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Abstract—Obesity is a major risk factor for type 2 diabetes and metabolic syndrome and an essential medical and social prob-
lem. In the first part of the review, we briefly highlight the biochemical basis of metabolic disbalance in obesity and evolu-
tion of our views on the mechanisms of insulin resistance development in insulin-sensitive tissues. Because obesity relates
to the disturbance in the normal physiology of fat tissue, the second part of the review focuses on latent inflammation that
develops in obesity and is supported by immune cells. Finally, the problem of adipocyte hypertrophy, reduced regenerative
potential of fat progenitor cells, and impaired renewal of fat depots is discussed in the context of type 2 diabetes pathogen-

esis.
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Obesity and type 2 diabetes mellitus (T2DM) are the
key problems in modern endocrinology. According to the
Russian Federal Diabetes register, ~3% of the population
have T2DM [1], yet >30% suffer from obesity [2]. Obesity
is the major risk factor for insulin resistance (IR) early in
T2DM and critically contributes to the metabolic syn-
drome development. Obesity and T2DM increase the risk
of micro- and macrovascular disorders, cancer and car-
diovascular complications, chronic kidney disease, limb
amputation, and blindness, all leading to physical disabil-
ities, impaired quality of life, and decreased work effi-
ciency. Understanding how IR and T2DM develop and
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relate to obesity is a central goal in molecular endocrinol-
ogy, as well as in cardiology and oncology.

Tackling this goal requires true integration of funda-
mental and clinical science. Now it has become clear that
obesity-related metabolic disorders (briefly described in
the first section of this review) have biochemical basis.
Over the last decades, the use of biochemical, physiolog-
ical, and cell biology techniques has helped to identify the
general mechanisms of IR development; these results are
summarized in the second section. During the last years,
there has been a strong trend towards the studies at the
system level, including those in knockout and high-fat
diet animal models, as well as analysis of tissue biopsies
from healthy donors, obese individuals, and T2DM
patients. This approach offers unique possibilities that go
beyond the laboratory context but requires the results of
laboratory experiments to be verified in clinical studies,
which is discussed in the last sections. The major focus is
placed on the adipose tissue because obesity is primarily
linked to its dysfunction. Apparently, immune cells,
inflammatory and regenerative processes critically con-
tribute to the T2DM pathogenesis by gradually changing
this tissue functions. We hypothesize that these changes
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include impaired renewal of fat depots that greatly con-
tributes to the IR development in the adipose tissue and
to the overall pathogenesis of obesity-associated T2DM.

OBESITY, IR, AND T2DM

Primary obesity results from the excessive dietary
input [3]. As an anabolic hormone, insulin facilitates
energy deposition in two major forms — limited short-
term glycogen in muscles and liver and the long-term tri-
acylglycerols (TAGs) in the fat tissue adipocytes.
Normally, energy reserves are utilized between the meals
mainly during physical activity (Fig. 1). Adrenaline and
glucagon stimulate lipolysis in the fat tissue, causing
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release of free fatty acids (FFAs) to the blood. FFAs cir-
culate in a complex with albumin and provide energy for
the cells of peripheral tissues. Together with glycerol pro-
duced by lipolysis in the fat tissue, FFAs are carried to the
liver, where they are re-synthesized into TAGs and
packed into very-low-density lipoproteins (VLDLSs) to be
transported to the peripheral tissues via the bloodstream.
Lipoprotein lipases present on the surface of vascular
endothelial cells hydrolyze TAGs in the lipoproteins.
Thus, liberated from VLDLs, or those circulated in blood
in complexes with albumin, FFAs are carried to the
underlying tissues through the vascular endothelium
(transcytosis) by specific FFA-binding proteins.
Adipocytes also express lipoprotein lipase and uptake
FFAs, thereby closing the lipid transport cycle (TAG-
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Fig. 1. TAG-FFA cycle between the adipose tissue and the liver. The TAG-FFA cycle governs the balance between the energy influx, con-
sumption, and storage as lipids (TAGs) [5]. Lipids constantly circulate between the fat and the liver as FFAs either in a complex with albumin
or components of VLDLs. Chylomicrons (CMs) ensure energy influx from the dietary sources; the brain and the muscle tissues consume most
of the energy. Lipids are delivered from VLDLs and CMs into cells as FFAs, which are released from TAGs by lipoprotein lipase (LPL). The
residual VLDLs (low density lipoproteins, LDL) and CM remnants are uptaken by the liver.
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FFA cycle) between the liver and adipose tissue. This
process is well known [4] and described in detail in clas-
sic biochemistry textbooks [5]. Importantly, it operates
continuously regardless of the nutrient excess or deficit,
which allows to balance the supply, usage, and storage of
energy at the system level in accordance to the delivery of
energy sources or their utilization during physical activi-
ty. Obesity develops as a result of chronic overload of the
TAG-FFA flux with nutritional glucose and FFAs that
greatly exceeds their utilization in tissues (Fig. 1, dashed
arrows). Fat depots become filled up; muscles and liver
accumulate glycogen. When maintained, this imbalance
drives the hypertrophy of adipocytes and adipogenesis in
the fat tissue, i.e., formation of new fat depots from the
resident progenitors, adipose-derived mesenchymal stro-
mal cells (MSCs) [6].

Obesity aggravates metabolic syndrome and pro-
vokes IR, thus representing the major risk factor for
T2DM. IR is manifested at both system and cellular lev-
els. The first sign of IR is the delayed glucose utilization
from the blood in response to a bolus of insulin, which is
regarded as glucose intolerance and prediabetes. As IR
intensifies, the blood levels of glucose and insulin become
elevated even after the overnight fast. Eventually, hyper-
glycemia causes dysfunction of pancreatic 3-cells because
of glucotoxicity and impairs insulin production. Together
with low insulin sensitivity of the insulin-targeted cells,
impaired insulin production results in sustained hyper-
glycemia shortly followed by diagnosis of T2DM.

In the postabsorptive period, up to 50% of blood glu-
cose is utilized by the brain, while other visceral organs
use up to 25% glucose [7]. The rest 25% is utilized via the
insulin-stimulated uptake (80-90% in muscles and ~5%
in fat tissues). These figures illustrate why muscle tissues
contribute most to the whole-body IR. However, the con-
tribution of adipose tissue may significantly increase in
obesity, reaching 30-50% of the prandial glucose [8].
Importantly, appearance of IR in the adipose compart-
ment is associated with chronic (latent) inflammation,
which maintains metabolic shifts and pathological
changes both locally and at the system level. How latent
inflammation induces and maintains IR is discussed
below. Here, it should be noted that lipolysis is upregulat-
ed in the fat tissue in IR, shifting the balance in the TAG-
FFA cycle towards the increased blood levels of FFAs.
This shift is further promoted by low utilization of FFAs
in the case of physical inactivity. Thus, overnutrition and
sedentary lifestyle significantly increase the risk of imbal-
ance in the TAG-FFA cycle, latent inflammation and IR
development in the fat tissue of obese individuals. It is
therefore likely that obesity, latent inflammation, and IR
form a pathologic triumvirate in prediabetes and create
conditions for development of T2DM. Although the
cause-and-effect relationships between these events are
not entirely understood and have yet to be fully estab-
lished, there is no doubt they are versatile and likely real-
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ized at the molecular level of intracellular signaling in
adipocytes, at the paracrine level in the adipose tissue,
and at the whole-body level. The latter involves interac-
tions of different organs (as illustrated by the example of
the TAG-FFA cycle), which are controlled by the
endocrine system and feedback loops formed by hor-
mones produced by the peripheral tissues, such as
adipokines and myokines.

At the cellular level, insulin acts in a tissue-specific
manner, but always via specific receptors and several sig-
naling pathways, including the PI3 kinase pathway and
protein kinase B/Akt as the major of them [9-11]. All
variations in cell responses to insulin arise at the postre-
ceptor level and depend on the cell type. They mainly
have a metabolic signature and are less coupled to tran-
scriptional regulation. Generally, insulin receptor signal-
ing targets glucose uptake, synthesis of glycogen, fatty
acids, TAGs, and proteins. In parallel, insulin represses
the reverse processes, such as glycogen breakdown, glu-
coneogenesis, and FFA delivery to the mitochondria for
B-oxidation. A hallmark of insulin receptor signaling is
involvement of a specific scaffold protein, the insulin
receptor substrate (IRS). IRS binds and triggers upstream
signaling mediators, which are described elsewhere in
more details [11, 12]. IRS is also a target for the negative
feedback and crosstalk regulation that switches off the
downstream signaling [12-15]. These mechanisms vary in
different insulin-dependent tissues and are discussed in
more detail in the next section.

MOLECULAR MECHANISMS
OF IR DEVELOPMENT

T2DM has been long known as a disease. Yet, only in
the last few decades it has become increasingly common
in the developed countries, likely because of abundance
of unhealthy food and sedentary lifestyle. Similarly, rela-
tionships between T2DM, glucose tolerance, obesity, and
increased blood levels of FFAs have been long noticed.
Since then, many studies, from non-trivial recruit selec-
tion [16] to clinically well-characterized patients [17],
have revealed that the blood levels of FFAs are normally
less than 0.6 mM, but increase to 0.6-0.7 mM and more
in the T2DM patients. Accordingly, many studies have
employed animals or volunteers for intravenous infusion
of 0.3-2 mM lipid mixtures (for example, Intralipid),
similar in composition to those in the blood plasma.
These studies have led to the conclusion that obesity and
dyslipidemia (dysfunction of lipid metabolism) associated
with the increased blood levels of FFAs, are critical to IR
development and subsequent T2DM [18].

More than 50 years ago, examination of the relation-
ship between FFAs and IR had led Philip Randle to the
idea of glucose-fatty acid cycle and hypothesis that FFAs
and glucose compete as the energy sources in animal cells
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[19]. Actually, Randle considered the left and the middle
parts of the cycle shown in Fig. 1, with no lipid turnover
in the liver. Based on the notion that increased (exces-
sive) levels of FFAs in the blood suppress glucose utiliza-
tion by muscles, Randle hypothesized that (i) cells recip-
rocally use lipid and carbohydrate metabolism for respi-
ration; (ii) increased blood FFAs suppress catabolism of
glucose in muscles; (iii) the effect of FFAs is realized via
inhibition of pyruvate dehydrogenase (PDH) complex,
phosphofructokinase 1 and hexokinase (i.e., glycolysis)
due to accumulation of acetyl-CoA and NADH in the
mitochondria, and citrate and glucose 6-phosphate in
the cytoplasm; and (iv) preferential oxidation of fatty
acids decreases the ability of insulin to stimulate glucose
uptake by cells [20].

In fact, Randle primarily focused on the metabolic
effects of FFAs towards the carbohydrate metabolism [21]
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(Fig. 2a). His key provision was that FFA oxidation in the
mitochondria increases acetyl-CoA/CoA and NADH/
NAD™ ratios, which diminishes the PDH complex activ-
ity, whereas the efflux of citrate to the cytoplasm inhibits
phosphofructokinase 1. As a result, the glycolytic flux is
inhibited and cells accumulate glucose 6-phosphate,
which reduces hexokinase activity and glucose phospho-
rylation. Glucose accumulates in the cytoplasm and pre-
vents its uptake from the outside. Although the effect of
FFAs on the insulin-stimulated glucose uptake was not
ruled out, its contribution was considered insignificant on
the basis of some experimental results [20].

The first indications that FFAs inhibit insulin-stim-
ulated glucose uptake were provided in 1990s by Boden et
al. (reviewed in [22]). However, the key data were soon
reported by Gerald Shulman and colleagues. Using *'P
and "C isotopes and nuclear magnetic resonance spec-
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Fig. 2. The hypotheses for mechanism of lipid-induced IR in muscles: a) the metabolic hypothesis by P. Randle [20, 21]; b) the signaling
hypothesis by G. Shulman [10, 25]. a) FFAs bypass glycolysis-derived pyruvate to enter the Krebs cycle (TCA) and increase the levels of acetyl-
CoA (Ac-CoA), citrate, and NADH (not shown). Ac-CoA inhibits pyruvate dehydrogenase (PDH), whereas citrate enters the cytosol where
it inhibits phosphofructokinase 1 (PFK1). As a result, the glycolytic flux is inhibited and the level of glucose 6-phosphate is increased, which
reduces the hexokinase (HK) activity. This increases the intracellular glucose level and shifts the balance towards reduced glucose uptake.
However, direct measurements of *'P- and '3C-glucose isotopes by NMR spectroscopy revealed a decrease, but not an increase, in the glucose
and glucose 6-phosphate levels. Hence, an alternative mechanism has been proposed (b) suggesting that FFAs interfere with the insulin-
induced glucose uptake by interrupting insulin cascade activation (receptor > IRS > PI3 kinase (PI3K) > Akt) and incorporation of glucose

transporter GLUT4 into the cell membrane.
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troscopy, they demonstrated that intravenous infusion of
FFAs in fact reduced the levels of intracellular glucose
and glucose 6-phosphate rather than elevated them, as it
was predicted by the Randle hypothesis [23, 24]. The fol-
lowing studies also demonstrated reduced PI3 kinase
pathway activity and led to the conclusion that FFAs
induce IR largely via impairment of insulin signaling to
glucose transport into the cells (reviewed in [25])
(Fig. 2b).

Currently, this view dominates, while the Randle
hypothesis (Fig. 2a) subsided, but in reality, the truth may
well lie somewhere between, and each mechanism may
contribute [26]. Moreover, later studies have demonstrat-
ed that GLUT4, which has been earlier considered as
solely the insulin-dependent glucose transporter, is also
regulated by the AMP-dependent kinase (AMPK) in the
insulin-independent manner. Taking into account that
AMPK is a cellular energy sensor and reduction in its
activity is critical for the TAG-FFA cycle imbalance and
T2DM, the role of AMPK likely needs to be taken into
account to complement the mechanism of IR develop-
ment [27].

A significant step towards understanding the mecha-
nisms of IR was the finding that IR is associated with the
appearance of ectopic lipids, i.e., the lipids deposited in
“wrong” locations in an organism. The phenomenon is
linked to obesity and related to decreased mitochondrial
function, which might occur naturally (e.g., in ageing), or
as a result of genetic predisposition, or as an anomaly
such as lipodystrophy [25]. At this background, overnutri-
tion may interfere with mitochondrial oxidation of fatty
acids and cause the TAG-FFA cycle overload (Fig. 1).
This was experimentally demonstrated in transgenic mice
overexpressing lipoprotein lipase in the liver [28] or skele-
tal muscles [29]. Excessive lipids accumulated in the form
of droplets specifically in these organs. In humans, these
changes may lead to the non-alcoholic fatty liver disease
(NAFLD) and sarcopenia. Importantly, ectopic lipids are
found inside (rather than outside) of the cells. Such a
location creates conditions for aberrant signaling involv-
ing lipid-dependent and inflammatory kinases, the two
groups of enzymes that most critically interfere with sig-
nal transduction from the insulin receptor to the glucose
transport machinery in the cells.

Activation of insulin receptor and downstream sig-
naling requires tyrosine phosphorylation of the receptor
and IRS [9, 10]. Insulin binding triggers receptor
autophosphorylation and IRS binding, followed by IRS
phosphorylation by the receptor at several sites. This
event allows for the binding of the adaptor proteins that
recognize phosphotyrosine-containing sequences in IRS.
In particular, Tyr612 binds the regulatory subunit of PI3
kinase, thus releasing the catalytic subunit, which phos-
phorylates phosphatidylinositol 4,5-bisphosphate (PIP2)
to yield phosphatidylinositol 3,4,5-trisphosphate (PIP3).
PIP3 recruits to the plasma membrane proteins with
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pleckstrin homology (PH) domains that bind inositol
rings phosphorylated at 3'-position. PH domain is present
in the phosphoinositide-dependent kinase PDKI1 and
protein kinase B (Akt), the major targets of the P13 kinase
pathway. PDK1 is the master regulator of the AGC fami-
ly kinases [30], including cAMP-dependent kinases (A),
c¢GMP-dependent (G) kinases, and protein kinase C (C),
which gave the name to this kinase family. PDK 1 activates
these enzymes by phosphorylating a residue in their acti-
vation loop. In Akt, this residue is Thr308, whose phos-
phorylation is absolutely required for the Akt activation.
Besides, additional phosphorylation of a residue within
the so-called hydrophobic motif of the substrate kinases is
needed for their effective recognition by PDK1 [30]. In
Akt, this site is Ser473; it is phosphorylated by the mTOR
kinase as a part of the mTORC?2 protein complex formed
by Rictor. Because mTORC?2 is also activated by PDK1,
full activation of Akt completely depends on the PI3
kinase pathway.

Akt has many cell substrates, and the PI3 kinase
pathway is implicated in a wide variety of cell responses
ranging from metabolic to transcriptional regulation [31].
With regard to metabolism, the key Akt function is regu-
lation of glucose transport in the muscle and adipose cells
and of gluconeogenesis in the liver. In all these tissues,
impairments in the insulin-dependent activation of Akt
and PI3 kinases are now considered as the major molec-
ular mechanisms of IR and metabolic disturbances asso-
ciated with T2DM [10, 25].

The mechanism of lipid-induced suppression of IRS
is the simplest in muscle, where it has been studied in
more detail [23, 32] (Fig. 3a). In 1980-90s, many studies
have shown that accumulation of ectopic lipids in muscle
leads to increased levels of diacylglycerol (DAG) and
activation of protein kinase C (PKC) (see [10] for a
review). The PKC family includes three groups of related
enzymes that differ in the mode of activation. The classic
PKCs (cPKC; isoforms a., B, y) are Ca’*-, phospholipid-
and DAG-dependent; the “novel” PKCs (nPKC; iso-
forms 9, €, 0, n) need only DAG for activation, whereas
atypical PKCs (aPKC; isoforms C, A, 1) do not require
Ca”" or DAG. Because of a single amino acid substitution
in the DAG-binding region, activation of nPKC is more
effective and prolonged. It is nPKC that is responsible for
IR in muscle and the liver.

Many studies using cellular, animal, and knockout
models have identified nPKCO and, to some extent,
nPKC5 as responsible for IR in muscles, and nPKCe —
for IR in liver [10, 25]. Mechanistically, nPKC6 has been
shown to phosphorylate Ser1101 in IRS1 and to interfere
with tyrosine phosphorylation of IRS in skeletal muscles
in response to insulin [33]. This phosphorylation was
increased in human muscles after lipid infusion, which
caused IR [34].

The mechanism of lipid-induced IR in the liver is
more complex. This is likely because liver is a multifunc-
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Fig. 3. Molecular mechanisms of IR development. a) IR development in muscles. Accumulation of TAG in ectopic lipids increases diacyl-
glycerol (DAG) content and promotes nPKC activation in the cytoplasm. PKCO phosphorylates Ser1101 in IRS and inhibits tyrosine phos-
phorylation of IRS in response to insulin receptor activation. As a result, insulin fails to activate the P13 kinase pathway, Akt, and mTOR com-
plex 2 (mTORC2). AS160 is the substrate of Akt and GDP-to-GTP exchange factor of small GTPase Rab that controls translocation of
GLUT4-containing vesicles to the plasma membrane. Inactivation of insulin cascade prevents mobilization GLUT4 and glucose uptake stim-
ulation by insulin. b) IR development in the liver. Accumulation of ectopic lipids leads to activation of PKCeg that phosphorylates insulin
receptor at Thr1160 and prevents activation of PI3 kinase. The P13 kinase pathway targets phosphorylase kinase (PhK), glycogen synthase
kinase 3 (GSK3), and glycogen synthase (GS), as well as the transcription factor FOXOI that regulates expression of phosphoenolpyruvate
carboxykinase (PEPCK), glucose 6-phosphatase (G6Pase) and glucokinase (GCK). Collectively, inactivation of insulin signaling in the liver
increases glycogen breakdown and gluconeogenesis flux, resulting in the increased glucose production. ¢) IR development in the adipose tis-
sue. FFAs activate the inflammatory pathways both in adipocytes and macrophages, thereby creating an autonomous cycle, the activity of
which is maintained by pro-inflammatory cytokines (CytoK) and TNFa (typical representative of macrophage-derived cytokines). JNK and

IKK inactivate insulin signaling by phosphorylating IRS. See the text for more details.

tional organ and the major metabolic hub in the organ-
ism. It is targeted by insulin; however, insulin does not
activate glucose uptake, but rather promotes glucose stor-
age in the form of glycogen and inhibits de novo synthesis
of glucose. Glycogen synthesis is stimulated by a com-
bined Akt-dependent inactivation of phosphorylase
kinase and glycogen synthase kinase 3 (Fig. 3b). This
leads to suppression of glycogen breakdown and re-acti-
vation of glycogen synthase and glycogen synthesis.
Suppression of gluconeogenesis by insulin is due to the
Akt-mediated retention of the transcription factor
FOXO1 in the cytosol; otherwise, FOXO1 translocates to
the nucleus, where it activates expression of the key glu-
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coneogenesis enzymes phosphoenolpyruvate carboxyki-
nase and glucose 6-phosphatase and inhibits expression
of glucokinase.

Similar to the muscle tissue, accumulation of ectopic
lipids in the liver results in the DAG-dependent activa-
tion of nPKCe. However, nPKCe does not phosphorylate
IRS (as in muscles), but targets Thr1160 of the insulin
receptor [35] (Fig. 3b). This is a highly conserved residue;
its phospho-mimicking mutation confers complete inac-
tivity to the receptor, whereas its substitution with a
residue uncapable of phosphorylation prevents hepatic IR
in animals fed with high-fat diet [35]. The loss of receptor
activity inactivates insulin signaling and relieves Akt-
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mediated inhibition of glycogen phosphorylase and
FOXO1. When released, FOXO1 translocates to the
nucleus and upregulates expression of phospho-
enolpyruvate carboxykinase and glucose 6-phosphatase,
while downregulating expression of glucokinase. The
net result is the reduced uptake of postprandial glucose
from the blood and increased rates of glycogenolysis and
gluconeogenesis with a subsequent release of glucose
into the blood. Contribution of hepatic glucose produc-
tion becomes principal for sustained hyperglycemia
under IR conditions in T2DM, especially in the fasting
states.

Homeostasis of the adipose tissue allows for a long-
term storage of considerable lipid amounts under contin-
uous operation of the TAG-FFA cycle and constant lipid
exchange (Fig. 1). Adipocytes are well protected from the
lipid-induced damage. The concept of ectopic lipids does
not apply to adipocytes; nPKC is likely to play a minor, if
any, role in adipose IR induction. Rather, the paracrine
regulation that involves other cells, mainly macrophages,
contributes primarily to changes in adipocyte metabolism
and its dysfunction, such as IR. While this regulation is
described in detail in the next sections, it follows the same
logic of turning off the insulin signaling to Akt and glu-
cose uptake via PI3 kinase pathway.

Resident macrophages are targeted by multiple
cytokines and adipokines produced by fat cells (Fig. 3c).
Various environmental factors, including FFA complexes
with albumin, induce cytokine secretion. By acting
through the inflammatory receptors, such as tissue necro-
sis factor receptor (TNFR) and Toll-like receptors type 2
and 4 (TLR2/TLR4), they activate signaling that involves
IKK, JNK, and transcription factors NF-kB and AP-1.
The FFA levels in the blood plasma are elevated in obesi-
ty, thus promoting TLR4 activation. In addition, adipose
tissue hypertrophy and hypoxia caused by obesity
enhance production of pro-inflammatory cytokines that
act as chemoattractants and recruit blood monocytes into
the fat tissue. Subsequent differentiation of monocytes
into pro-inflammatory macrophages (M1) boosts the
paracrine effects of macrophages on adipocytes. This
completes the vicious cycle thus increasing the inflamma-
tory background and activity of the inflammatory IKK
and JNK kinases in adipocytes. IKK and JNK induce IR
by suppressing insulin signaling (Fig. 3c). The role of
these kinases has been clearly demonstrated in animal
models of IKKp [36], IKKe [37], INK1 [38], or JNK2
[39] knockout. Yet surprisingly, the site phosphorylated in
IRS has not been precisely identified. Mutation of the
most expected Ser302 and Ser307 [40] did not produce
anticipated results in mice fed with a high-fat diet [41,
42]. Thus, despite the substantial evidence that inflam-
mation and inflammatory kinases IKK and JNK mediate
adipose IR development, their substrates in adipocytes,
and mechanistic involvement of serine phosphorylation
of IRS, remain uncertain.

VOROTNIKOV et al.

Summing up the mechanisms of IR development in
obesity, a principal conclusion can be drawn that all of
them are tightly associated with disturbed lipid metabo-
lism and increased blood and interstitial levels of FFAs,
which is typical of dyslipidemia. However, in contrast to
the widely accepted view on serine phosphorylation of
IRS as a key event in IR induction via inactivation of
insulin signaling, final evidence is still missing for all the
insulin-targeted tissues. Bearing in mind potential contri-
bution of other mechanisms, such as the metabolic
hypothesis by Randle, AMPK and decreased muscle
activity, the prospects for further studies to develop a uni-
fying theory remain wide open.

IMMUNE CELLS
AND LATENT INFLAMMATION
IN ADIPOSE TISSUE

While many protein kinases are able to phosphory-
late IRS at Ser residues in vitro and in cells [12, 14, 15],
the role of IRS phosphorylation in the adipose tissue in
vivo has been reliably demonstrated only for JNK and
IKK. These kinases are activated by various stress stimuli
that directly or indirectly induce the inflammatory signal-
ing in cells. Latent inflammation in adipose tissue, which
leads to IR, results from a combination of different fac-
tors associated with excessive lipid accumulation in the
cells. There are four classic components that link obesity,
latent inflammation, and IR in the adipose tissue: hyper-
lipidemia, hypoxia, oxidative stress, and endoplasmic
reticulum (ER) stress. All they develop via different
mechanisms, but activate the same transcription factors
NF-xB and AP-1 that upregulate expression of pro-
inflammatory genes and secretion of pro-inflammatory
cytokines, which act in an auto- and paracrine manner to
lock the pathologic loop shown in Fig. 3c, resulting in a
self-sustained autonomous cycle of latent inflammation
in adipose tissue.

Typically, inflammation develops as a response of
immune cells to foreign agents that appear in the blood
during infection, or to the products of disrupted and dead
cells, or as an aberrant autoimmune response. These
stimuli are correspondingly classified into pathogen-asso-
ciated (PAMP), damage-associated (DAMP), or stress-
associated molecular patterns (SAMP) [43]. FFAs act
non-specifically through the TLR4 receptors to activate
inflammation (Fig. 3c). Inside the cells, all receptor-
dependent inflammatory pathways converge at the key
kinase level, including stress-activated JNK1/2 and three
IKK isoforms (a, B and y) with different functions [11].
JNK activates the AP-1 transcription factor, whereas
IKK targets NF-kB to trigger expression of pro-inflam-
matory genes. TLR4 receptors are also expressed by the
macrophages, endothelial and other cells that reside in
the adipose tissue. TLR4 activation in macrophages
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upregulates production of pro-inflammatory cytokines,
including prototypical tumor necrosis factor (TNFa).
Macrophage-derived cytokines act as paracrine activators
of TNFR and other cytokine receptors on adipocytes,
maintaining the latent inflammation cycle [44].

Immune cells function as additional modulators of
adipose tissue homeostasis and contribute to the develop-
ment and maintenance of latent inflammation (Fig. 4).
All of them contain Toll-like and cytokine receptors and
become inevitably involved in the inflammatory response.
The innate lymphoid cells (ILCs) are on the top of the
hierarchy as the primary immune cells. There are three
major ILC phenotypes that have different surface mark-
ers, gene expression profiles, and secreted factors. Their
classification is based on the dominant action of a certain
transcription factor that specifies cell development and
function: group 1 expresses transcription factor T-bet;
group 2 — GATA3; and group 3 — RORyT. ILCs from
groups 1 and 3 are involved in development of obesity-
associated latent inflammation, whereas group 2 ILCs
maintain adipose tissue homeostasis by secreting the anti-
inflammatory cytokines, such as IL-4 and IL-13. The
group 1 ILCs additionally contribute to maintenance of
latent inflammation and IR in the adipose tissue by con-
trolling monocyte differentiation and polarization of
macrophages into the pro-inflammatory M1 phenotype
[45-47].

T lymphocytes demonstrate close relationship to
ILCs (Fig. 4). They also can polarize with a change in
their secretion profile. The subtypes of T helper (Th) cells
differ in the expression of transcription factors and effec-
tor genes. Thus, Th1 cells express transcription factors T-
bet and Blimpl; Th2 cells express GATA3 and Blimpl;
and Th17 cells express RORYT and IRF4. Th2 and Treg
lymphocytes maintain the adipose tissue homeostasis.
They secrete anti-inflammatory growth factors and
cytokines (IL-4, IL-5, IL-13 by Th2 and IL-10 and trans-
forming growth factor TGFp by Treg), thus limiting the
population of inflammatory Th1 cells. Obesity is associat-
ed with considerable infiltration of adipose tissue by Th1
and Th17 lymphocytes that secrete pro-inflammatory
factors (interferon-y by Thl; IL-17, IL-21 and IL-22 by
Th17), thus maintaining constitutive inflammation [48-
50].

B cells are also involved in the adipose tissue homeo-
stasis (Fig. 4). They are likely recruited and activated by
molecules produced by cell damage [51]. In obesity, adi-
pose tissue is infiltrated by B lymphocytes that actively
participate in the pro-inflammatory polarization of
macrophages, thus maintaining latent inflammation. In
addition to lymphocytes, NK cells contribute to the adi-
pose tissue IR, mainly by driving macrophage polariza-
tion to M1 phenotype [52, 53].

Dendritic cells remain the least explored group of
immune cells in the pathogenesis of T2DM, mostly
because they are difficult to distinguish from Ml
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macrophages that express similar surface markers.
Dendritic cells contribute to the development of latent
inflammation by regulating infiltration of adipose tissue
by T lymphocytes and differentiation of these cells [54,
55].

All the above groups of immune cells regulate activi-
ty, metabolism, and polarization of macrophages that
have the highest effector potential. There are two major
macrophage phenotypes, pro- (M1) and anti-inflamma-
tory (M2), which are the result of polarization, i.e., the
process of further differentiation marked by changes in
the profiles of cytokine expression and secretion. The
type of polarization critically impacts obesity and IR
development. It is controlled by immune cells, cytokines,
and other microenvironmental cues that create a network
of signaling cascades, transcription factors, and epigenet-
ic patterns inside the cells. While the canonical
IRF/STAT signaling cascade activated by interferons and
Toll-like receptors shifts the macrophage phenotype
toward M1, the cytokines IL-4 and IL-13 drive polariza-
tion towards the M2 phenotype in a STAT6-dependent
manner [56]. In obesity, adipose tissue actively secretes
cytokines that stimulate macrophage recruitment and
polarization into pro-inflammatory M1 phenotype, as
well as promote the M2-to-M1 transition, thereby main-
taining latent inflammation in this tissue [57].

Fig. 4. Role of immune cells in the regulation of immune status
and adipocyte state in the fat tissue. This regulation is hierarchal:
ILCs play the major role by regulating secretion profiles of other
immune cells, including T cells, B cells, and natural killer (NK)
cells, which together modulate the phenotype (immune status) of
macrophages. Macrophages are the most effector cells; they reg-
ulate the adipocyte state and insulin sensitivity in the adipose tis-
sue.
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The above data clearly demonstrate that, at least in
the adipose tissue, inflammation is tightly associated
with obesity and lipid-induced IR. However, the
causative relationship between inflammation and IR in
the adipose tissue and, most importantly, between
inflammation and systemic IR, is all but apparent. The
observations that chronic (latent) inflammation typical
for the adipose tissue hypertrophied in obesity often
results in IR [3, 44] and that the inflammatory cascade
activity is increased under in vitro conditions that lead to
IR [58] suggest that latent inflammation precedes IR.
However, latent inflammation does not always lead to IR
and T2DM (as in case of autoimmune diseases), and
obesity-unrelated T2DM may not involve the inflamma-
tory component. This means that the link between latent
inflammation and IR is not mandatory a priori but may
be self-sufficient for the development of lipid-induced
IR in obesity.

Considering the central role of adipose tissue in
energy metabolism (Fig. 1) and the importance of FFAs
in IR in insulin-dependent tissues (Fig. 3), it is plausible
that the pathological process may begin in the fat tissue,
actively develop there due to the auto- and paracrine
interactions between adipocytes, macrophages, and
other leukocytes (Figs. 3c and 4), and then expand to
other tissues. Although this process should not be con-
sidered as an infection in the strict sense, these two phe-
nomena have much in common. FFAs could be regarded
as physical inducers of inflammatory response similar to
DAMPs or SAMPs both in size and the mechanism of
action via the inflammatory receptors and signaling
pathways in the recipient cells. FFAs are not antigens;
they act directly on the receptors, bypassing the binding
to antibodies. FFA complexes with albumin constantly
circulate in the blood, normally amounting up to
0.6 mM (with respect to FFAs) with no significant
inflammatory response. Remarkably, a relatively minor
increase in the blood FFA level (about 30%, exceeding
0.7 mM in T2DM patients [17]) leads to dramatic events
with a major functional outcome. It is possible that this
effect is determined not only by increased FFA levels,
but also by its duration, or limited capacity of albumin as
an FFA carrier, or other factors (see the next section).
Although FFA action is clearly different from the classic
immune response, this does not exclude the possibility
that FFAs may affect B cells and induce or alter their
responses, similarly to the antigen-presenting cells.
These possibilities, as well as the question whether these
cells can participate in the systemic expansion of IR,
clearly require separate studies.

Latent inflammation is widely accepted as the major
risk factor for IR in adipose tissue [3, 44, 57, 59]. In the
last section, we discuss feasibility of the anti-inflammato-
ry approaches in treating IR both experimentally and
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clinically. Earlier, we demonstrated a potential of the
anti-inflammatory IL-4 that demonstrated positive
results in the in vitro IR model using 3T3-L1 adipocytes
[60]. In addition, different strategies to induce IR in 3T3-
L1 adipocytes were successful only in the case of sus-
tained activation of inflammatory signaling [58].
Collectively, all these data argue in favor of inflammation
as the major inducer of IR.

At the same time, the recent study used the cell lines,
animal models, and human adipose biopsies to demon-
strate that inflammation in the adipose tissue may be a
result of IR [61]. AdRiKO mice (adipocyte-specific
knockout of Rictor, the scaffold organizer of mTORC?2)
fed with a high-fat diet developed systemic IR,
macrophage infiltration of white adipose tissue, and
inflammation, but not the other way around. Obesity
induced IR, leading to increased expression of the mono-
cyte chemoattractant peptide MCP-1 and migration into
the fat tissue of mainly M1 macrophages that caused
inflammation. The authors concluded that mTORC2
activation counteracts IR independently of obesity. The
effect of the high-fat diet was more pronounced in
AdRiKO mice, while activation of mTORC?2 in the wild-
type mice was protective. An obvious question as to
whether obesity affects the mTORC?2 activity and predis-
poses to IR development in human tissues has been also
addressed. mTORC?2 was less active in obese vs. healthy
individuals; the phosphorylation level of Ser473 in Akt
(the mTORC2 substrate) was lower and negatively corre-
lated with the body mass index (BMI) in obese individu-
als [61]. Although expression of MCP-1 and CD68 was
higher and correlated with BMI in patients with morbid
obesity, the cause-and-effect relationship could not be
established, as the experiments on human subjects were
not possible. Whether the mTORC2 activity is different
between healthy individuals and T2DM patients also
remained unexplored.

Therefore, the mechanism for maintaining IR that
had once developed as a result of dyslipidemia and signal-
ing response in different tissues (Figs. 2 and 3) seems to
play the principal role in T2DM pathogenesis. This
mechanism is likely to involve cyclic interactions between
dyslipidemia, chronic inflammation, and IR that main-
tain its activity for indefinite time (Fig. 5). In obesity,
FFA blood levels increase and stimulate IR development
in the muscles and liver by interrupting insulin signaling
inside the cells. At the same time, FFAs trigger resident
macrophages and their inflammatory responses in the
adipose tissue. In addition, FFAs impact circulating
immune cells and cause their infiltration into the adipose
tissue. This results in the increased inflammatory back-
ground, which is further maintained by sustained pro-
inflammatory reactivity of macrophages and other
immune cells. This chronic latent inflammatory process
promotes lipolysis and FFA release by adipocytes, closing
up this self-sustaining inflammatory cycle.
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Fig. 5. Proposed mechanism of systemic IR development. Continuous excessive energy supply characteristic for obesity causes imbalance in
the TAG-FFA cycle and increases the circulating FFAs levels, leading to activation of macrophages and formation of autonomous cycle of
latent inflammation. Excessive FFAs are uptaken by other tissues, where they accumulate as ectopic lipids and activate lipid-dependent nPKC,
which inhibits insulin signaling at the receptor or IRS levels. Systemic IR is maintained by latent inflammation mediated by macrophages and

other immune cells in the adipose tissue.

ADIPOCYTE HYPERTROPHY
AND MSC DYSFUNCTION

Adipocytes are responsible for the long-term storage
of energy surplus. Under the excessive energy supply con-
ditions, such as in obesity, and low physical activity, fat
deposition may occur either due to adipocyte hypertro-
phy or hyperplasia and formation of new fat depots [6].
An increase in the number of cells is provided by prolifer-
ation, whereas formation of new fat depots results from
the adipogenic differentiation of MSCs (adipocyte pre-
cursors). These activities of MSCs are likely not compro-
mised in obesity, and adipocyte renewal is not impaired
[62]. At the same time, the total number of adipocytes in
the body is set in an early age and does not much change
thereafter, with a halftime of adipocyte renewal approxi-
mately 8 years independently of the fat volume [62]. This
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indirectly indicates that adipocyte renewal occurs in a
one-to-one fashion, and obesity is largely due to the
adipocyte hypertrophy, i.e., an increase in the cell volume
and amount of deposited lipids.

In obese T2DM patients, adipocytes are hypertro-
phied even more than in obese, but otherwise healthy
subjects [63]. However, proliferative and adipogenic
activities of MSCs isolated from these donors are very dif-
ferent. Diabetic MSCs proliferate much slower and their
differentiation potential is considerably lower [63].
Figure 6 summarizes the results of comparative studies on
healthy patients with different BMI [6] and obese T2DM
patients vs. obese, but metabolically healthy donors [63].
Collectively, these data suggest that T2DM may be specif-
ically linked to latent inflammation in the adipose tissue
and dysfunctional renewal of fat depots regardless of
BMI.
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Fig. 6. Proposed role of latent inflammation and impaired renewal of fat depots in IR and T2DM pathogenesis. The capacity of fat depots may
be increased by increased number of adipocytes (hyperplasia) or their size (hypertrophy) [6]. The number of adipocytes is likely set in early
childhood and does not much change thereafter, with the half-period of adipocyte renewal about 8 years, independently of the fat tissue size
[62]. Therefore, contribution of hyperplasia is manifested at the stage of MSC (adipocyte precursor) proliferation, thus determining the poten-
tial capacity of fat depots. The ability to store excessive lipids is determined by the renewal of fat depots, including recruitment of new
adipocytes and disposal of spent ones. A combination of impaired proliferation and adipogenic differentiation with the increased inflammato-
ry background in adipose tissue of obese and T2DM patients [63] suggest the involvement of latent inflammation and impaired regenerative

potential of MSCs in the development of IR and T2DM.

Interestingly, BMI and other overweight-related
parameters positively correlate with the plasma levels of
FFAs; however, plasma levels of FFA only slightly differ
(by ~6%) in obese individuals with or without IR
(HOMA-index) and T2DM [17]. These data obtained in
a large cohort of test subjects together with the retrospec-
tive analysis of earlier studies have shed a doubt on the
credibility of association between the blood levels of FFAs
and T2DM but supported association of FFA levels with
obesity [17, 64]. Counterintuitive as these observations
may seem, they perfectly fit the above hypothesis (Fig. 6).
Latent inflammation and dysfunctional renewal of fat
depots can be more critical for IR and T2DM develop-
ment than the blood levels of FFAs.

Adipose tissue is a complex multicomponent system
composed of different cell types that mutually regulate
each other’s activities; its homeostasis needs regulation for
proper tissue functioning. Both immune cells and MSCs
can regulate the state of adult adipocytes. MSCs have an
immuno-privileged status and exert immunomodulatory
activity. Systemic introduction of MSCs isolated from
healthy animals into the high-fat diet animal models
increases insulin sensitivity, which is associated with
changes in the phenotype of resident immune cells. The
mechanisms of the donor MSC action may involve secre-
tion of exosomes that contain STAT3 and activate the M2
phenotype of macrophages [65] and/or suppress ubiqui-
tin-dependent degradation of IRS1 in muscles [66].
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The opposite case of MSC response to IR has been
also demonstrated. MSCs from animals with IR demon-
strated markedly altered expression profiles [67, 68]. As
discussed above, obesity is the primary risk factor of IR
development and T2DM, associated with increased
inflammation in adipose tissue. Moreover, obesity is also
associated with increased inflammatory state of MSCs
themselves [63, 69]. Therefore, latent inflammation is a
likely cause of MSC dysfunction and disturbed adipocyte
renewal in T2DM. Other links between MSCs and T2DM
remain yet unknown.

The current cell-centered paradigm of latent inflam-
mation in adipose tissue and T2DM development is based
on the cell—cell interactions between adipocytes and
immune cells. A potential role of MSCs as critical regula-
tors of the fat tissue homeostasis is often neglected. Little
is known on the mechanisms that mediate interactions
between MSCs and fat tissue cells other than adipocytes.
Recently, several reports demonstrated altered properties
of adipose-derived MSCs in T2DM [63, 69, 70].
Different mechanisms have been suggested to explain
how MSC:s affect the IR development, including immune
regulation of the balance between macrophages and T
cells by MSCs [69], compromised proliferation and adi-
pogenesis of MSCs [63], and increased oxidative stress
and autophagy in MSCs [70].

The possible causes of MSC dysfunction in T2DM
are disputable. We found that MSCs have a “memory”,
which allows them to retain some features altered by age-
ing or disease, even after the isolated cells had been cul-
tured in vitro [63, 71-73]. Because these changes have
remained for a relatively long period during culturing,
they are unlikely solely due to signaling or metabolic
effects. More likely, epigenetic mechanisms are involved
in the formation of rather profound and lengthy patho-
logical MSC phenotype. More efforts are clearly needed
to explore this issue. Here, it is important that the above
studies cast a new light on the problem of IR development
in adipose tissue and, perhaps, T2DM in general. We
hypothesize that T2DM pathogenesis may be associated
with the dysfunction of adipose tissue progenitor cells
caused by latent inflammation.

PROSPECTS OF ANTI-INFLAMMATORY
T2DM THERAPY

Anti-inflammatory therapeutic approaches to IR
and T2DM are actively studied. The first clinical trials
were launched in 1996, when a TNFa-blocking antibody
was used against T2DM [74]. The outcome was not excit-
ing, as the antibody produced no significant effect on the
clinical indicators in the test subjects. However, the
results should be taken with some skepticism because only
10 patients were enrolled in the study. In the following
study, TNFa inhibition was achieved using etanercept, a
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protein construct consisting of a soluble part of TNFa
receptor and immunoglobulin Fc fragment. When used
for 4-26 weeks, etanercept significantly reduced the fast-
ing blood sugar and increased the level of high-molecu-
lar-weight adiponectin. This was the first, although mod-
est, success of the anti-inflammatory therapy of T2DM
[75-77].

Meanwhile, basic research has provided an informa-
tion on the mechanism that links inflammation to IR and
demonstrated the role of IKKf in IR induction. This laid
down the basis for using the next substance — salsalate
(salicylate dimer), a non-steroid anti-inflammatory drug
and non-specific IKKf inhibitor. The trial duration was
12-48 weeks; regular intake of salsalate effectively
reduced the fasting blood levels of sugar, triglycerides, and
glycated hemoglobin, while increased levels of high-
molecular-weight adiponectin [78-80].

Recent advances in the anti-inflammatory therapy of
T2DM are based on the use of antibodies against IL-13
and its receptor. Earlier studies have demonstrated that
the anti-IL-1p antibody reduces the levels of the C-reac-
tive protein and glycated hemoglobin and activates secre-
tion of insulin. The cardiovascular effects of anti-1L-1(3
antibody (canakinumab) are tested in the still ongoing
CANTOS (Canakinumab ANti-inflammatory
Thrombosis Outcomes Study) trial, that also monitors the
antibody effects on T2DM. Canakinumab has been found
to lower the incidence of cardiovascular complications in
T2DM patients. However, despite a significant decrease
in the C-reactive protein level in the treated subjects, no
reduction in new T2DM incidents has been observed [81,
82].

Summing up the results of clinical studies, the anti-
inflammatory therapy produces some positive effects on
the carbohydrate metabolic parameters in T2DM
patients; however, its current efficacy is still far from that
of the classic sugar-lowering drugs such as metformin,
dipeptidyl peptidase 4 inhibitors, glucagon-like peptide-1
(GLP-1) receptor agonists, etc. Nonetheless, recent
experimental studies have exhibited a new trend in the
anti-inflammatory approach based on the use of anti-
inflammatory cytokines or gene-targeting techniques that
may increase insulin sensitivity of adipose tissue and
stimulate beige fat formation [60, 83-86]. So far, MSCs
have not been considered as a potential target for the anti-
inflammatory therapy; however, we believe that the above
arguments prove the potential of this approach.
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