
IL-4, IL-7, IL-9, IL-15, and IL-21 (29). It was found that
IL-15 is produced by many tissues, including liver,
placenta, epithelial cells, activated macrophages and
skeletal muscles, while little or no IL-15 mRNA is ex-
pressed in 3T3-L1 adipogenic cells (30). IL-15 signal-
ing is transduced through a specific receptor for IL-15,
interleukin-15 receptor (IL-15R) (31, 32). The IL-15R
consists of three subunits: a-subunit, which is specific
for IL-15 (IL-15Ra); B-subunit, which is also affected by
IL-2 (IL-15/IL-2RB) and the yc subunit (33). It has been
observed that IL-15 had an anabolic effect on the pro-
tein metabolism in skeletal muscles. Additionally, study
on human myoblast cultures indicated that IL-15 in an
insulin-growth factor (IGF) — independent manner stim-
ulated the process of proliferation and differentiation of
muscle cells and induced accumulation of the myosin
heavy chain (MHC) in multinucleated myotubes (34).
It has also been described that, besides its positive im-
pact on skeletal muscle, IL-15 can play a very import-
ant role in a fat metabolism. A consecutive administra-
tion of IL-15 in rats for 7 days resulted in a decrease
in white adipose tissue mass by reducing the rate of

73



Anna Litwiniuk et al.

lipogenesis process and decreasing of the activity of
lipoprotein lipase (LPL) (35). In other study, IL-15 ad-
ministration inhibited lipid accumulation in differenti-
ating 3T3-L1 preadipocytes, and increased secretion
of the adiponectin (insulin-sensitizing, anti-inflammato-
ry and antiobesigenic factor) by differentiated 3T3-L1
adipocytes (30). Moreover, overexpression of IL-15 in
transgenic IL-15 Tg mice (transgenic mice that over-
expressed IL-15 from a skeletal muscle specific pro-
moter) resulted in a reduction of adipose tissue mass
and resistance to diet induced obesity (DIO) (36). The
authors also showed that overexpression of IL-15 re-
duced circulating leptin levels, altered skeletal muscle
genes expression involved in the regulation of fatty
acid metabolism, such as the mammalian sirtuin fam-
ily members 1 and 4 (SIRT1, SIRT4) and uncoupling
protein 2 (UCP2), which in turn could be responsible
for DIO-resistance and whole-body insulin sensitivity.
In the white adipose tissue, SIRT1 additionally to the
impact on metabolic pathways may repress the in-
flammatory signaling and prevent from macrophage
accumulation in adipose tissue caused by chronic
high-fat feeding (37). It is highly probable that mech-
anism described above could be one of the IL-15-de-
pendent molecular pathways that could reduce WAT
inflammation and improve insulin resistance. Tamura
and coworkers (38) studies confirmed the hypothesis
that muscle-derived IL-15 could play a role as an im-
portant mediator of anti-adipogenic and insulin-sen-
sitizing effects of endurance exercise. These studies
indicated that IL-15 exerted not only autocrine and
paracrine activity but also acted as a classical endo-
crine factor. Moreover, these findings suggested that
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