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Family of nuclear receptors (NR) peroxi-
some proliferator-activated receptors (PPARs)
belongs to the transcription factors of gene
expression involved in metabolism of fatty
acids, adipogenesis and sensitivity to insulin,
regulating energy homeostasis in human and
animals. It is presented by three subtypes —
PPARa (NR1C1), PPARb, synonym — delta
(NR1C2) and PPARg (NR1C3). These NR are
expressed almost in all body cells, however,
they differ in predominant tissue distribution,
functions, and specificity of ligands (endoge-
neous or exogeneous links, connecting with
NR and activating them). About 20 years ago,
PPARa was found in the rodents that activates
proliferation of peroxisome — subcellular
organelles upon the exposure to a range of
industrial compounds, in this regards, all three

subtypes of PPAR were named somewhat out
of date, however, they almost do not induce
peroxisome proliferation in human [1, 2].

In this article we fixed on generalisation of
data on the structure and functional peculiari-
ties of PPARg, since we provided the descrip-
tion of biological role of PPARa and PPARb/δ
in the previous issues of this journal*.

Three-dimensional structure of all three
PPARs subtypes consists of ligand-binding
domain (LBD) at C-terminal and DNA-bind-
ing domain (DBD) at N-terminal. After inter-
action with agonists (ligands), PPARs undergo
translocation into the nucleus and het-
erodimerization with other receptors —
nuclear retinoid acid receptor (RXR). PPARs
function is modified by the range of co-activa-
tors and co-repressors, presence of which may
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either stimulate or inhibit receptor function,
respectively. After binding to ligand, complex
PPARs-RXR releases from co-repressor and
binds to co-activator contributing to gene
expression in DNA promotor zone (PPREs).

Three PPARs isoforms differ one from
another by distribution in tissues, by ligand
specificity and physiological role in the body,
participate in lipid homeostasis and glucose
level regulation (energy homeostasis). For
example, PPARa are expressed at a high level
in the metabolically active tissues, such as liver,
heart, skeletal muscles, intestinal mucosa, and
brown adipose tissue. This receptor partici-
pates in fatty acids metabolism, its activation
reduces the level of lipids, and depression is
accompanied by the development of obesity
[1, 4, 5].

PPARb/δ are presented throughout virtual-
ly all tissues. However, it prevails in the liver,
intestine, abdominal fatty tissues, skeletal mus-
cles where it participates in lipid metabolism.
This receptor actively participates in b-oxida-
tion of fatty acids, principally in the skeletal
muscles and myocardium, and also regulates
blood cholesterol and glucose level [1, 4, 6].

In its turn, PPARg is predominantly
expressed in the white and brown adipose tis-
sue, and to a lesser extent, in the intestine, kid-
neys, reproductive and immune system (bone
marrow, lymphocytes, monocytes, and
macrophages), and in small amount — in mus-
cles and nervous cells [1, 2, 3, 4].

Endogeneous and exogeneous PPARg lig-
ands. A wide spectrum of mono- and polyun-
saturated fatty acids is presented as the endoge-
neous PPARg ligands. Ligands with moderate
affinity to PPARg include metabolites of
arachidonic, linolic, and linolenic acids.
Essential eicosanoids, such as 8-(S)-hydroxye-
icosatetraenoic acid (8-HETE), 15-desoxy-
D12 and 14-prostaglandin J215d-PGJ2, are
identified as the endogeneous PPARg ligands.
It is notable that 5-hydroxytryptamine (5HT),
known as serotonin, is the agonist with the high
affinity to PPARg, however, physiological value
of this fact has not been studied yet [8]. Natural
PPARg ligands include fats and oils, as well as
isoflavons, flavonoids, including hesperidin,
quercetin, etc. [11, 12]. It should be noted that
natural fats, oils, isoflavons, and flavonoids are
partial PPARg activators, whereas such syn-
thetic drugs as thiazolidinediones are complete
agonists of this receptor, and they are applied as

antidiabetic drugs [8, 11, 12]. 
Thiazolidinediones reducing insulin resist-

ance in patients with type 2 diabetes mellitus
occurred in late 1990. The first drug of this
group — troglitazone occurred in 1997, how-
ever, due to its toxicity it was withdrawn from
the market in 2000. It was shown that troglita-
zone activates PPARg, increases cellular sensi-
tivity to insulin, reduces glucose tolerance,
inhibits progression of early atherosclerotic
lesions [75]. Other drugs of this group —
rosiglitazone and pioglitazone are limitedly
used in the clinical practice as drugs till present
time, although their application is accompa-
nied with the range of side effects: increased
risk of myocardial infarction, heart and hepat-
ic failure. Compared with rosiglitazone, piogli-
tazone shows normalising effect on lipid pro-
file reducing the risk of myocardial infarction,
stroke, or heart failure. However, its clinical
application is also limited due to the develop-
ment of the range of side effects, including
body weight gain with obesity, fluid retention
in the body, and the risk of bladder cancer [75].
Despite of this, modern antidiabetic drugs —
PPARg activators — remain the golden stan-
dard of agents for management of type 2 dia-
betes and obesity. Some non-steroidal anti-
inflammatory drugs, such as indometacin,
fenoprofen and ibuprofen also may activate
PPARg, however, their affinity is poorer.

PPARg overexpression in non-fatty cells is
sufficient enough to stimulate their transforma-
tion into adipocytes. Furthermore, an increased
level of circulating fatty acids in the body
increases PPARg activity leading to the increase
of adipose tissue mass and development of obe-
sity. At the same time, PPARg-induced fatty
activation increases sensitivity of tissues to
insulin and to some extent prevents the develop-
ment of diabetes mellitus. Both endogeneous
and exogeneous agonists of PPARg not only
provide regulation of lipid and carbohydrate
metabolism, but also have a potential to reduce
intensity of inflammation, affect balance and
function of immune cells, inhibit oxidative
stress, improves endothelial function, partici-
pate in the functioning of reproductive system
in cellular and molecular mechanisms of pre-
vention of neurodegenerative processes, fibro-
sis, and formation of cancer [75, 76].

PPARg in adipogenesis, accumulation, and
metabolism of lipids. In the human body,
PPARg is the main regulator for adipocytes
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differentiation, plays an important role in stor-
age, metabolism of lipids and glucose home-
ostasis, and also stimulates metabolism and
inflammation in the immune cells and prolif-
eration of immune control cells [1, 2, 3, 4, 5].
PPARg plays a central role in the regulation of
expression of several hundreds of genes, pro-
viding systemic control of adipogenesis: differ-
entiation of adipocytes, synthesis of adipocy-
tokines (hormones secreted by fatty tissue),
formation and transportation of lipoproteins,
ketogenesis, glucose homeostasis, metabolism
of the range of fatty acids, storage of fat in the
body. PPARg is expressed in adipocytes about
200-fold more compared with other cells.
PPARg activates almost all required genes for
the process of differentiation of adipocytes
from pre-adipocytes. First of all, these are
genes regulating synthesis of AP2 protein,
required for transfer of free fatty acids (FFA);
perilipin 1 (PLIN1) covering the surface of
mature lipid drops in adipocytes; uncoupling
protein 1 (UCP1) — the main factor stipulat-
ing differentiation of adipocytes of brown adi-
pose tissue (BAT), participating in adaptive
thermogenesis. This protein also acts as
uncoupler of mitochondrial oxidative phos-
phorylation, its synthesis and activity increase
under the influence of the range of ecotoxi-
cants, pesticides in particular. PPARg also reg-
ulates gene expression providing synthesis of
hormones — adipocytokines, adiponectin
(ADPN) in particular [1, 2, 3, 4].
Furthermore, PPARg regulates gene expres-
sion in lipogenesis providing synthesis of
acetyl-CoA-arboxylase1 (ACC1) and acetyl-
CoAcarboxylase-a (ACACA) — enzymes lim-
iting the rate of fatty acids synthesis. PPARg
also regulates factor ELOVL4 that provides
synthesis of very-long-chain saturated fatty
acids and synthesis of long-chain polyunsatu-
rated fatty acids which are unique for eye reti-
na, sperm, and the brain [3, 4]. PPARg also
provides gene expression that control synthesis
of malic enzyme 1 (ME1) using which acetyl-
CoA is transported from mitochondria as a cit-
rate, transforms cytosolic malate into pyru-
vate, as well as regulates synthesis of enzymes
stearyl-CoAdesaturase-1 and delta-9-desat-
urase participating in fatty acids metabolism
[2, 3, 4, 18].

PPARg provides homeostasis of glucose in
the body, regulating gene expression that con-
trol synthesis of catalytic glucose-6-phos-

phatase (G6PC), cytosolic glycerol-3-phos-
phate dehydrogenase-1 (GPD1), glucokinase
(GCK), phosphoenolpyruvate carboxylase
(PEPCK), pyruvate dehydrogenase-kinase-4
(PDK4), and other enzymes participating in
carbohydrate metabolism [1, 2, 3, 15]. PPARg
also activates gene expression activating syn-
thesis of the range of glucose transporters:
GLUT4 and C-CBL-associated protein CAP
(Fig. 1). 

Furthermore, PPARg regulates the range of
mechanisms providing normal insulin secre-
tion and tissue sensitivity to it, predominantly
due to the synthesis of the range of hormones
by the fatty tissue controlled by this receptor. 

Gene PPARg has separate promotor regions
and 7 exons. This leads to the synthesis of 7
subtypes of mRNA: PPARg1, PPARg2,
PPARg3, PPARg4, PARg5, PPAR-6, and
PPAR-7. Proteins obtained from PPARg1 and
PPARg3 mRNA are identical, while PPARg2
contains additional NH2–terminal region of
30 amino acids. All PPARg isoforms play an
important role in differentiation of adipocytes
and differ in tissue distribution. For example,
PPARg1 is characterised by a wide range of
expression in white and brown adipose tissue,
cardiac muscle, large intestine and haemopoi-
etic tissues, and to a lesser extent — in the liver,
kidneys, and muscles. PPARg2 is expressed
exclusively in the fatty tissue, and it is more
potent transcription activator [4, 7, 9]. Both
PPARg forms have an important value for dif-
ferentiation of adipocytes, development of adi-
pose tissue and provision of control over cellu-
lar sensitivity to insulin and glucose content in
the body [1, 2, 4, 7]. However, PPARg2 pre-
dominantly regulates formation of obesity as a
response to an increased consumption of
nutrients, and blockade of PPARg2 in a genet-
ically gross mice more intensely reduces accu-
mulation of fat in adipocytes compared with
normal mice [7, 24]. PPARg1 predominantly
activates genes regulating adipogenesis and
accumulation of white fatty tissue while
PPARg2 predominantly provides the control
over brown adipose tissue development.
PPARg3 is expressed in white and brown adi-
pose tissue, intestine, and macrophages.
PPARg4, 5, 6 and 7 are predominantly
expressed in macrophages and adipose tissue,
actively participate in autophagy, inflamma-
tion and carcinogenesis along with the partici-
pation in glucose and lipid metabolism.
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In the recent years, brown and beige
adipocytes, burning chemical energy of lipid
oxidation for production of heat and provision
of thermogenesis, attracts a great attention of
investigators due to their ability to reduce
intensity of metabolic disorders, accumulation
of adipose tissue, and obesity. Brown
adipocytes are developed in relatively homoge-
neous deposits of brown adipose tissue (BAT)
while beige adipocytes develop in white adi-
pose tissue (WAT) as a response to different
stimuli upon the influence of cold and beta-
adrenergic signals primarily. Brown and beige
adipocytes are packed in cells with mitochon-
dria that contain uncoupling protein 1 (UCP1)
directing the flow of protons through mito-
chondrial membrane that leads to the increase
in oxygen consumption and provides for the
production of heat to protect from hypother-

mia. Mice that were genetically constructed
with a high level of brown and beige fat show
good withstand against body weigh gain in case
of high-caloric diet and have healthy metabol-
ic profile [33, 34]. And vice versa, animals with
a reduced function of brown fat are more sus-
ceptible to obesity. In this regard, the search
for pharmacological PPARg antagonists that
increase differentiation of brown and beige
adipose cells providing energy for thermogen-
esis are currently high prospective in manage-
ment of obesity [9, 10, 34, 44]. PPARg is not
only a main nuclear receptor that controls adi-
pogenesis and storage of fat in adipocytes, but
provides for the control of the start of new pre-
adipocytes enrolment and differentiation into
the mature adipocytes [17].

Physiological function of this nuclear recep-
tor is very important for embriogenesis, and
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lipids, antidiabetics and anti-inflammatory effects [96].
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rapid decrease of its activity or mutation leads
to lipodystrophy and cachexia both in animals
and human [13]. Heterozygous mutations in
PPARg genes of patients with family partial
dystrophia were described [14]. Dominant neg-
ative PPARgmutations were detected in insulin
resistant subjects, and those who are suffering
from diabetes mellitus, hepatosteatosis, hyper-
tension, and obesity [15, 21, 22]. 

PPARg and secretory function of adipocytes.
One of the main PPARg function is regulation
of gene expression controlling secretion of the
wide spectrum of biologically active substances
or hormones, called adipokines, by adipose
tissue, that actively participates in regulation of
glucose and lipid homeostasis, as well as in
reduction of inflammation and fibrosis [45, 46,
47]. Amount and nature of adipokine secreted
by adipose tissue depends on ligand that stim-
ulates PPARg, amount of adipocytes contain-
ing in adipose tissue, and their size [48, 49].

PPARg is not only a key factor controlling adi-
pogenesis and adipose tissue mass, but also
provides for the regulation of metabolic genes
in these tissues, predominantly due to
adipokine synthesis activation (Fig. 2). 

Adipokines are produced in association
with endogeneous ligands or exogeneous ago-
nists (different natural products of animal or
plant origin, medicinal products or xenobi-
otics, including pesticides) [48, 49]. PPARg
activation regulates synthesis of adipokines
that is accompanied by increase in adipocytes,
myocytes and hepatocytes sensitivity to
insulin, stimulation of adipogenesis, increased
consumption of glucose and fatty acids in these
and other tissues, depression of glycolysis in
the liver and reduced level of blood fatty acids
[48, 49, 50]. 

The first adipokine, found in 1994 as a hor-
mone secreted by adipose tissue, was leptin.
Leptin is the adipokine secreted exclusively by
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mature adipocytes, and its level in the blood
positively correlates with the volume of body
fatty mass [49]. The main functions of leptin
include limitation of increasing the volume of
adipose tissue due to the inhibition of PPARg
activity and provision of glucose homeostasis
[48, 50]. Adipokine leptin plays a central role
in glucose homeostasis controlling a range of
different mechanisms (Fig. 2): 1) affect the
sympathetic nervous system regulating a sense
of satiation following meals and reduction of
appetite [50, 51, 52]; 2) inhibits insulin secre-
tion by pancreatic beta-cells [53, 54]; 3)
reduces sensitivity of receptors of peripheral
cells to insulin limiting consumption of glu-
cose and lipids [55, 56]; increases synthesis of
tumour necrosis factor-a (TNF-a) for limita-
tion of increase of the volume of adipose tissue
and inhibition of adipogenesis [57, 58], and
also contributes to the formation of insulin
resistance. There is an assumption that TNF-
a, genes of which control PPARg, is one of the
key metabolism regulators. 

Long-term consumption of energy food is
accompanied by PPARg hyperactivation with
compensatory increase in leptin synthesis with
the development of leptin resistance that may
be accompanied by the development of sys-
temic insulin resistance, metabolic syndrome,
diabetes, fatty hepatosis, and obesity [58, 59].

Opposite role is played by another hor-
mone, secreted by adipose tissue —
adiponectin. Contrary to leptin, it increases
sensitivity of tissue receptors to insulin via acti-
vation of the range of protein kinases, forms
glucose tolerance, accelerates differentiation
of adipocytes and fatty acid oxidation, reduces
content of lipids in muscles and liver due to
activation of AMP-activated protein kinases
[61, 62, 63]. If leptin activates synthesis of
tumour necrosis factor a (TNF-a) that con-
tributes to the reduction of insulin secretion
and sensitivity of cellular receptors to it form-
ing insulin resistance [59], then adiponectin,
in its turn, rapidly inhibits synthesis of this
cytokine contributing to the increased insulin
secretion, reduced insulin resistance and pre-
vents development of obesity [Fig. 3].
Inhibition of adiponectin synthesis upon the
exposure to a range of xenobiotics, including
pesticides, increases the risk for the develop-
ment of insulin resistant diabetes, steatohep-
atosis, and obesity [48, 59, 61]. Adiponectin
not only contributes to the development of

glucose tolerance, but also stimulates its dis-
posal via activation of protein kinase [60].
Counterbalance of leptin and adiponectin in
the human body has been insufficiently stud-
ied, some controversial facts were noted: on
the one hand, leptin inhibits appetite, on the
other — under developed leptin resistance, it
contributes to obesity, however, their main
functions along with adiponectin are contrary.
While leptin reduces glucose tolerance, stimu-
lates its synthesis, adiponectin controls its
blood level, increases sensitivity of cellular
receptors to insulin [62, 63], (Fig. 2). Upon
the increase of blood glucose level, PPARg
activates synthesis of adiponectin which
inhibits expression of micro-RNA (m-RNA),
encoding hepatic glucose-6-phosphatase
(G6PC) and PEPCK that participate in glu-
cose synthesis, thus inhibiting its production
[62]. Furthermore, adiponectin stimulates
expression of glucose transporters that increas-
es its disposal and also inhibits synthesis of
glycogen in muscles [48, 62].

In recent years, a new hormone, resistin, was
found that is secreted by adipocytes of visceral
fat, skeletal muscles and by macrophages, and
the same as leptin, it is associated with a forma-
tion of insulin resistant diabetes and obesity [48,
64, 65, 66]. It also reduces cellular sensitivity to
insulin, inhibits adipogenesis, increases accu-
mulation of lipids in tissues, and its increased
synthesis is associated with the development of
insulin resistance, metabolic syndrome and
steatohepatosis [65, 66], (Fig. 2). 

Additionally, it was established that PPARg
controls synthesis of such adipokines as vaspin
and insulin-like hormones — visfatin and
apelin in adipose tissue which increase insulin
secretion and cellular sensitivity to insulin and
reduce progression of insulin resistant diabetes
and obesity in the same way as adiponectin
[67, 68, 69].

Therefore, adipose tissue hormones under
PPARg control play a key role in lipid metabo-
lism and glucose homeostasis, but at the same
time show differentially directed action. If
adiponectin, visfatin, vaspin, and apelin under
the action of PPARg increase tissue sensitivity
to insulin and glucose tolerance, activate adi-
pogenesis and lipogenesis, then leptin and
resistin reduce insulin secretion and cellular
sensitivity to it, inhibit adipogenesis and lipo-
genesis. Furthermore, leptin causes a sense of
satiation — reduces appetite. In the majority of
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its functions, adiponectin acts unidirectionally
with hormones of visfatin group, but while
adiponectin reduces proliferation and migra-
tion of smooth muscle cells (SMC) and
myocardial hypertrophy, visfatin, vaspin,
apelin and leptin as well as resistin activate
proliferation and migration of SMC and con-
tribute to the development of proliferative
processes, fibrosis and myocardial hypertro-
phy. Interaction of adipose tissue hormones in
energy homeostasis and development of meta-
bolic disorders requires further exploration. 

Adiponectin and visfatin group hormones
provide for the control of metabolic homeosta-
sis and induce inhibition of diabetogenic fac-
tors. Inhibition of synthesis of these adipokines
under the influence of exogeneous factors,
including pesticides, contributes to the forma-
tion of steatohepatosis, insulin resistant syn-
drome, metabolic syndrome, and obesity.

PPARg and metabolic syndrome. It was
proved that metabolic syndrome is a conse-
quence of not only an energy diet and hypody-
namia, but also a congenital or acquired
PPARg dysfunction, as well as dominant nega-
tive mutations in this receptor [16, 24].
Currently, metabolic syndrome is one of the
main epidemics in the world associated with
obesity, insulin resistance, type 2 diabetes, and
cardiovascular conditions, that is the main
cause of disability and mortality. Currently,
metabolic syndrome is established in a quarter
of world adult population [15, 18, 21, 22, 25].
Its prevalence further increases among adults
and children, predominantly due to a life style
that is characterised by energy food in combi-
nation with a low physical activity [18, 19].
Long-term consumption of energy food with
an excessive amount of fats is accompanied by
permanent dysfunction of PPARa, PPARb
and PPARg resulting in the development of
impaired processes of fatty acids oxidation and
lipid accumulation in hepatic adipose cells,
muscles, and other organs. These processes are
more intense in people with PPARg gene
mutations, as well as its co-expressors, and in
particular, co-activators or RXR [35, 36, 37,
38, 39, 40, 41, 42, 43]. Furthermore, intensifi-
cation of these processes may occur upon acti-
vation of PPARg function following exposure
to different xenobiotics, including pesticides
[20, 21, 22, 25, 39, 41].

Metabolic syndrome is a clinical complex of
syndromes determined by the imbalance of

energy homeostasis associated with impaired
storage and utilisation of energy. It is charac-
terised by abdominal obesity, hypertension,
dyslipidemia with an increased level of blood
triglycerides, cholesterol and low-density
lipoproteins with a reduced level of high-densi-
ty lipoproteins, as well as insulin resistance with
an increased fasting blood glucose level and
formation of prothrombotic and proinflamma-
tory compounds [27, 28, 34, 39]. Subjects with
metabolic syndrome have a high risk of type 2
diabetes mellitus and cardiovascular conditions
[29, 30, 31, 32, 40, 41, 42, 43]. It has been
recently proved that metabolic syndrome asso-
ciated with PPARs dysfunction and obesity
induces under active inflammation in different
tissues and increased sensitivity to other abnor-
mal conditions, such as hepatosteatosis, sleep
disorders, gallstone disease, polycystic ovarian
syndrome, asthma, and some types of cancer
[21, 23, 28, 31, 40, 41, 42, 43].

PPARa is widely presented in the liver, and
it is closely associated with gene transcription
related to fatty acids oxidation. PPARa activa-
tion leads to the body weight loss and reduc-
tion of steatohepatosis and metabolic syn-
drome intensity, while the reduction of its
function leads to steatohepatosis and obesity.
Contrary to it, PPARg in healthy subjects is
presented in the liver in a very low amount
(9–12 % of expression in adipose tissue). At
the same time, patients with metabolic syn-
drome and non-alcoholic fatty liver disease
show abnormally high PPARg expression in
the liver. Increase of PPARg expression is a
sign of hepatic steatosis and some authors
attribute to it a causative role in the develop-
ment of steatohepatosis via activation of
mechanisms that initiate lipogenic genes and
genes of adipogenesis [81, 82]. In PPARg-null
mice, there is a complete lack of adipose tissue
suggesting its a key role in differentiation of
adipocytes, lipogenesis and lipid accumulation
in adipose tissue. In case of metabolic syn-
drome and steatohepatosis, increased expres-
sion of PPARg in the liver takes place along
with a reduced PPARa activity. An energy diet
contributes to activation of synthesis and oxi-
dation of fatty acids that is accompanied by
generation of free radicals, formation of oxida-
tive stress in endoplasmic reticulum of hepato-
cytes with the antioxidative potential reduc-
tion: depletion of glutathione (GSH) and inhi-
bition of superoxide dismutase (SOD) activity
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with the reduction of systemic antioxidative
plasma ability. There is a concomitant forma-
tion of insulin resistance and hypoadiponecti-
naemia — inhibition of adiponectin synthesis
that normally reduces fatty accumulation and
increases tissue sensitivity to insulin, as well as
the increase of leptin secretion [81–85].
PPARg activation along with an impaired
PPARa regulation is accompanied by high
expression of lipogenic SREBP-1c factor
(sterol regulatory element binding protein-1c)
with a depletion of progenitors of a-linolic
acid - long-chain polyunsaturated fatty acids
(n-3 LCPUFA) and accumulation of triacyl-
glycerols and F2-isoprostanes in hepatocytes,
contributing to formation of steatohepatosis
and obesity [83–85] (Fig. 3).

Role of PPARg gene polymorphysm in the
development of metabolic syndrome, steato-
hepatosis and obesity was determined.
Dominant negative PPARg mutations are the
reason for many disease characterised by
severe insulin resistance, development of type
2 diabetes, metabolic syndrome, steatohepato-
sis, obesity, and hypertension. PPARg-
Pro12Аlа variant of polymorphism is perma-
nently associated with the development of
metabolic syndrome, insulin resistance, and

obesity. Furthermore, patients with 12Ala
allele had a higher risk for severe steatohepato-
sis and hepatic fibrosis. Pro12Аlа polymor-
phism is associated with a high TG level in the
blood serum, alkaline phosphatase, and
excessive body weight, whereas С161Т poly-
morphism is associated with the increase of
triglycerides and total cholesterol [84, 85].

Therefore, PPARs family, especially inhibi-
tion of PPARa and b function and activation
of PPARg plays a key role in the formation of
steatohepatosis, metabolic syndrome and obe-
sity, especially under the exposure to xenobi-
otics — obesogens. In this regard, in recent
years this family of nuclear receptors attracts a
great attention as a therapeutic target for man-
agement of metabolic syndrome, steatohep-
atosis, non-alcoholic fatty liver disease, and
obesity [84, 85]. Considering that PPARa
contributes to the increase of mitochondrial
beta-oxidation of fatty acids and to the reduc-
tion of fat accumulation, successful attempts
were taken to apply PPARa agonists (fenofi-
brates, telmisartan, cod liver oil, seal oil, etc.)
for management of metabolic syndrome,
steatohepatosis and obesity both under experi-
mental and clinical settings [85, 86, 87]. PPAR
b agonists — besafibrates, GW 501516 also
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Fig. 3. The main mechanisms of obesity

formation in case of metabolic syndrome

induced by PPARγ dysfunction [84].
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inhibit the development of fatty liver disease in
the experiment, however, effective PPARb
agonist for management of steatohepatosis in
human has not been proposed yet [85]. In
recent years, successful application of PPARg
inhibitors in the experiment, resulting in inhi-
bition of adipogenesis and fat accumulation
(rapamycin and timcodar), were reported [88]. 

PPARg and dysfunction of cardiovascular
system. PPARg is expressed in all cells of car-
diovascular system (CVS): in cardiomyocytes,
smooth muscle cells, monocytes,
macrophages, endothelial cells [48, 71]. In
mice with blocked PPARg, development of
myocardial hypertrophy and heart failure is
observed [71]. PPARg cardioprotective effect
includes formation of cardiomyocyte tolerance
to glucose due to the activation of adiponectin
and visfatin group hormones synthesis, provi-
sion of energy homeostasis and control over
oxidation of fatty acids, as well as the reduction
of sensitivity to free radicals which are exces-
sively formed in case of diabetes and obesity
[48, 71, 72]. Due to its important role in
metabolism, PPARg is considered as a poten-
tial mediator in case of vascular conditions
[73]. PPARg and adipokines controlled by it
inhibit inflammatory process in the coronary
vessels and cardiac muscle, optimize endothe-
lial function [48, 74, 75]. This receptor and
adipokines not only inhibit the transcription
activity of pro-inflammatory factors (TNF-a,
NF-kB, pro-inflammatory cytokines, etc.),

but also reduce the induction of molecules that
form systemic hypertension [76]. For example,
adiponectin and pelin reduce secretion of
proinflammatory cytokines, increase cellular
sensitivity to insulin and optimize energy
homeostasis. In its turn, activation of leptin
secretion upon the exposure to endogeneous
and exogeneous agonists is accompanied by
hyperreactivity of sympathetic nervous system,
formation of diabetic cardiomyopathy with left
ventricular hypertrophy, with further cardiac
fibrosis with diastolic and systolic dysfunction
[48, 70–75, 84] (Fig. 4).

Therefore, considering cardioprotective
PPARg effects, it should become an active tar-
get for therapeutic agents used for manage-
ment of cardiovascular conditions. 

PPARg and its role in formation and progres-
sion of fibrosis. Fibrosis is an important char-
acteristic of many chronic diseases. Its devel-
opment contributes to the reduced function of
different organs. For example, majority of car-
diac diseases (CAD, myocardial infarction,
hypertension, bacterial endocarditis, etc.) are
accompanied by the development of focal or
diffuse cardiac fibrosis that lead to the develop-
ment of chronic heart failure. Hepatosteatosis,
hepatic cirrhosis, chronic hepatitis due to the
development of hepatic fibrosis are accompa-
nied by the reduced detoxification and syn-
thetic liver function. Outcome of many pul-
monary disease is focal or diffuse pneumoscle-
rosis with the development of respiratory fail-
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Fig. 4. Role of PPARγ dysfunction
in formation of diabetic cardiomy-

opathy due to impaired lipid and

glucose homeostasis [48].
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ure. In case of systemic scleroderma, there is a
progressive fibrosis affecting condition and
function of the range of organs (skin, kidneys,
liver, lungs, etc.). Many diseases of the liver,
kidneys, skin, brain, endocrine and reproduc-
tive system are also accompanied by the devel-
opment of sclerotic processes with a reduced
function. Despite the wide prevalence of fibro-
sis and its important role in the reduced func-
tion of different organs and systems, molecular
and regulatory mechanisms of its formation
have not been sufficiently studied.
Unfortunately, as a result there are no efficient
therapeutic agents able to stop or slow down
the progression of fibrosis till now, since mech-
anisms of its formation and progression have
not been sufficiently studied yet.

In recent years, it was established that
PPARg plays an important antifibrotic role not
only in the formation of fibrosis, but also in the
inhibition of its progression in different organs
[82–84, 89]. It was detected that in organs
with developing fibrosis, PPARg is presented at
a low level and therefore, it is still unclear
whether fibrosis is a reason for the reduction of
its expression and activity in this organ or con-
genital or acquired PPARg hypofunction and
its signal pathways contributed to the forma-
tion and progression of fibrosis, including, for
example, keloid scars in case of burn disease.
Basis for the formation of fibrosis includes
excessive deposition of collagen and other
components in the extracellular matrix (ECM)
upon inappropriate restorative function of
connective tissue that is accompanied by the
matrix remodelling, fibrogeneis and impaired
tissue homeostasis [82–84]. The main effector
cells in the development of fibrosis are overac-
tivated fibroblasts as the response to overex-
pression of transforming growth factor TGF-b
with participation of kinases [82, 83]. As the
response to TGF-b expression, fibroblasts
show synthesis of the high levels of L-smooth
muscle actin (a-SMA), contributing to the
transformation of progenitor cells into myofi-
broblasts, characterised by the increased syn-
thesis of proteins of the extracellular matrix
resistant to apoptosis [106]. This process of
differentiation into fibroblasts is called epithe-
lial-mesenchymal transition for which TGF-b
is considered as a key regulator [82–84]. TGF-
b in cooperation with the range of cytokines
(IL-4, IL-6, IL-8 and IL-13), connective tis-
sue growth (CTG) factors and platelet-derived

growth factor (PDGF) form fibrosis, and,
therefore, they are an innovatory target of anti-
fibrotic therapy. PPARg inhibits TGF-b-medi-
ated pathway of fibrosis formation, and reduc-
tion of PPARg function contributes to the for-
mation of fibrosis in the skin, lungs, liver,
heart, kidneys, pancreatic gland and other
organs [82–84, 89]. The range of endogeneous
factors, cytokines and ligands inhibit PPARg
function and contribute to the progression of
fibrosis: TGF-b, CTG, PDGF, Wnt, leptin, N-
cadherin, fibronectin, lysophosphatidic acid
(LPA), as well as free radicals and hypoxia
[82–84]. In its turn, PPARg-regulated
adiponectin inhibits fibrogenesis. 

Special interest of investigators is attracted
to the exploration of mechanisms for the for-
mation of cardiac fibrosis leading to the devel-
opment of chronic heart failure and disability.
Cardiofibrosis is characterised by the abnormal
accumulation of extracellular matrix in
myocardial interstitium (ECM). ЕСМ consists
of collagens, elastic fibres, glucosaminoglycans
and glycoproteins — products of fibroblasts
[76]. Under physiological conditions, ECM is
required for the maintenance of normal struc-
ture and function of the heart. Its formation
and degradation are in dynamic balance. In
case of abnormal conditions due to PPARg
function inhibition, excessive activation of
renin-angiotensin-aldosterone system (RAAS),
inhibition of metalloproteinases synthesis,
excessive secretion of some regulatory
cytokines, such as transforming growth factor
beta (TGF-beta), pro-inflammatory cytokines:
TNF-a, IL-6, IL-1, IL-15 and other, as well as
increased secretion of such hormones secreted
by the adipose tissue as leptin, resistin and vis-
fatin group hormones, dynamic balance
become impaired, ECM becomes impacted
with a final formation of cardiac fibrosis [76].
This abnormal process is a beginning for car-
diac remodelling and it directly leads to the
impairment of cardiac function, arrhythmia or
heart failure. Increased secretion of pro-
inflammatory cytokines, leptin, resistin and
visfatin group hormones activate tissue
inhibitor of metalloproteinase-1 (TIMP-1),
increased expression of metalloproteinases,
nuclear factor (NF-kB), activation in the
DNA promotor zone of peroxisome prolifera-
tor response elements (PPRE), regulating
increased gene expression, activating synthesis
of collagen, pro-inflammatory and pro-oxida-
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tive factors that form inflammation, oxidative
stress in ECM accompanied by impaired
endothelial function, formation of cardiac
hypertrophy and cardiac fibrosis [76, 77, 78,
80, 83]. 

PPARg agonists inhibit the effect of nuclear
factor NF-kB, PPRE, gen expression activat-
ing synthesis of pro-inflammatory and pro-
oxidative factors, inhibit synthesis of
fibronectin, expression of type I collagen,
increase apoptosis of fibroblasts, secretion of
adiponectin in adipocytes that contributes to
the reduced proliferation and migration of
fibroblasts, smooth muscle cells, prevents
development of cardiac hypertrophy, as well as
fibrosis progression [76–80] (Fig. 5).

A large preventive role of histone deacety-
lase (HDAC) in the reduction of myocardial
function and cardiac remodelling, activity of
which is increased by PPARg agonists [78, 80].
PPARg activation prevents or slows down the
formation of cardiac fibrosis, regulating
metabolism, reducing severity of metabolic
disorders [77], synthesis of pro-inflammatory
cytokines and pro-oxidative factors that main-
tain balance of immune cells by inhibition of
oxidative stress and improvement of endothe-
lial function [75–79], therefore, PPARg is a
prospective target for management of cardio-
vascular diseases [79]. At the same time,
PPARg 1–7 have different biological functions
in different types of cells and play the impor-

tant role in the prevention of cardiovascular
diseases, including hypertension, atheroscle-
rosis, diabetic cardiomyopathy, angiogenesis,
valve calcification, aortic aneurysm, CAD,
and cardiac fibrosis [76–80]. Administration
of PPARg agonists — antidiabetic drugs
(rosiglitazone) in combination with losartan,
telmisartan or calcium blocker (felodipine)
reduces severity of cardiac fibrosis due to the
reduced deposition of type I–III collagen via
inhibition of TGF-beta and other pro-inflam-
matory and pro-oxidative factors [76, 83].
Some natural products — PPARg agonists also
contribute to this [75]. 

Some molecules and medicinal products
with antifibrotic potential have been studied,
and they include: adiponectin, E-cadherin,
eplerenones, statins, some angiotensin II
inhibitors (irbesartan, telmisartan, etc.), espe-
cially in combination with PPARg agonists —
thiazolidinediones, (Fig. 6), where a regulato-
ry role of ligand-PPARg agonists, increasing its
expression and decreasing the development of
fibrosis in different tissues, is provided.

Undoubtedly, exploration of the mecha-
nisms for fibrosis formation in different organs
and development of the effective and safe
PPARg agonists for its management should be
continued.

Therefore, PPARg activation, its polymor-
phism or acquired mutations of receptor and
its signal pathways under the exposure to pesti-
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Fig. 5. Mechanism of formation of

potential effect of medicinal products —

PPARγ agonists — in management of
pneumosclerosis and systemic sclerosis

(scleroderma) [95].

toksik_1-2-2017_toksik_1_2_2013.qxd  09.10.2017  13:01  Page 43



1. Differential expression of peroxisome proliferator–acti-
vated receptors (PPARs): tissue distribution of
PPAR–alpha,–beta, and–gamma in the adult rat /
O.Braissant, F.Foufelle, C.Scotto [et al.] //
Endocrinology. – 1996. – V. 137. – №. 1. – P. 354–366.

2. Tontonoz P. Fat and beyond: the diverse biology of
PPARg/ P.Tontonoz,   B.M.Spiegelman // Annu. Rev.
Biochem. – 2008. – V. 77. – P. 289–312.

3. Savage D.B. PPAR gamma as a metabolic regulator:
insights from genomics and pharmacology / D.B.Savage
// Expert reviews in molecular medicine. – 2005. – V. 7.
– №. 01. – P. 1–16.

4. Grygiel–Górniak B. Peroxisome proliferator–activated
receptors and their ligands: nutritional and clinical
implications–a review/ B.Grygiel–Gуrniak // Nutrition
journal. – 2014. – V. 13. – №. 1. – P. 17–20.

5. Семейство ядерных рецепторов активаторов проли-
ферации пероксисом (PPARs): биологическая роль в
метаболической адаптации. Часть 1. PPARa в энер-
гетическом гомеостазе и метаболизме при воздей-
ствии пестицидов и других эндо– и ксенобиотиков /
Г.М.Балан, Н.Н.Бубало, И.В.Лепешкин [и др.] //
Сучасні проблеми токсикології. – 2016. –  №2(74). –
С.11–22.

6. Семейство ядерных рецепторов активаторов пролифе-
рации пероксисом (PPARs): биологическая роль в
метаболической адаптации при действии эндо– и ксе-
нобиотиков. Часть 2. PPAR бетта/дельта в энергетиче-
ском гомеостазе, метаболической адаптации и канце-
рогенезе при воздействии ксенобиотиков / Г.М.Балан,
Н.Н.Бубало, И.В.Лепешкин [ и др.] // Сучасні пробле-
ми токсикології. – 2016. –  №3(75). – С.10–24.

REFERENCES

cides or other xenobiotics are accompanied by
activation of adipogenesis with a formation of
new adipocytes, predominantly of white fat,
activation of lipogenic factors (SREBP -1c,
etc.) and synthesis of fatty acids and triglyc-
erides with their accumulation in the liver and
insulin resistance development. These process-
es are accompanied by the redox imbalance,
formation of oxidative stress, mitochondrial
dysfunction, activation of pro-inflammatory
genes and synthesis of pro-inflammatory fac-
tors (NF-kB, AP-1, TNF-b, etc.),
chemokines, cytokines, and hypoadiponecti-
naemia that contributes to the formation of
steatohepatosis and its progression with a tran-
sition into non-alcoholic fatty liver disease
(steatohepatitis). Development and progres-
sion of steatohepatosis is mediated by the
reduction of PPARa and PPARb function
with a further reduction in fatty acids oxida-
tion, with oxidation of long-chain polyunsatu-
rated fatty acids (n-3, LCPNFA), predomi-
nance of synthesis of fatty acids over their oxi-

dation. These processes are accompanied by
the formation of metabolic syndrome, steato-
hepatosis, type 2 diabetes mellitus, and obesi-
ty, progression of chronic inflammatory
processes in different organs with a transition
to fibrosis. In recent years, successful attempts
of steatohepatosis and obesity management
using PPARa and PPARb activators [85, 86,
87] and PPARg inhibitors — rapamycin, tim-
codar [88], were made. The schedule of the
potential effect of application of PPARa and
PPARbactivators and PPARg inhibitors are
provided in Fig. 7.

Therefore, application of PPARa and
PPARb agonists, as well as PPARg antagonists
is the most prospective in management of
steatohepatosis, metabolic syndrome, and
obesity. Application of PPARg, as well as
PPARa and b as the target for management of
metabolic disorders, steatohepatosis, obesity,
and fibrosis appears to be the most prospective.

ПРОБЛЕМНІ СТАТТІ

44 СУЧАСНІ  ПРОБЛЕМИ  ТОКСИКОЛОГІЇ,  ХАРЧОВОЇ  ТА  ХІМІЧНОЇ  БЕЗПЕКИ 1-2/2017

Fig. 6. Effect of different molecules on the reduc-

tion and increase of PPARg expression [95].

Fig. 7. A potential effect of medicinal products —

PPARa and PPARβ activators and PPARg

inhibitors in management of non-alcoholic fatty

liver disease [85].

toksik_1-2-2017_toksik_1_2_2013.qxd  09.10.2017  13:01  Page 44



7. Differential regulation of peroxisome proliferator activat-
ed receptor gamma1 (PPARgamma1) and
PPARgamma2 messenger RNA expression in the early
stages of adipogenesis / R.Saladin, L.Fajas, S.Dana [et
al.] // Cell growth & differentiation: the molecular biol-
ogy journal of the American Association for Cancer
Research. – 1999. – V. 10. – №. 1. – P. 43–48.

8. The nuclear receptor PPARg individually responds to
serotonin and fatty acid metabolites / T.Waku, T.Shiraki,
T.Oyama [et al.] // The EMBO journal. – 2010. – 
V. 29. – №. 19. – P. 3395–3407.

9. PPARg knockdown by engineered transcription factors:
exogenous PPARg2 but not PPARg1 reactivates adipoge-
nesis / D.Ren, TN.Collingwood, EJ.Rebar [et al.] //
Genes & development. – 2002. – V. 16. – №. 1. – 
P. 27–32.

10. Ligand–independent activation domain in the N termi-
nus of peroxisome proliferator–activated receptor g
(PPARg) Differential activity of PPARg1 and–2 isoforms
and influence of insulin / A.Werman, A.Hollenberg,
G.Solanes [et al.] // Journal of Biologi-cal Chemistry. –
1997. – V. 272. – №. 32. – P. 20230–20235.

11. Differential effects of isoflavones, from Astragalus mem-
branaceus and Pueraria thomsonii, on the activation of
PPARα, PPARg and adipocyte differentiation in vitro /
P.Shen, MH.Liu, TY.Ng [et al.] // The Journal of
nutrition. – 2006. – V. 136. – №. 4. – P. 899–905.

12. Novel PPAR gamma agonists identified from a natural
product library: A virtual screening, induced fit docking
and biological assay study / NK.Salam, TH.Huang,
BP.Kota [et al.] // Chemical biology & drug design. –
2008. – V. 71. – №. 1. – P. 57–70.

13. Agarwal A.K. A novel heterozygous mutation in peroxi-
some proliferator–activated receptor–g gene in a patient
with familial partial lipodystrophy/ A.K.Agarwal, A.Garg
// The Journal of Clinical Endocrinology & Metabolism.
– 2002. – V. 87. – №. 1. – P. 408.

14. Peroxisome proliferator–activated receptor–g C190S
mutation causes partial lipodystrophy / A.Lьdtke,
J.Buettner, W.Wu [et al.] // The Journal of Clinical
Endocrinology & Metabolism. – 2007. – V. 92. – №. 6. –
P. 2248–2255.

15. Dominant negative mutations in human PPARg associat-
ed with severe insulin resistance, diabetes mellitus and
hypertension /  I.Barroso, M.Gurnell, V.E.Crowley 
[et al.] // Nature. – 1999. – V. 402. – №. 6764. – 
P. 880–883.

16. Human metabolic syndrome resulting from domi-
nant–negative mutations in the nuclear receptor peroxi-
some proliferator–activated receptor–g / D.B.Savage,
G.D.Tan, CL.Acerini [et al.] // Diabetes. – 2003. – 
V. 52. – №. 4. – P. 910–917.

17. PPARg is required for the differentiation of adipose tissue
in vivo and in vitro / E.D.Rosen, P.Sarraf, A.E.Troy [et
al.] // Molecular cell. – 1999. – V. 4. – №. 4. – 
P. 611–617.

18. PPAR gamma 2 prevents lipotoxicity by controlling adi-
pose tissue expandability and peripheral lipid metabolism
/ G.Medina–Gomez, S.L.Gray, L.Yetukuri [et al.] //
PLoS Genet. – 2007. – V. 3. – №. 4. – P. 64–68.

19. Cho N. Peroxisome proliferator–activated receptor
gamma agonists as insulin sensitizers: from the discovery
to recent progress / N.Cho, Y.Momose // Curr Top Med
Chem. – 2008. – V. 8. – №. 17. – P. 1483–1507.

20. In vivo gene transfer of PPARg is insufficient to induce
adipogenesis in skeletal muscle / B.A.N. Ayako,
K.Yamanouchi, T.Matsuwaki [et al.] //Journal of
Veterinary Medical Science. – 2008. – V. 70. – №. 8. –
P. 761–767.

21. Apostoli A.J. PPAR medicines and human disease: the
ABCs of it all / A.J.Apostoli, C.J.B.Nicol // PPAR
research. – 2012. – V. 2012. – P. 504918. .
http://dx.doi.org/10.1155/2012/504918

22. Menendez–Gutierrez M. Biology and therapeutic appli-
cations of peroxisome proliferator–activated receptors /
M.Menendez–Gutierrez, T.Roszer, M.Ricote // Current
topics in medicinal chemistry. – 2012. – V. 12. – №. 6. –
P. 548–584.

23. Adipose–specific peroxisome proliferator–activated
receptor g knockout causes insulin resistance in fat and
liver but not in muscle / W.He, Y.Barak, A.Hevener [et
al.] // Proceedings of the National Academy of Sciences.
– 2003. – V. 100. – №. 26. – P. 15712–15717.

24. Compensation by the muscle limits the metabolic conse-
quences of lipodystrophy in PPARg hypomorphic mice /
H.Koutnikova, T.A.Cock, M.Watanabe [et al.] //
Proceedings of the National Academy of Sciences. –
2003. – V. 100. – №. 24. – P. 14457–14462.

25. Genome–wide association analysis identifies loci for
type 2 diabetes and triglyceride levels /  R.Saxena,
B.F.Voight, V.Lyssenko [et al.] // Science. – 2007. – 
V. 316. – №. 5829. – P. 1331–1336.

26. Association of the PPAR–g gene with altered glucose lev-
els and psychosis profile in schizophrenia patients
exposed to antipsychotics / Y.R.Liu, T.M.Hu, T.H.Lan
[et al.] // Psychiatry investigation. – 2014. – V. 11. – 
№. 2. – P. 179–185. 

27. Wakil S.J. Fatty acid metabolism: target for metabolic
syndrome / S.J.Wakil, L.A.Abu–Elheiga // Journal of
lipid research. – 2009. – V. 50. – №. Supplement. – 
P. S138–S143.

28. Evans R.M. PPARs and the complex journey to obesity /
R.M.Evans, G.D.Barish, Y.X.Wang // Nature medi-
cine. – 2004. – V. 10. – №. 4. – P. 355–361.

29. Ford E. S. Prevalence and correlates of metabolic syn-
drome based on a harmonious definition among adults in
the US / E.S.Ford, C.Li, G.Zhao. // Journal of diabe-
tes. – 2010. – V. 2. – №. 3. – P. 180–193.

30. Friend A. The prevalence of metabolic syndrome in chil-
dren: a systematic review of the literature / A.Friend,
L.Craig, S.Turner.  // Metabolic syndrome and related
disorders. – 2013. – V. 11. – №. 2. – P. 71–80.

31. Definition of metabolic syndrome / S.M.Grundy,
H.B.Brewer, J.I.Cleeman [et al.] // Circulation. – 2004. –
V. 109. – №. 3. – P. 433–438.

32. Cao Y. Adipose tissue angiogenesis as a therapeutic target for
obesity and metabolic diseases / Y.  Cao // Nature reviews
Drug discovery. – 2010. – V. 9. – №. 2. – P. 107–115.

33. Berger J.P. PPARs: therapeutic targets for metabolic disease
/ J.P.Berger, E.T.Akiyama, P.T.Meinke.  // Trends in pharma-
cological sciences. – 2005. – V. 26. – №. 5. – P. 244–251.

34. Peroxisome proliferator–activated receptor targets for
the treatment of metabolic diseases / F.A.Monsalve,
R.D.Pyarasani, F.Delgado–Lopez [et al] // Mediators of
inflammation. – 2013. – V. 2013. – P.6517313.
http://dx.doi.org/10.1155/2016/6517313

35. Interaction of the peroxisome–proliferator–activated
receptor and retinoid X receptor / K.L.Gearing, M.Gött-

ПРОБЛЕМНІ СТАТТІ

СУЧАСНІ  ПРОБЛЕМИ  ТОКСИКОЛОГІЇ,  ХАРЧОВОЇ  ТА  ХІМІЧНОЇ  БЕЗПЕКИ 1-2/2017 45

toksik_1-2-2017_toksik_1_2_2013.qxd  09.10.2017  13:01  Page 45



licher, M.Teboul [et al.] // Proceedings of the National
Academy of Sciences. – 1993. – V. 90. – №. 4. – P. 1440–1444.

36. Lemberger T. Peroxisome proliferator–activated recep-
tors: a nuclear receptor signaling pathway in lipid physi-
ology / T.Lemberger, B.Desvergne, W.Wahli // Annual
review of cell and developmental biology. – 1996. – V. 12. –
№. 1. – P. 335–363.

37. Yu S. Transcription coactivators for peroxisome prolifer-
ator–activated receptors / S. Yu, J.K. Reddy // Bio-
chimica et Biophysica Acta (BBA)–Molecular and Cell
Biology of Lipids. – 2007. – V. 1771. – №. 8. – 
P. 936–951.

38. Feige J.N. Transcriptional coregulators in the control of
energy homeostasis / J.N. Feige, J. Auwerx // Trends in
cell biology. – 2007. – V. 17. – №. 6. – P. 292–301.

39. Tissue distribution and quantification of the expression of
mRNAs of peroxisome proliferator–activated receptors
and liver X receptor–α in humans: no alteration in adi-
pose tissue of obese and NIDDM patients / D.Auboeuf,
J.Rieusset, L.Fajas [et al.] // Diabetes. – 1997. – V. 46. –
№. 8. – P. 1319–1327.

40. Desvergne B. Peroxisome proliferator–activated recep-
tors: nuclear control of metabolism / B.Desvergne,
W.Wahli // Endocrine reviews. – 1999. – V. 20. – №. 5. –
P. 649–688.

41. Fruchart J.C. Peroxisome proliferator–activated recep-
tor-alpha (PPARa): at the crossroads of obesity, diabetes
and cardiovascular disease / J.C. Fruchart // Athero-
sclerosis. – 2009. – V. 205. – №. 1. – P. 1–8.

42. Barish G.D. PPARδ: a dagger in the heart of the meta-
bolic syndrome / G.D.Barish, V.A.Narkar, R.M.Evans //
The Journal of clinical investigation. – 2006. – V. 116. –
№. 3. – P. 590–597.

43. Seedorf U. Emerging roles of PPARδ in metabolism /
U.Seedorf, J.Aberle. // Biochimica et Biophysica Acta
(BBA)–Molecular and Cell Biology of Lipids. – 2007. –
V. 1771. – №. 9. – P. 1125–1131.

44. Seale P. Transcriptional regulatory circuits controlling
brown fat development and activation / P. Seale //
Diabetes. – 2015. – V. 64. – №. 7. – P. 2369–2375.

45. Siiteri P.K. Adipose tissue as a source of hormones / 
P.K. Siiteri // The American journal of clinical nutrition. –
1987. – V. 45. – №. 1. – P. 277–282.

46. Trayhurn P. Adipose tissue and adipokines—energy regu-
lation from the human perspective / P.Trayhurn, C.Bing,
I.S.Wood // The Journal of nutrition. – 2006. – V. 136. –
№. 7. – P. 1935–1939.

47. Adipokines and insulin resistance / K.Rabe, M.Lehrke,
K.G.Parhofer  [et al.] // Mol Med. – 2008. – V. 14. – 
№. 11–12. – P. 741–51.

48. El Akoum S. PPAR gamma at the crossroads of health
and disease: a masterchef in metabolic homeostasis / S.El
Akoum // Endocrinol Metab Synd. – 2014. – V. 3. – 
№. 126. – P. 2117–2160. doi: 10.4172/2161-1017.1000126

49. Leptin accelerates the onset of puberty in normal female
mice / R.S.Ahima, J.Dushay, S.N.Flier [et al.] //Journal
of Clinical Investigation. – 1997. – V. 99. – №. 3. – 
P. 391–394.

50.  Functional antagonism between CCAAT/enhancer
binding protein–α and peroxisome proliferator–activat-
ed receptor–g on the leptin promoter / A.N.Hollenberg,
V.S.Susulic, J.P.Madura [et al.] //Journal of Biological
Chemistry. – 1997. – V. 272. – №. 8. – P. 5283–5290.

51. Leptin acts in the central nervous system to produce
dose–dependent changes in arterial pressure /

M.L.G.Correia, D.A.Morgan, W.Sivitz [et al.] //
Hypertension. – 2001. – V. 37. – №. 3. – P. 936–942.

52. McGarry J.D. Appetite Control: Does leptin lighten the
problem of obesity? / J.D. McGarry // Current Biology.
– 1995. – V. 5. – №. 12. – P. 1342–1344.

53. Seufert J. Leptin effects on pancreatic β–cell gene
expression and function / J.Seufert // Diabetes. – 2004.
– V. 53. – №. suppl 1. – P. 152–158. 

54. Leptin Suppression of Insulin Secretion and Gene
Expression in Human Pancreatic Islets: Implications for
the Development of Adipogenic Diabetes Mellitus 1 /
J.Seufert, T.J.Kieffer, C.A.Leech [et al.] // The Journal
of Clinical Endocrinology & Metabolism. – 1999. – V. 84. –
№. 2. – P. 670–676.

55. In vivo leptin infusion impairs insulin and leptin signalling
in liver and hypothalamus / Y.Benomar, S.Wetzler,
C.Larue–Achagiotis [et al.] //Molecular and cellular
endocrinology. – 2005. – V. 242. – №. 1. – P. 59–66.

56. Unger R.H. Hyperleptinemia / R.H.Unger //
Hypertension. – 2005. – V. 45. – №. 6. – P. 1031–1034.

57. Leptin enhances TNF–α production via p38 and JNK
MAPK in LPS–stimulated Kupffer cells / J.Shen,
I.Sakaida, K.Uchida [et al.] // Life sciences. – 2005. – 
V. 77. – №. 13. – P. 1502–1515.

58. Qi C. Tumor Necrosis Factor a–Induced Insulin
Resistance in Adipocytes / C.Qi, P.H.Pekala
//Proceedings of the Society for Experimental Biology
and Medicine. – 2000. – V. 223. – №. 2. – P. 128–135.

59. Insulin resistance associated to obesity: the link
TNF–alpha / I.Nieto–Vazquez, S.Fernández–Veledo,
D.K.Krämer [et al.] //Archives of physiology and
biochemistry. – 2008. – V. 114. – №. 3. – P. 183–194.

60. Astapova O. Adiponectin and PPAR: cooperative and
interdependent actions of two key regulators of metabo-
lism / O.Astapova, T.Leff // Vitamins and hormones. –
2012. – V. 90. – P. 143–162.

61. Paradoxical decrease of an adipose–specific protein,
adiponectin, in obesity / Y.Arita, S.Kihara, N.Ouchi [et
al.] // Biochemical and biophysical research commu-
nications. – 1999. – V. 257. – №. 1. – P. 79–83.

62. Adiponectin stimulates glucose utilization and fatty–acid
oxidation by activating AMP–activated protein kinase /
T.Yamauchi, J.Kamon, Y.Minokoshi [et al.] // Nature
medicine. – 2002. – V. 8. – №. 11. – P. 1288–1295.

63. Adiponectin promotes adipocyte differentiation, insulin
sensitivity, and lipid accumulation / Y.Fu, N.Luo,
R.L.Klein [et al.] // Journal of lipid research. – 2005. –
V. 46. – №. 7. – P. 1369–1379.

64. The hormone resistin links obesity to diabetes /
C.M.Steppan, S.T.Bailey, S.Bhat [et al.] // Nature. –
2001. – V. 409. – №. 6818. – P. 307–312.

65. Resistin reduces mitochondria and induces hepatic
steatosis in mice by the protein kinase C/protein kinase
G/p65/PPAR gamma coactivator 1 alpha pathway /
L.Zhou, X.Yu, Q.Meng [et al.] // Hepatology. – 2013. –
V. 57. – №. 4. – P. 1384–1393.

66. Resistin is expressed in human macrophages and directly
regulated by PPARg activators / L.Patel, A.C.Buckels,
I.J.Kinghorn [et al.] // Biochemical and biophysical
research communications. – 2003. – V. 300. – №. 2. –
P. 472–476.

67. Visfatin: a protein secreted by visceral fat that mimics the
effects of insulin / A.Fukuhara, M.Matsuda,
M.Nishizawa [et al.] // Science. – 2005. – V. 307. –
№. 5708. – P. 426–430.

ПРОБЛЕМНІ СТАТТІ

46 СУЧАСНІ  ПРОБЛЕМИ  ТОКСИКОЛОГІЇ,  ХАРЧОВОЇ  ТА  ХІМІЧНОЇ  БЕЗПЕКИ 1-2/2017

toksik_1-2-2017_toksik_1_2_2013.qxd  09.10.2017  13:01  Page 46



68. A novel adipocytokine, visceral adipose tissue–derived
serine protease inhibitor (vaspin), and obesity / Q.Li,
R.Chen, J.Moriya [et al.] //Journal of International
Medical Research. – 2008. – V. 36. – №. 4. – 
P. 625–629.

69. Apelin is necessary for the maintenance of insulin sensi-
tivity / P.Yue, H.Jin, M.Aillaud [et al.] // American
Journal of Physiology–Endocrinology and Metabo-
lism. – 2010. – V. 298. – №. 1. – P. 59–67.

70. Cardiomyocyte–Specific Knockout and Agonist of
Peroxisome Proliferator–Activated Receptor–g Both
Induce Cardiac Hypertrophy in Mice / S.Z.Duan,
C.Y.Ivashchenko, M.W.Russell [et al.] //Circulation
research. – 2005. – V. 97. – №. 4. – P. 372–379.

71. Cardiomyocyte expression of PPARg leads to cardiac
dysfunction in mice / N.H.Son, T.S.Park, H.Yamashita
[et al.] // The Journal of clinical investigation. – 2007. –
V. 117. – №. 10. – P. 2791–2801.

72. Inhibition of smooth muscle cell proliferation by
adiponectin requires proteolytic conversion to its globu-
lar form / M.Fuerst, C.G.Taylor, B.Wright [et al.]
//Journal of Endocrinology. – 2012. – V. 215. – №. 1. –
P. 107–117.

73. Dominant–negative loss of PPARg function enhances
smooth muscle cell proliferation, migration, and vascular
remodeling / D.Meredith, M.Panchatcharam,
S.Miriyala [et al.]// Arteriosclerosis, thrombosis, and
vascular biology. – 2009. – V. 29. – №. 4. – P. 465–471.

74. Crosstalk between circulating peroxisome prolife-
rator–activated receptor gamma, adipokines and meta-
bolic syndrome in obese subjects / K.Mirzaei, A.Ho-
ssein–Nezhad, S.A.Keshavarz [et al.] // Diabeto-logy &
metabolic syndrome. – 2013. – V. 5. – №. 1. –  P. 79–82.

75. Natural product agonists of peroxisome prolife-
rator–activated receptor gamma (PPARg): a review /
L.Wang,  B.Waltenberger, E.M.Pferschy– Wenzig [et al.]
//Biochemical pharmacology. – 2014. – V. 92. – №. 1. –
P. 73–89.

76. Peroxisome proliferator–activated receptor–g is critical
to cardiac fibrosis / H.J.Liu, L.Hai–Han, Y.Zheng [et
al.] /PPAR research. – 2016. – V. 2016. – P. ID 2198645.
http://dx.doi.org/10.1155/2016/2198645

77. PPARs and metabolic syndrome / L.Chen, Z.Jia, G.Yang
// PPAR research. – 2014. – V. 2014. – P. ID 832606.
http://dx.doi.org/10.1155/2014/832606

78. Novel histone deacetylase inhibitor modulates cardiac
peroxisome proliferator–activated receptors and inflam-
matory cytokines in heart failure / B.Lkhagva, Y.K.Lin,
Y.H.Kao [et al.] // Pharmacology. – 2015. – V. 96. – 
№. 3–4. – P. 184–191.

79. Brown J.D. Peroxisome proliferator–activated receptors
as transcriptional nodal points and therapeutic targets /
J.D.Brown, J.Plutzky // Circulation. – 2007. – V. 115. –
№. 4. – P. 518–533.

80. Histone deacetylase (HDAC) inhibition improves
myocardial function and prevents cardiac remodeling in
diabetic mice / Y.Chen, J.Du, Y.T.Zhao [et al.] //
Cardiovascular diabetology. – 2015. – V. 14. – №. 1. – 
P. 99–103.

81. Tailleux A. Roles of PPARs in NAFLD: potential thera-
peutic targets / A.Tailleux, K.Wouters, B.Staels
/Biochimica et Biophysica Acta (BBA)–Molecular and
Cell Biology of Lipids. – 2012. – V. 1821. – №. 5. – 
P. 809–818.

82. Wang Y.X. PPARs: diverse regulators in energy metabo-
lism and metabolic diseases / Y.X.Wang // Cell research.
– 2010. – V. 20. – №. 2. – P. 124–137.

83. PPAR [gamma] signaling and metabolism: the good, the
bad and the future / M.Ahmadian, J.M.Suh, N.Hah [et
al.] // Nature medicine. – 2013. – V. 99. – №. 5. – 
P. 557–566.

84. Videla L. A. Misregulation of PPAR functioning and its
pathogenic consequences associated with nonalcoholic
fatty liver disease in human obesity / L.A.Videla,
P.Pettinelli // PPAR research. – 2012. – V. 2012. – P. ID
107434. http://dx.doi.org/10.1155/2012/107434

85. Souza–Mello V. Peroxisome proliferator–activated
receptors as targets to treat non–alcoholic fatty liver dis-
ease / V.Souza–Mello // World journal of hepatology. –
2015. – V. 7. – №. 8. – P. 1012.

86. Kostapanos M.S. Current role of fenofibrate in the pre-
vention and management of non–alcoholic fatty liver
disease / M.S.Kostapanos, A.Kei, M.S.Elisaf // World J
Hepatol. – 2013. – V. 5. – №. 9. – P. 470–478.

87. Enhanced pan peroxisome proliferator activated receptor
gene and protein expression in adipose tissue of diet
induced obese mice treated with telmisartan /
A.Penna–de–Carvalho, F.Graus–Nunes, J.Rabelo–
Andrade [et al.] // Experimental physiology. – 2014. – 
V. 99. – №. 12. – P. 1663–1678.

88. Timcodar (VX–853) Is a Non–FKBP12 Binding
Macrolide Derivative That Inhibits PPARg and
Suppresses Adipogenesis / T.D.Hinds, K.John,
L.McBeth [et al.] // PPAR research. – 2016. – V. 2016. –
P. ID 6218637. http://dx.doi.org/10.1155/2016/6218637

89. Peroxisome proliferator–activated receptor–g agonist
inhibits collagen synthesis in human keloid fibroblasts by
suppression of early growth response–1 expression
through upregulation of miR–543 expression / H.Y.Zhu,
W.D.Bai, H.T.Wang [et al.] // American Journal of Cancer
Research. – 2016. – V. 6. – №. 6. – P. 1358–1364.

90. Serum adiponectin levels inversely correlate with the
activity of progressive skin sclerosis in patients with dif-
fuse cutaneous systemic sclerosis / Y.Masui, Y.Asano,
S.Shibata [et al.] // Journal of the European Academy of
Dermatology and Venereology. – 2012. – V. 26. – №. 3. –
P. 354–360.

91. Serum adipokines levels in patients with systemic sclero-
sis: A meta–analysis / J.H.Zhao, H.Xiao, YDuan [et al.]
// Modern rheumatology. – 2017. – V. 27. – №. 2. – 
P. 298–305.

92. Kusminski C.M. The road from discovery to clinic:
adiponectin as a biomarker of metabolic status /
C.M.Kusminski, P.E.Scherer // Clinical Pharmacology
& Therapeutics. – 2009. – V. 86. – №. 6. – P. 592–595.

93. The adipokine adiponectin has potent anti–fibrotic
effects mediated via adenosine monophosphate–activat-
ed protein kinase: novel target for fibrosis therapy /
F.Fang, L.Liu, Y.Yang [et al.] //Arthritis research &
therapy. – 2012. – V. 14. – №. 5. – P. 229–232.

94. Peroxisome proliferator activated receptor g agonists
reduce cell proliferation and viability and increase apop-
tosis in systemic sclerosis fibroblasts / A.Antonelli,
C.Ferri, S.M. Ferrari [et al.] // British Journal of
Dermatology. – 2013. – V. 168. – №. 1. – P. 129–135.

95. T. The role of PPAR gamma in systemic sclerosis / A.T.Dantas,
M. C.Pereira, M.J.B.Rego [et al.] // PPAR research. – 2015. –
P. ID 124624. http://dx.doi.org/10.1155/2015/124624

ПРОБЛЕМНІ СТАТТІ

СУЧАСНІ  ПРОБЛЕМИ  ТОКСИКОЛОГІЇ,  ХАРЧОВОЇ  ТА  ХІМІЧНОЇ  БЕЗПЕКИ 1-2/2017 47

toksik_1-2-2017_toksik_1_2_2013.qxd  09.10.2017  13:01  Page 47


