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Abstract—The problem of metabolic syndrome is one of the most important in medicine today. The main hazard of metabol-
ic syndrome is development of latent inflammation in adipose tissue, which promotes atherosclerosis, non-alcoholic fatty liver
disease, myocarditis, and a number of other illnesses. Therefore, understanding of molecular mechanisms of latent inflam-
mation in adipose tissue is very important for treatment of metabolic syndrome. Three main components that arise during
hypertrophy and hyperplasia of adipocytes underlie such inflammation: endoplasmic reticulum stress, oxidative stress, and
hypoxia. Each of these components mediates activation in different ways of the key factor of inflammation — NF-xB. For
metabolic syndrome therapy, it is suggested to influence a number of inflammatory signaling components by activating other
cell factors to suppress development of inflammation. Such potential factors are peroxisome proliferator-activated receptors
type y that suppress transcription factor NF-«B through direct contact or via kinase of a NF-kB inhibitor (IKK), and also the
antiinflammatory transcription factor AP-1. Other possible targets are type 3 NAD"-dependent histone deacetylases (sirtu-
ins). There are mutually antagonistic relationships between NF-kB and sirtuin type 1 that prevent development of inflamma-
tion in metabolic syndrome. Moreover, sirtuin type 1 inhibits the antiinflammatory transcription factor AP-1. Study of the
influence of these factors on the relationship between macrophages and adipocytes, macrophages, and adipose tissue-derived
stromal cells can help to understand mechanisms of signaling and development of latent inflammation in metabolic syndrome.
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Obesity is one of the most crucial public health prob-
lems in the modern world. Experts of the World Health
Organization (WHO) have even assigned this disease a
metaphoric name — “pandemic of the XXI century”.

Abbreviations: AH, arterial hypertension; ATSC, adipose tissue-
derived stromal cells; ER, endoplasmic reticulum; ERS, endo-
plasmic reticulum stress; HIF, hypoxia-induced factor; IKK, NF-
kB inhibitor kinase; LPS, lipopolysaccharide; MCP-1, monocyte
chemoattractant protein type 1; MMPs, matrix metalloproteinas-
es; NAM, nicotinamide; NMN, nicotinamide mononucleotide;
PGC-1a, PPARY coactivator type 1a; PHD, prolyl-hydroxylase
domains; PPARy, peroxisome proliferator-activated receptor 7;
ROS, reactive oxygen species; TCA cycle, tricarboxylic acid cycle;
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necrosis factor a; UCP-2, uncoupling protein type 2; UPR,
unfolded protein response; VHL, von Hippel—Lindau protein.
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According to a statistical report of WHO regarding health
of the Earth’s population in 2014, from 20 to 40% of the
population suffer from obesity. In some countries (Tonga,
Marshall Islands, Nauru) this number is over 50%.
Recently, problem of childhood obesity was brought to
the forefront. During last 12 years, the number of chil-
dren with obesity has increased by 50%, and this tenden-
cy remains by now [1]. Thus, at present, the problem of
this disease is highly relevant.

Obesity is dangerous because it can cause a large
number of comorbidities. The first interest in such “clus-
terization” of diseases emerged as long ago as in the 1920s
in the USSR when G. F Lang revealed a link between
obesity and arterial hypertension (AH), disorders of car-
bohydrate metabolism, and gout [2]. Then, in 1926 A. L.
Myasnikov and D. M. Grotel noted a connection between
presence in patients of hypercholesterolemia, hyper-
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uricemia, AH, and obesity [3]. However, these complexes
of disorders were first denoted as a single disease in the
West in the middle of XX century: in 1966, J. Camus
denoted a complex of gout, type 2 diabetes, and hyper-
lipidemia as “metabolic trisyndrome” [4-6]. In 1968, H.
Mehmert introduced a concept of the “abundance syn-
drome” [2]. In 1988, G. M. Reaven introduced a concept
of “syndrome X” that included a complex of hyperinsu-
linemia, disorder of glucose tolerance, hyperglyc-
eridemia, low cholesterol in high density lipoprotein frac-
tion, and AH [2]. However, the term “metabolic syn-
drome” only appeared in 1981, when M. Hanefeld and
W. Leonardt proposed to call in such way cases of combi-
nation of different metabolic disorders. The term “dead-
ly quartet” introduced by J. Kaplan in 1989 is also worth
noting. This is one of the most dangerous types of meta-
bolic syndrome. It implies a combination of such meta-
bolic disorders as disorder of glucose tolerance, hyper-
triglyceridemia, obesity, and AH. In addition to deter-
mining this type of metabolic syndrome, the importance
of this work consists in the fact that abdominal obesity as
an important part of the metabolic syndrome was first
declared there [2, 7]. At the same time, the metabolic
syndrome is not always associated with obesity. In partic-
ular, a “European” variant of metabolic syndrome
includes hyperinsulinemia, AH, hyperlipidemia, and dis-
order of glucose tolerance or type 2 diabetes (T2D).
However, variants with composition hyperinsulinemia,
AH, and hyperlipidemia are possible [2, 8].

Classic metabolic syndrome is a complex of abdomi-
nal obesity, hyperinsulinemia, hyperlipidemia, AH, and
disorder of glucose tolerance or T2D [2]. When consider-
ing emergence of metabolic syndrome from the physiolog-
ical and biochemical points of view, this complex of dis-
eases appears to be logical. Where is the logical connection
between the components of this complex of disorders?

The first step in the development of the classic meta-
bolic syndrome is abdominal obesity. Pathological process
starts from a little thing — excessively rich in calories
nutrition. As a result, adipocyte hypertrophy and activa-
tion of adipocyte differentiation occur [9]. For hypertro-
phy, significant rearrangement of the extracellular matrix
is necessary to create a spatial niche for adipocytes to
increase in size. Different proteases participate in this
process, in particular, cathepsin K that contributes to
degradation of type I and type II collagens. It also cleaves
a key protein of the extracellular matrix — fibronectin
[10]. Expression of cathepsin K in obesity is greatly
increased; it was also demonstrated that it might stimu-
late differentiation of human pre-adipocytes [11].
Besides, an important cathepsin K target is SPARC — an
extracellular matrix protein modulating cell interaction
with the extracellular matrix. Decrease in its concentra-
tion is associated with hyperplasia and adipocyte hyper-
trophy as well as with decrease in concentration of type I
collagen [10]. Second, an important part of remodeling of
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adipose tissue extracellular matrix in adipocyte hypertro-
phy is secretion of matrix metalloproteinases (MMPs)
and their inhibitors (tissue-specific metalloproteinase
inhibitors); increase in concentration of tissue-specific
type 1 metalloproteinase inhibitor is observed in
adipocyte hypertrophy. It is associated with adipogenesis,
while decrease in activity of MMP-2 and MMP-9 pre-
cedes adipocyte differentiation [10].

Adipocyte hypertrophy and an increase in their
number in adipose tissue initiate a chain of disorders.
First, it is the development of chronic latent inflamma-
tion in adipose tissue. Reasons for development of
inflammation may be hypoxia [12], endoplasmic reticu-
lum stress [13], and oxidative stress [14]. Let us consider
in more detail the occurrence of inflammation in adipose
tissue in each case.

Occurrence of hypoxia during the development of
adipocyte hypertrophy is mediated by several factors: (i)
increase in adipose tissue volume is not accompanied by
an increase in cardiac output and blood flow velocity; (ii)
increase in blood inflow to adipose tissue after a meal that
is observed in people without obesity, is absent in obesity;
(iii) hypertrophied adipocytes may be up to 200 um in
diameter, which exceeds the normal oxygen diffusion dis-
tance [15]; (iv) enlarged adipose tissue cells can compress
blood vessels and prevent access of oxygen to local adi-
pose tissue areas. Hypoxia is one of the causes of the con-
stitutive inflammation in hypertrophied adipose tissue as
it was convincingly shown in a number of papers [12, 15-
17]. A connection was found between hypoxia and
inflammation at the level of signaling cascades, including
these in adipose tissue. Let us consider the metabolic
pathways that bring together hypoxia and inflammation
in adipose tissue.

Transcription factor HIF-1 (hypoxia inducible fac-
tor) is the main element of the cell protection against
hypoxic conditions. It is a heterodimeric DNA-binding
complex of two proteins possessing a helix—loop—helix
domain. The HIF-1f subunit is constitutively expressed,
while expression of HIF-1a is inducible and depends on
hypoxic conditions. After association, the HIF-1a—HIF-
1B complex binds to a pentanucleotide consensus DNA
sequence (RCGTG) in a specific region of a target gene
[18]. Stability of HIF-1la and its activity are largely
dependent on oxygen content in the medium. Under nor-
moxia conditions, only one proline residue of HIF-1a is
hydroxylated. In this state, the factor is recognized by the
B-subunit of the von Hippel—Lindau protein (VHL),
which recruits an ubiquitin ligase and thus promotes
degradation of the protein by proteasomes. Hypoxia sen-
sitivity of HIF is mediated by prolyl-hydroxylase domain
proteins (PHD proteins) whose activity requires molecu-
lar oxygen. Under oxygen deficiency, PHD proteins are
unable to hydroxylate the regulatory proline residue in
the HIF-1a molecule. Thus, HIF-1a is not cleaved by
the proteasome, and HIF-1la associates with HIF-1j;
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this complex binds to the consensus DNA sequence and
regulates expression of “hypoxia” genes [19]. The influ-
ence of hypoxia on inflammatory signaling was noted in
numerous reports [20-22]. The main example is close
interactions between the hypoxic signaling that involves
HIF and the inflammatory signaling mediated by NF-kB.
One of the target genes whose expression is activated
upon HIF-complex binding to the consensus sequence is
the NF-xB gene; as a result, the inflammatory process is
activated. PHD-proteins and HIF-inhibiting factors that
negatively regulate activity of HIF-complex are able to
inhibit IKKb-complex and to impede activation of NF-
kB [23]. This indicates a direct contribution of hypoxic
conditions in obesity to development of the inflammato-
ry component of metabolic syndrome.

Another reason for the development of constitutive
inflammation in adipose tissue in metabolic syndrome
can be endoplasmic reticulum stress (ERS). ERS occurs
due to overload of the ER system that includes various
chaperones (BiP, GRP78, calnexin/calreticulin system)
and that is responsible for protein folding [24]. Such over-
load occurs when biosynthetic activity exceeds the func-
tional capacity of the ER, which is a natural consequence
of hypercaloric diet. As a result, inactive and chemically
aggressive prone-to-aggregation proteins are accumulat-
ed in the ER lumen. Protein misfolding that leads to
improper conformation that allows abnormal interaction
with cellular components is also dangerous for the cell.
The main strategy to overcome this situation is a so-called
unfolded protein response (UPR). The first stage of UPR
is an adapted decrease in biosynthetic activity. Three pro-
teins (ATF6, PERK, and IRE1) participate in the correc-
tion mechanism [25]. First, PERK represses total protein
synthesis, and IRE1 degrades mRNAs encoding secreto-
ry proteins. Second, additional chaperones are synthe-
sized to increase the folding productivity. This process
displays close interaction between nucleus and ER, when
the above-mentioned PERK provides a “green corridor”
for synthetic activity of the chaperone genes, but not for
others. ATF6 also promotes an increase in the synthetic
activity of a number of chaperone genes (BiP, GRP7S,
calnexin/calreticulin system) [24].

If measures taken by cell against ERS are inefficient,
UPR factors participate in the apoptosis signaling. Let us
show the variety of roles of the UPR factors, for example
IREla, in apoptosis. This protein can inactivate apopto-
sis kinase ASK through transcription factor TRAF6. In
addition, association between TRAF2 and IREla allows
activation of caspase 12 [26]. IREla is also able to acti-
vate transcription factor NF-xB through TRAF2 and to
affect directly the inflammatory processes via the main
inflammatory signaling molecule.

And, finally, a third reason for occurrence of inflam-
mation in metabolic syndrome is oxidative stress.
Oxidative stress accompanies numerous diseases: athero-
genic pathological processes, cardiovascular diseases,
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diabetes, and obesity. In the case of obesity, systemic
oxidative stress occurs that stimulates non-physiological
production of adipokines, which promotes development
and stabilization of metabolic syndrome in patients. It
was demonstrated that concentration of numerous oxida-
tive stress markers (C-reactive protein, etc.) depends on
body mass index and triglyceride levels in patients with
metabolic syndrome [27].

Occurrence of oxidative stress in cells in response to
hypercaloric diet is, first, due to active work of mitochon-
dria and oxidative systems of the cell that are forced to
process the excessive amount of food. So, in glucose
metabolism (in the TCA cycle), generation of electron
donors, such as NADH and FADH,, occurs; increase in
NADH/NAD™ and FADH,/FAD" ratios during increase
in glucose input promotes superoxide generation. In case
of excessive input of free fatty acids, a similar effect devel-
ops, when during fatty acid $-oxidation and oxidation of
the acyl-CoA derivatives of fatty acids in the TCA cycle,
a large number of electron donors are accumulated in the
cell [27]. Oxidative stress in adipose tissue can also occur
due to active secretion of proinflammatory cytokines, for
example, secretion of TNFa promotes generation of
superoxide anion radical [28]. Other possible reasons are
formation of superoxide anion radicals during an increase
in oxygen uptake by the cardiovascular system in obesity,
production of reactive oxygen species (ROS) owing to
activity of TNFa that is synthesized during cell damage,
and high fat diet [29]. Thus, oxidative stress also facili-
tates expression of proinflammatory cytokines, and it
stimulates their production itself, or proinflammatory
cytokines promote development of oxidative stress, which
indicates positive feedback in this process.

In adipose tissue inflammation, not only metabolic
factors (ERS, hypoxia, oxidative stress), but also exoge-
nous ones (composition of diet, in particular) are impor-
tant. It was shown that high fat diet facilitates inflamma-
tion development directly (activation of cyclooxygenase 2
expression) and leads to oncological diseases in the diges-
tive tract [30]. Gut microbiota also plays an important
role in development of systemic inflammatory response.
It was shown that microbiota of mice kept on a high lipid
diet promoted mobilization of transcription factor NF-
kB and expression of inflammatory factors [31]. Some
studies have revealed certain representatives of the intes-
tinal microflora (e.g. genus Oscillibacter) that appear on
consumption of high lipid food, and this can enhance the
inflammatory process [32]. Intake of carbohydrates is also
a significant factor: low carbohydrate diet reduces the
inflammatory response and is associated with the produc-
tion of short-chain fatty acids (e.g. butyrate) [33] that, in
addition, enhance the secretion of angiopoietin-like pro-
tein 4, thereby reducing lipoprotein lipase activity and
increasing lipolysis in adipose tissue [32].

High-calorie diet stimulating the release of insulin
into the bloodstream is directly associated with chronic
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inflammation in adipose tissue, as the expression MCP-1
(monocyte chemoattractant protein-1) is insulin-
dependent [34]. Expression of MCP-1 and other proin-
flammatory cytokines in adipose tissue contributes to the
attraction of macrophages into the tissue and the devel-
opment of inflammation.

It is known that macrophages in adipose tissue main-
ly have one of two functional phenotypes — M1 or M2.
These phenotypes have different functions, transition
stimuli, gene expression profiles, and, as a result, respond
differently to external signals [35]. Resident macrophages
of adipose tissue mainly have M2 phenotype (alternative-
ly activated or antiinflammatory macrophages) and play
an important role in tissue homeostasis. Latent inflam-
mation in adipose tissue is caused by the attraction of M 1
phenotype macrophages (classically activated, or proin-
flammatory macrophages) and by the polarization of res-
ident macrophages in adipose tissue toward the M1 phe-
notype. The biochemistry of interaction between
macrophages and adipocytes is an important moment in
the formation of insulin resistance in obesity. It was
shown that its development was stimulated exactly by
inflammatory signals of M1-macrophages [36], and the
inhibition of the inflammatory signaling disrupts this link
[36, 37].

The problem of macrophage polarization in adipose
tissue is extremely important in the development of obe-
sity in general and of metabolic syndrome in particular.
The polarization process is tightly controlled; it is based
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on a network of signaling pathways, transcription factors,
and epigenetic mechanisms. The canonical signaling cas-
cade IRF/STAT activated by IFNs and TLRs (Toll-like
receptors) shifts macrophage phenotype toward M1 state
(via the transcription factor STAT1), while interleukins
IL-4 and IL-13 shift the phenotype toward M2 state (via
transcription factor STAT6) [38]. Each macrophage phe-
notype has its own expression profile, which is initiated in
response to the action of transcription factors. For M1-
macrophages, activation receptors are TLRs and interfer-
on receptors that mobilize the transcription factors IRF-
3, IRF-5, and STAT1, as well as proinflammatory tran-
scription factor NF-kB. Activation of M2-macrophages
occurs with the participation of interleukin receptors IL4,
IL10, and IL4/IL13 that trigger work of transcription fac-
tors STAT3, STAT6, KLF4, PPARy, and PPARGS. The
general scheme of signal transduction mediating the
expression of specific macrophage polarization proteins is
shown in Fig. 1.

Expression of mannose receptor type 1 (CD206) is
one of the examples of such regulation [39]. Activation of
the I1L4/1L13 receptor results in the mobilization of tran-
scription factor STAT6, which in turn stimulates expres-
sion of factor KLF4, thereby activating CD206 expres-
sion.

The most interesting point in the study of intracellu-
lar signaling in latent inflammation in metabolic syn-
drome is overlapping and interactions between signaling
pathways to form signaling networks. The main element
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Fig. 1. Scheme of the main interactions of transcription factors that are activated in macrophages of different polarity. Abbreviations: iNOS,
inducible NO-synthase; TNFa, tumor necrosis factor a; PPARy, peroxisome proliferator-activated receptor y; PGCla, PPARy coactivator

la. According to [34] with modifications.
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Fig. 2. Scheme of self-sustaining inflammatory cycle between macrophages and adipocytes. According to [37] with modifications.

in the inflammatory process in adipose tissue is a self-sus-
tained cycle with the participation of TNFa and NF-«B
[40]. In this situation, interaction between hypertrophied
adipocytes and M 1-macrophages occurs. TNFa secreted
by proinflammatory macrophages interacts with its
receptor on the adipocyte membrane and stimulates the
hydrolysis of neutral fat to free fatty acids. Free fatty acids
along with lipopolysaccharides (LPS) are able to activate
TLR4 and transcription factor NF-xB, which triggers
expression of a number of proinflammatory genes,
including TNFa. Here, the inflammatory cycle repeats
and it becomes self-sustaining under conditions of high-
calorie diet (source of free fatty acids) and adipocyte
hypertrophy (source of TNFa in connection with hypoxia,
ERS, and oxidative stress) [41] (Fig. 2).

Regarding the role of TLR4 in the development of
inflammation in adipose tissue in metabolic syndrome,
mobilization of transcription factor IRF3 should be
noted, causing expression of IFNP that autocrinely
affects the corresponding receptor and results in STAT1
activation, which in turn initiates transcription of proin-
flammatory genes in M 1-macrophages. A similar effect is
caused by the action of IFNy on macrophages. The exis-
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tence of antagonistic relationships between transcription
factors is also possible. To this end, let us look closer at
the process of M2-type polarization of macrophages.
Interaction of 11.4/IL13 with the corresponding receptor
leads to activation of the transcription factor STAT6,
which activates transcription factor PPARy. Mutually
antagonistic relationships connect transcription factors
NF-xB and STAT®6 with transcription factors STAT1 and
STAT6. Thus, the “antiinflammatory” transcription fac-
tor STAT6 contributes to the inhibition of “proinflamma-
tory” transcription factors STAT1 and NF-«B [38].

A detailed examination of signaling networks of the
inflammation process in adipose tissue reveals that it is
possible to decrease or even eliminate the inflammation
by affecting a number of target molecules. Now, of the
above-listed signaling the only proven target for metabol-
ic syndrome therapy (one of its main components —
insulin resistance) are thiazolidinediones (troglitazone,
pioglitazone, rosiglitazone) that activate transcription
factor PPARy.

PPARs (peroxisome proliferator-activated recep-
tors) are ligand-activated transcription factors that belong
to a nuclear receptor superfamily, which includes steroid
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receptor, retinoid, and thyroid hormones. Upon binding
to its ligands (hydroxyeicosatetraenoic acid, leukotriene
B4), PPAR forms a heterotrimer with the 9-cis-retinoic
acid receptor and affects transcription of the target genes
through interaction with a sequence located in the pro-
moter region of the target genes that includes AGGTCA
repeats. These repeats are separated by a single nucleotide
or DR-1 sequence (the so-called PPAR-response ele-
ment, PPRE) [42]. By now, three main PPAR types are
known: PPARa, PPARB/3, and PPARy. All the PPAR
types have different tissue specificity, ligand specificity,
and biological effects [43]. PPARa. is expressed in tissues
with active metabolism of fatty acids (liver, kidneys, and
skeletal muscles). PPARB/S is found everywhere, while
PPARY is typical for white and brown adipose tissues. All
the PPAR types were found in cells able to penetrate
across vessel walls (monocytes, macrophages, endothelial
cells) [44]. In general, PPARSs play a key role in lipid and
glucose metabolisms, adipocyte differentiation; they also
participate in the inflammation processes, proliferation,
and differentiation of various cells [43].

It is known that PPARs are able to negatively regu-
late gene expression in a ligand-dependent manner by
inhibiting activity of other transcription factors such as
NF-«xB, AP-1, and NFAT [42]. It is also known that the
activity of PPARs depends on the levels of their expres-
sion and availability of their ligands, coactivators, and
corepressors. Posttranslational modifications of PPARs
(phosphorylation, sumoylation) can also regulate their
activity [43, 45].

The first identified function of PPARY was regulation
of the promoter of the FABP4/aP2 gene, which is active-
ly expressed in adipocytes, encoding a protein that binds
fatty acids. Later, it was shown that PPARy controls
adipocyte differentiation and it is a key regulator of lipid
metabolism. Subsequently, it was demonstrated that
PPARYy is expressed not only in adipocytes, but also in
other cell types (immune cells, striated myocytes, gastric
epithelial cells, osteoblasts, osteoclasts, etc.) [46, 47].

PPARY, like other nuclear receptors, binds lipophilic
ligands and regulates transcription in the activated state.
Arachidonic acid metabolites (15-deoxy-A'>'*-prosta-
glandin J,) and unsaturated fatty acid components of oxi-
dized low-density lipoproteins were identified among
other endogenous ligands of PPARy. Some studies
revealed that PPARy could bind not only a single mole-
cule of a specific fatty acid, but also patterns of fatty acids
(including two molecules simultaneously). Such ligand
binding suggests that PPARY is not a specific receptor of
one fatty acid, but it is an intracellular sensor of a mixture
of fatty acids whose ratio can affect physiological process-
es [46, 48, 49].

PPARYy affects transcription in different ways; typi-
cally, it is regulation of gene expression. Nevertheless,
PPARy-mediated ligand-dependent gene repression
occurs by means of indirect regulation mechanisms. The
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full range of these mechanisms is unknown, but at least
some of the negative regulatory effects of PPARy are
mediated by protein—protein interactions leading to a
phenomenon called transrepression. There are several
models that describe this mechanism. According to the
most consistent with experimental data model, a protein
complex comprising repressors of proinflammatory gene
promoters (in particular the gene for inducible NO-syn-
thase) is localized in the nucleus; this repressor complex
inhibits transcription in the absence of proinflammatory
signals. Removal of the repressor complex by proteasomal
ubiquitin-dependent degradation in response to inflam-
matory signals triggers expression of target genes. Ligand-
activated PPARy is sumoylated, binds to, and stabilizes
the inhibitory complex by blocking its proteasomal degra-
dation. Transrepression can also occur through a less
direct mechanism (so-called squelching). In this case,
ligand-activated PPARy isolates some coactivator mole-
cules (e.g. CREB-binding proteins) that are only present
in cells in limited amounts and could be necessary for
functioning of other transcription factors [43, 46].

The mechanisms of regulation of the inflammatory
response involving PPARY are not clear. Using a transient
transfection method, it was demonstrated that PPARy
inhibits expression of scavenger-receptors class A, which
is induced by NO-synthase and MMP-9 by inhibiting
AP-1, STAT, and NF-xB. Similar to PPARa., inhibition
of NF-kB-dependent transcription by means of direct
interaction with p65 and p50 [46] was demonstrated for
PPARYy. It was also shown that PPARy ligands, 15-deoxy-
A>"_prostaglandin J, and other cyclopentane prosta-
glandins, could inhibit activation of NF-kB through
inhibiting IKK activity [50, 51]. A similar effect was
found in the case of thiazolidinones (ciglitazone, troglita-
zone, pioglitazone, rosiglitazone), which are synthetic
activators of PPARy [52].

Using endothelin-1 promoter as a model, it was
shown that PPARY inhibits transcriptional activity of fac-
tor AP-1 by decreasing its DNA-binding ability. It occurs,
presumably, as a result of PPARy—c-Jun interaction; this
was previously shown for PPARa. Activation of AP-1 may
also result from affecting activity of JNK kinase [46]. In
general, the existence of a number of mechanisms for the
regulation of PPARy confirms again the complexity and
multifunctionality of signaling that involves this nuclear
receptor. It was redoubled by additional data for a number
of tissues (e.g. lung tissue) regarding PPARy role in
restoration of IKK (kinase IkB) activity and stimulation of
IxB degradation with recovery of NF-kxB function [43].

It would seem that thiazolidinones are perfect anti-
inflammatory agents, especially taking into account their
positive effect on the relief of insulin resistance and the
absence of side effects in the gastrointestinal tract and a
side effect of an increase in risk of hyperglycemia.
However, for PPARy activators, formation of peripheral
edema and an increase in body mass are typical side
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effects [8]. This side effect is natural as PPARy is one of
the master regulators of adipocyte differentiation. Its
interaction with another master regulator of adipogene-
sis, C/EBPa, initiates expression of adipocyte genes
FABP4, ADIPOQ, LPL, and many others, which activate
the development of peripheral fat. This is why unspecific
activation of PPARy, undoubtedly, promotes relief of
inflammation by acting on macrophages, but upon affect-
ing the mesenchymal adipose tissue-derived stromal cells
(ATSC), adipocyte development is stimulated leading to
obesity [53]. By the example of rosiglitazone, it was
shown that thiazolidinones could hold glycemic control
within normal values longer than other medicines.
However, it was also demonstrated that thiazolidinone
compensation of metabolic syndrome lasts for 2-3 years.
Then, rise of side effects, such as an increase in peripher-
al fat mass, edemas, and risk of cardiovascular diseases
occurs. In this connection, in 2010 the European Drug
Agency prohibited the use of thiazolidinones in metabol-
ic syndrome therapy [8].

In this regard, the question arises of finding molecu-
lar targets to relieve latent inflammation and to reduce the
risk of comorbidities. One promising type of targets is
NAD*-dependent type 3 histone deacetylases — sirtuins.
Seven types of sirtuins have been found in mammalian
cells. All the mammalian sirtuins have conserved NAD-
binding and catalytic domains but differ in their N- and
C-terminal domains. Sirtuins of different types are varied
in substrate specificity and biological functions. They are
found in different cell compartments.

One of the important functions of sirtuins is partici-
pation in nicotinamide adenine dinucleotide (NAD™)
metabolism. NAD™" is an important cofactor of the elec-
tron transport chain and is involved in many enzyme
reactions. Deacetylation reactions with the participation
of sirtuins consist of two steps. The first step is the cleav-
age of NAD" to nicotinamide (NAM) and adenosine
diphosphate ribose (ADP-ribose), and the second step —
transfer of an acetyl group from substrate to the ADP-
ribose with generation of O-acetyl-ADP-ribose and
deacetylated substrate. Most sirtuins have deacetylase
activity, only ADP-ribosyl transferase activity was shown
for type 4 sirtuin, while both deacetylase and ADP-ribo-
syl transferase activities were shown for type 1 and type 6
sirtuins [54].

NAD" is necessary for the deacetylation reaction
that is catalyzed by sirtuins, as it is one of the substrates,
while the deacetylation reaction product NAM inhibits
the reaction.

Formed during the reaction, NAM is converted into
nicotinamide mononucleotide (NMN) with NMN-
transferase. Then, NAD™ is regenerated by NMN adenyl
transferase. Sirtuins were shown to be key regulators of
NAD™" biosynthesis. In particular, NMN adenyl trans-
ferase-mediated NAD biosynthesis is controlled by type 1
sirtuin [55].
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Because of their participation in many energetic
processes in the cell, NAD" and NAM are not preferable
tools for analysis of sirtuin action. Thus, an extensive
search is being performed for pharmacological agents that
inhibit or activate protein factors of this class. Resveratrol
is the most widely used among sirtuin activators.

Resveratrol is a polyphenolic phytoalexin (3,5,4'-tri-
hydroxy-trans-stilbene) present in white and red grape
wines [56, 57]. Cis-trans isomerizations of resveratrol
occur upon the action of ultraviolet light. It was shown
that cis-resveratrol plays a role in protecting an organism
from different pathological processes including cardio-
vascular and oncological diseases. Much less is known
about cis-resveratrol activity as antioxidant and antiin-
flammatory agent, while both these activities are evident
for trans-resveratrol [56]. A number of reports were pub-
lished regarding different activities of resveratrol. There is
an assumption that resveratrol is a plant analog of hor-
mones, a regulator of epigenetic processes [58],
immunomodulator, factor that decreases neurodegenera-
tive processes in aging, apoptosis sensor, etc. An out-
standing book by Aggarwal and Shishodia [59] is devoted
to the structure and function of resveratrol.

Sirtinol (2-[(2-hydroxynaphthalen-1-yl-methyl-
ene)amino]-N-(1-phenethyl)benzamide) is commonly
used as a sirtuin inhibitor. This compound is also a useful
tool for sirtuin-related studies. Sirtinol mainly inhibits
type 1 and type 2 sirtuins. Considering physiological
effects of sirtinol, it is worth mentioning that they are very
ambiguous: there are data regarding apoptosis induction
by application of sirtinol [60] and sirtinol-dependent
early aging [61]; however, sirtinol is an efficient antiin-
flammatory agent, as shown in corresponding studies
[62]. In general, there are numerous restrictions for using
sirtinol as therapeutic agent, but pharmacological studies
focused on synthesis of sirtinol analogs that would have
minimal side effects are being carried out.

As mentioned above, sirtinol is not a very specific
agent, as it inhibits type 1 and type 2 sirtuins. For specif-
ic inhibition of different sirtuins, synthetic inhibitors have
been produced, for example, Ex-527 (6-chloro-2,3,4,9-
tetrahydro-1H-carbazole-1-carboxamide) [60]. How-
ever, analyzing the side effects and problems in applica-
tion of pharmacological agents in PPARy activation [8], it
should be mentioned that use of pharmacological agents
nonspecifically regulating sirtuin activity is highly unlike-
ly beyond laboratory practice.

The spectrum of biological activity of different sirtu-
ins, as mentioned above, is extremely diverse [55]. One of
the most interesting fields of sirtuin investigation is their
participation in intracellular signaling that regulates dif-
ferent metabolic processes. Sirtuins also affect inflamma-
tory signaling and signaling in adipocyte/adipogenic dif-
ferentiation.

One of the key aspects in sirtuin-mediated regulation
of inflammation is antagonistic relationships between one
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of the central inflammatory cytokines — NF-«kB and type
1 sirtuin [63].

It was shown that type 1 sirtuin could interact direct-
ly with the RelA/p65-component of the NF-kB complex
[64]. Deacetylation of Lys310 inhibits transcriptional
activity of the RelA/p65 subunit and, therefore, it sup-
presses the transcription of NF-kB-dependent proin-
flammatory genes. Furthermore, deacetylation of Lys310
in the RelA/p65-subunit makes Lys314 and Lys315
residues available for methylation, which further pro-
motes ubiquitinylation and proteasomal degradation of
NF-«B. By now, many studies have revealed mechanisms
of function of activators and inhibitors of type 1 sirtuin as
pharmacological agents that prevent inflammation [65-
67].

Another way to affect the inflammatory signaling by
type 1 sirtuin is inhibition of AP-1 via deacetylation of its
subunits — c-Jun and c-Fos. This process plays a key role
in regulating the functions of certain immune cells. For
example, activation of type 1 sirtuin in macrophages
decreases transcription of the COX-2 (the gene encoding
prostaglandin endoperoxide synthase 2), a typical proin-
flammatory AP-1-activated gene, while in T-lympho-
cytes, deacetylation of AP-1 by type 1 sirtuin precedes
proliferation [64].

In addition to the influence on NF-xB and AP-1,
type 1 sirtuin affects other biologically active molecules
inside cells: different transcription factors (FoxP3 — a
transcription factor that participates in differentiation
and functioning of regulatory T-lymphocytes [64],
FOXO-1 [53]), histones, regulatory proteins (UCP-2
(uncoupling protein type 2), p53), and microRNAs
(miR34a) [58]. It follows that affecting sirtuins causes
much larger physiological impact. This statement is also
correct when studying the influence of any regulatory
protein on certain cellular process. However, the influ-
ence of type 1 sirtuin on the inflammatory process is
mainly based not on the acetylation of histones and
microRNAs, but on the interaction with the above-men-
tioned inflammatory transcription factors [63, 64].

As to the influence of sirtuins on adipocyte differen-
tiation and on adipocytes, it is worth noting that there is
an indirect regulation of adipocyte gene expression
through sirtuins. For example, type 1 and type 2 sirtuins
can regulate activity of transcription factor FOXO-1 that
inhibits activity of PPARy. Thus, sirtuins activate lipoly-
sis and inhibit adipogenesis. At the same time, even pro-
tein—protein interactions between the sirtuins can affect
adipogenesis. Therefore, type 7 sirtuin activates adipoge-
nesis, as it is able to bind to type 1 sirtuin [68].

Analyzing literature data related to a problem of
interaction between macrophages and adipocytes and
with ATSC, signaling in this process, and its role in meta-
bolic syndrome, suggests that many studies are focused on
the problem of signaling in certain cell types. At the same
time, many gaps remain, in particular, in signaling and

STAFEEV et al.

regulation of intercellular interactions of macrophages
with adipocytes and with ATSC, and also in the influence
on the most important process of macrophage polariza-
tion that largely affects development of latent inflamma-
tion in adipose tissue in metabolic syndrome, and, hence,
development of comorbidities. Therefore, studying the
molecular mechanisms of signaling in macrophage polar-
ization and interaction between signaling pathways of
macrophages and ATSC, macrophages, and adipocytes,
influence of macrophages, and their polarization on the
adipocyte differentiation process is a very promising
research field. To date, a number of approaches have been
developed that correct disturbances of the regeneration
process and of adipose tissue function in metabolic syn-
drome. Regulation using pharmacological agents acting
on all cell types nonspecifically was proven not valid by
the example of use in therapy of PPARy ligands. Such
approaches are only suitable for primary laboratory stud-
ies. Further perspectives in studying the regulation of
inflammatory signaling are associated with gene thera-
peutic approaches (using small interfering RNAs), med-
ical technologies of genome editing (CRISPR-Cas9 sys-
tem, specific nucleases), and with increase in selectivity
of targeted tools. One example of such novel cell-specific
tools is development of new macrophage-secreted recom-
binant one-domain antibody that would specifically bind
to TNFa [69].

This work was supported by the Russian Foundation
for Basic Research (projects Nos. 13-04-02014 and 15-
04-07840) and by grant of the Russian Ministry of Health
“Mechanisms of Paracrine and Vessel Stabilizing Effects
of Stem Cells in Regeneration of Ischemic Tissues and
Organs”.

REFERENCES

1. Statistical report of the WHO “World Health Statistics
20147 (2014).

2. Kiravets, E. B., Samoilova, Yu. G., Matyusheva, N. B.,
Bulanova, A. A., Dorokhova, V. V., and Yadmaa, O. (2008)
Metabolic syndrome in general medical practice, Bull. Sib.
Med., 1, 80-87.

3. Tseluiko, V. 1., and Chernyshov, V. A. (2003) Metabolic
syndrome X, Medicus Amicus, 1, 18-19.

4. Camus, J. P. (1966) Goutte, diabete, hyperlipemie: un
trisyndrome metabolique, Rev. Rheum., 33, 10-14.

5. Eriksson, J., Taimela, S., and Koivisto, V. A. (1997)
Exercise and metabolic syndrome, Diabetologia, 40, 125-
135.

6. Luecken, L. J., and Gallo, L. G. (2008) Metabolic syn-
drome, in Handbook of Physiological Research Methods in
Health Psychology, Chap. 14, SAGE Publications Inc.,
Thousand Oaks, California.

7. Kaplan, N. M. (1989) The deadly quartet: upper-body obe-
sity, glucose intolerance, hypertriglyceridemia, and hyper-
tension, Arch. Intern. Med., 149, 1514-1520.

BIOCHEMISTRY (Moscow) Vol. 80 No. 10 2015



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

LATENT INFLAMMATION IN METABOLIC SYNDROME

. Mychka, V. B. (workgroup chairman) (2013) Project of

Recommendations of the Russian Society of Cardiology
Experts on Diagnostics and Therapy of Metabolic
Syndrome [in Russian], 3rd Edn.

. Suganami, T., and Ogawa, Y. (2010) Adipose tissue

macrophages: their role in adipose tissue remodeling, J.
Leukoc. Biol., 88, 33-39.

Achike, E 1., To, N. H., Wang, H., and Kwan, C. Y. (2011)
Obesity, metabolic syndrome, adipocytes, and vascular
function: a holistic viewpoint, Clin. Exp. Pharmacol.
Physiol., 38, 1-10.

Taleb, S., Cancello, R., Clement, K., and Lacasa, D.
(2006) Cathepsins promotes human preadipocyte differen-
tiation: possible involvement of fibronectin degradation,
Endocrinology, 147, 4950-4959.

Trayhurn, P., and Wood, I. S. (2004) Adipokines: inflam-
mation and the pleiotropic role of white adipose tissue, Br.
J. Nutr., 92, 437-455

Ozcan, U., Cao, Q., Yilmaz, E., Lee A. H., Iwakoshi, N.
N., Ozdelen, E., Tunchman, G., Gorgun, C., Glimcher, L.
H., and Hotamisligil, G. S. (2004) Endoplasmic reticulum
stress links obesity, insulin action, and type 2 diabetes,
Science, 306, 457-461.

Houstis, N., Rosen, E. D., and Lander, E. S. (2006)
Reactive oxygen species have a causal role in multiple forms
of insulin resistance, Nature, 440, 944-948.

Trayhurn, P. (2013) Hypoxia and adipose tissue function
and dysfunction in obesity, Physiol. Rev., 93, 1-21.

Wood, I. S., Perez de Heredia, F., Wang, B., and Trauhurn,
P. (2009) Cellular hypoxia and adipose tissue dysfunction in
obesity, Proc. Nutr. Soc., 68, 370-377.

Trayhurn, P., Wang, B., and Wood, I. S. (2008) Hypoxia in
adipose tissue: a basis for the dysregulation of tissue func-
tion in obesity? Brit. J. Nutr., 100, 227-235.

Weidemann, A., and Johnson, R. S. (2008) Biology of HIF-
la, Cell Death Differ., 15, 621-627.

Greer, S. N., Metcalf, J. L., Wang, Y., and Ohh, M. (2012)
The updated biology of hypoxia inducible factor, EMBO J.,
31, 2448-2460.

Ye,J., Gao, Z.,Yin, J., and He, Q. (2007) Hypoxia is poten-
tial risk factor for chronic inflammation and adiponectin
reduction in adipose tissue of 0b/0b and dietary obese mice,
Am. J. Physiol. Endocrinol. Metab., 293, 1118-1128.
Melillo, G. (2011) Hypoxia: jump-starting inflammation,
Blood, 117, 2561-2562.

Bartels, K., Grenz, A., and Eltzschig, H. K. (2013)
Hypoxia and inflammation are two sides of the same coin,
Proc. Natl. Acad. Sci. USA, 110, 18351-18352.

Eltzschig, H. K., and Carmeliet, P. (2011) Hypoxia and
inflammation, N. Engl. J. Med., 364, 656-665.

Dedov, I. I., Smirnova, O. M., and Gorelyshey, A. S. (2012)
Endoplasmic reticulum stress: cytological scenario of
human pathological diseases, Probl. Endokrinol., 5, 57-65.
Ozcan, L., and Tabas, 1. (2012) Role of endoplasmic retic-
ulum stress in metabolic disease and other disorders, Annu.
Rev. Med., 63, 317-328.

Yoneda, T., Imaizumi, K., Oono, K., Yui, D., Gomi, FE,
Katayama, T., and Tohyama, M. (2001) Activation of cas-
pase-12, an endoplasmic reticulum (ER) resident caspase,
through tumor necrosis factor receptor associated factor-2
dependent mechanism in response to ER stress, J. Biol.
Chem., 276, 13935-13940.

BIOCHEMISTRY (Moscow) Vol. 80 No. 10 2015

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

1225

Matsuda, M., and Shimomura, I. (2013) Increased oxida-
tive stress in obesity: implications for metabolic syndrome,
diabetes, hypertension, dyslipidemia, atherosclerosis, and
cancer, Obes. Res. Clin. Pract., 7, 330-341.
Fonseca-Alaniz, M. H., Takada, J., Alonso-Vale, M. 1.,
and Lima, E B. (2007) Adipose tissue as an endocrine
organ: from theory to practice, J. Pediatr., 83, 192-203.
Fernandez-Sanchez, A., Madrigal-Santillan, E., Bautista,
M., Esquivel-Soto, J., Morales-Gonzalez, A., Esquivel-
Chirino, C., Durante-Montiel, I., Sanchez-Rivera, G.,
Valadez-Vega, C., and Morales-Gonzalez, J. A. (2011)
Inflammation, oxidative stress, and obesity, Int. J. Mol.
Sci., 12, 3117-3132.

Singh, J., Hamid, R., and Reddy, B. S. (1997) Dietary fat
and colon cancer: modulation of cyclooxygenase-2 by types
and amount of dietary fat during the postinitiation stage of
colon carcinogenesis, Cancer Res., 57, 3465-3470.

Shen, W., Gaskins, H. R., and MclIntosh, M. K. (2014)
Influence of dietary fat on intestinal microbes, inflamma-
tion, barrier function, and metabolic outcomes, J. Nutr.
Biochem., 25, 270-280.

Lam, Y., Ha, C., Campbell, C., Mitchell, A., Dinudom, A.,
Oscarsson, J., Cook, D. I., Hunt, N. H., Caterson, I. D.,
Holmes, A. J., and Storlien, L. H. (2012) Increased gut
permeability and microbiota change associate with mesen-
teric fat inflammation and metabolic dysfunction in diet-
induced obesity, PLoS One, 7, 34233, 1-10.
Lopez-Legarrea, P, Fuller, N. R., Zulet, M. A., Martinez, J.
A., and Caterson, 1. D. (2014) The influence of
Mediterranean, carbohydrate and high protein diets on gut
microbiota composition in the treatment of obesity, and associ-
ated inflammatory state, Asia Pac. J. Clin. Nutr., 23, 360-368.
Sartipy, P., and Loskutoff, D. J. (2003) Monocyte chemoat-
tractant protein 1 in obesity and insulin resistance, Proc.
Natl. Acad. Sci. USA, 100, 7265-7270.

Edwards, J. P., Zhang, X., Frauwirth, K. A., and Mosser,
D. M. (2006) Biochemical and functional characterization
of three activated macrophage populations, J. Leuk. Biol.,
80, 1-10.

Reilly, S. M., and Saltiel, A. R. (2014) A complex role for
adipose tissue macrophages, Nat. Rev. Endocrinol., 10, 193-
194.

Lumeng, C. N., Deyoung, S. M., and Saltiel, A. R. (2007)
Macrophages block insulin action in adipocytes by altering
expression of signaling and glucose transport proteins, Am.
J. Physiol. Endocrinol. Metab., 292, 166-174.

Sica, A., and Mantovani, A. (2012) Macrophage plasticity
and polarization: in vivo veritas, J. Clin. Invest., 122, 787-
795.

Martinez, E. O., Gordon, S., Locati, M., and Mantovani,
A. (2006) Transcriptional profiling of the human mono-
cyte-to-macrophage differentiation and polarization: new
molecules and patterns of gene expression, J. Immunol.,
177, 7303-7011.

Itoh, M., Suganami, T., Hachiya, R., and Ogawa, Y. (2011)
Adipose tissue remodeling as homeostatic inflammation,
Int. J. Inflam., 73, 156-164.

Bastard, J.-P.,, Maachi, M., Lagathu, C., Kim, M. J.,
Caron, M., Vidal, H., Capeau, J., and Feve, B. (2006)
Recent advances in the relationships between obesity,
inflammation, and insulin resistance, Eur. Cytokine Netw.,
17, 4-12.



1226
42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

Bishop-Bailey, D., and Wray, J. (2003) Peroxisome prolifer-
ator-activated receptors: a critical review on endogenous
pathways for ligand generation, Prostaglandins Other Lipid
Mediat., 71, 1-22.

Ricote, M., and Glass, C. K. (2007) PPARs and molecular
mechanisms of transrepression, Biochim. Biophys. Acta,
1771, 926-935.

Bouhlel, M. A., Staels, B., and Chinetti-Gbaguidi, G.
(2007) Peroxisome proliferator-activated receptors — from
active regulators of macrophage biology to pharmacological
targets in the treatment of cardiovascular diseases, J. Intern.
Med., 263, 28-42.

Diradourian, C., Girard, J., and Pegorier, J. (2005)
Phosphorylation of PPARs: from molecular characteriza-
tion to physiological relevance, Biochimie, 87, 33-38.
Varga, T., and Nagy, L. (2008) Nuclear receptors, transcrip-
tion factors linking lipid metabolism and immunity: the
case of peroxisome proliferator-activated receptor vy, Eur. J.
Clin. Invest., 38, 695-707.

Amoruso, A., Bardelli, C., Gunella, G., Fresu, L. G.,
Ferrero, V., and Brunelleschi, S. (2007) Quantification of
PPARy-protein in monocyte/macrophages from healthy
smokers and non-smokers: a possible direct effect of nico-
tine, Life Sci., 81, 906-915.

Anderson, B. M., and Ma, D. W. (2009) Are all n-3 polyun-
saturated fatty acids created equal? Lipids Health Dis., 8,
53-73.

Almendingen, K., Hostmark, A. T., Larsen, L. N., Fausa,
O., Bratlie, J., and Aabakken, L. (2010) Relationship
between fecal content of fatty acids and cyclooxygenase
mRNA expression and fatty acids composition in duodenal
biopsies, serum lipoproteins, and dietary fat in colec-
tomized familial adenomatous polyposis patients, J. Nutr.
Metab., 210, 163-185.

Chung, S. W,, Kang, B. Y., Kim, S. H., Kim, Y. M., Cho,
D., Trinchieri, G., and Kim, T. S. (2000) Oxidized low den-
sity lipoprotein inhibits interleukin-12 production in
lipopolysaccharide-activated mouse macrophages via
direct interactions between PPARy and NF-«xB, J. Biol.
Chem., 276, 32681-32687.

Straus, D. S., Pascual, G., Li, M., Welch, J. S., Ricote, M.,
Hsiang, C., Sengchanthalangsy, L., Ghosh, G., and Glass,
C. K. (2000) 15-Deoxy-A!>!"*-prostaglandin J, inhibits
multiple steps of NF-kB signaling pathways, Proc. Natl.
Acad. Sci. USA, 97, 4844-4849.

Arnold, R., and Konig, W. (2006) Peroxisome proliferator-
activated receptor-y agonists inhibit the release of proin-
flammatory cytokines from RSV-infected epithelial cells,
Virology, 346, 427-439.

Lowe, C. E., O’Rahilly, S., and Rochford, J. J. (2011)
Adipogenesis at a glance, J. Cell. Sci., 124, 2681-2686.
Galli, M., Van Gool, E, and Leo, O. (2011) Sirtuins and
inflammation: friends or foes? Biochem. Pharm., 81, 569-
576.

Nakagawa, T., and Guarente, L. (2011) Sirtuins at a glance,
J. Cell. Sci., 124, 833-838.

Belleri, M., Ribatti, D., and Savio, M. (2008) o, ;-inte-
grin-dependent antiangiogenic activity of resveratrol
stereoisomers, Mol. Cancer Ther., 7, 3761-3770.

57.

58.

59.

60.

6l.

62.

63.

64.

65.

66.

67.

68.

69.

STAFEEV et al.

Mukherjee, S., Lekli, I., Gurusamy, N., Bertelli, A. A., and
Das, D. K. (2009) Expression of the longevity proteins by
both red and white wines and their cardio protective com-
ponents, resveratrol, tyrosol, and hydroxytyrosol, Free
Radic. Biol. Med., 46, 573-578.

Tili, E., Michaille, J., Adair, B., Alder, H., Limagne, E.,
Taccioli, C., Ferracin, M., Delmas, D., Latruffe, N., and
Croce, C. M. (2010) Resveratrol decreases the levels of
miR-155 by upregulating miR-663, a microRNA targeting
JunB and JunD, Carcinogenesis, 31, 1561-1566.

Aggarwal, B. B., and Shishodia, S. (2006) Resveratrol in
Health and Disease, Taylor and Francis Group, N. Y.

Peck, B., Chen, C., Ho, K., Di Fruscia, P., Myatt, S. S.,
Coombes, R. C., Futcher, M. J., Hsiao, C., and Lam, E.
(2010) SIRT inhibitors induce cell death and p53 acetyla-
tion through targeting both SIRT1 and SIRT2, Mol. Cancer
Ther., 9, 844-856.

Lee, S. H., Um, S., and Kim, E. (2013) CBX8 suppresses
sirtinol-induced premature senescence in human breast
cancer cells via cooperation with SIRT1, Cancer Lett., 335,
397-403.

Orecchia, A., Scarponi, C., Di Felice, F,, Cesarini, E.,
Avitabile, S., Mai, A., Mauro, M. L., Sirri, V., Zambruno,
G., Albanesi, C., Camilloni, G., and Failla, C. M. (2011)
Sirtinol treatment reduces inflammation in human dermal
microvascular endothelial cells, PLoS One, 6, 1-12.
Kauppinen, A., Suuronen, T., Ojala, J., Kaarniranta, K.,
and Salminen, A. (2013) Antagonistic crosstalk between
NF-kB and SIRT]1 in the regulation of inflammation and
metabolic disorders, Cell. Sign., 25, 1939-1948.

Yeung, F., Hoberg, J. E., Ramsey, C. S., Keller, M. D.,
Jones, D. R., Frye, R. A., and Mayo, M. W. (2004)
Modulation of NF-kB-dependent transcription cell sur-
vival by the SIRT1 deacetylase, EMBO J., 23, 2369-2380.
Yang, S. R., Wright, J., Bauter, M., Seweryniak, K., Kode,
A., and Rahman, I. (2007) Sirtuin regulates cigarettes
smoke-induced proinflammatory mediator release via
RelA/p65 NF-«B in macrophages in vitro and in rat lungs
in vivo: implications for chronic inflammation and aging,
Am. J. Physiol. Lung Cell. Mol. Physiol., 292, 567-576.
Yamamoto, Y., and Gaynor, R. B. (2001) Therapeutic
potential of inhibition of the NF-kB pathway in the treat-
ment of inflammation and cancer, J. Clin. Invest., 107, 135-
142.

Fernandes, C. A., Fievez, L., Neyrinck, A. M., Delzenne,
N. M., Bureau, E, and Vanbever, R. (2012) Sirtuin inhibi-
tion attenuates the production of inflammatory cytokines
in lipopolysaccharide-stimulated macrophages, Biochem.
Biophys. Res. Commun., 420, 857-861.

Bober, E., Fang, J., Smolka, C., lanni, A., Vakhrusheva,
0., Kruger, M., and Braun, T. (2012) Sirt7 promotes adipo-
genesis by binding to and inhibiting Sirtl, BMC Proc., 6,
P57.

Efimov, G. A., Khlopchatnikova, Z. V., Sazykin, A. Yu.,
Drutskaya, M. S., Kruglov, A. A., Shilov, E. S., Kuchmiy, A.
A., Nedospasov, S. S., and Tillib, S. V. (2012) Preparation
and characterization of a new recombinant single-domain
antibody specifically binding to human TNEF, Ross.
Immunol. Zh., 6, 337-345.

BIOCHEMISTRY (Moscow) Vol. 80 No. 10 2015



