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MOACKYASIPHbIC MEXaHUM3MbI PAa3BUTHS
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@I'BY Poccuiickuii kapouoaoeuuecKuii Hay4Ho-npouseoocmeeHHblll komniekc, Mockea
(eenepanvrblil dupexkmop — akademux PAH, npogeccop E.U. Yazos)

Hncyaunosas peaucmenmuocms (MP) — amo ghenomen, c843aHHbLI C HAPYUIEHUEM CROCOOHOCMU UHCYAUHA CIMUMYAUPOBAMb 3AX6AM
2NI0K03bl KACMKAMU-MUUEHAMU U CHUICAMb YPOBeHb 2110K03bl 8 Kposu. OmeemHoe ycunenue ceKxpeyuu UHCYAUHAa noo0xcesydouHoi
Hcene3oll U 2UNEPUHCYAUHEMUSA ABAAIOMCA KOMUEHCAMOPHbIMU peaKyuamu opeanusma. Pazeumue UP eéedem k necnocobnocmu Kae-
MOK-MUleHell peazupoeams Ha UHCYAUH, & pe3yabmame 4e2o paseugaromcs caxapuviii ouabem 2 muna (CA2) u memaboauueckuii
cundpom. Ilo amoii npuuure memabosuecKuii CUHOPOM HA npaKmuke onpedensiemcs kax covemarnue U P ¢ 00HoIl unu HeckoabKuMu
namonoeusmu, maxkumu kax C/[2, apmepuansvnas eunepmonus, ducaunudemusi, ab0OMUHANbHOE 0XcUpenUe, HeaaK020AbHAsL HCUPO-
8as bone3Hb newenu u Hekomopble opyeue. OOHAKO e20 PuU3U0A02UMECKUM KPUMepUem 6ce20d CAYICUM COUEMAaHUe 8blCOK020 YPOGHS
2/110K03bl U UHCYAUHA 8 KPOBU.

HUP credyem paccmampusamo Kak cucmemiblii c60ii IHOOKPUHHOU peeyasyuu 6 opeanusme. Pusuonoeuueckue npuvunst UP paznoo-
opasHbl. OCHOGHBIMU SABAAIOMCA NUUEBAS NepeePy3Ka U HAKONAEHUE 8 KAeMKaX OnpedeseHHblX AUNUO08 U UX Memaboaumos, Hu3Kas
Quzuneckas aKkmMueHOCMb, XPOHUUECKOe 80CRAAEHUe U CMPecC PA3AUYHOU NPUPoObl, 6KAI0HASI OKCUOAMUBHDLI U «cmpecc SHO0NAA3-
MAmMu4ecKo20 pemuKyiyma» (Hapyuenue pacnaoa nospexcoeHtbix beaxos é kiemke). Kax noxkaszvieaiom uccaedoganus nocieoOHux
Aem, 3mu Qu3Uos02UHeCKUEe MEXAHUIMbL, CKOpee 8Ce20, Pedaiu3yiomces no eOUHOMY 6HYMPUKACMOYHOMY cueHapuio. Mm cayucum
HapyuleHue nepedayu CUSHaa om peuenmopa UHCYAUHA K e20 MUWEHM N0 MEXAHUZMY OMPULAMENbHOL 00pamHoill 653U 60 GHY-
MPUKAEMOYHBIX UHCYAUH-3ABUCUMBIX CUCHAAbHBIX KACKAOAX.

B dannom 0630pe paccmompenvl usuosoeutecKue U 6HymMpuUKIemouHble MeEXAHU3MbL OelCcmeus UHCYAUHA; OCHOBHOE GHUMAHUe yoe-
AeHO ux HapyuweHnusm npu pazeumuu UP. B 3axaouenuu o6cyincoaiomes 603MOACHbIE HANPAGACHUS PAHHEN MOACKYAAPHOU OUACHO-
cmuxu u mepanuu UP.

Karoueeote caosa: uncyrunosas pe3ucmeHmHOCMb; caxapHulii duabem 2 muna; UHCYAUH-3A8UCUMASL GHYMPUKACMOYHAS CUCHAAU3A -
yus,; oopamuas cea3v; 6eaok IRS, gocgpopunruposanue
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Insulin resistance (IR) is a phenomenon associated with an impaired ability of insulin to stimulate glucose uptake by target cells and
to reduce the blood glucose level. A response increase in insulin secretion by the pancreas and hyperinsulinemia are compensatory
reactions of the body. The development of IR leads to the inability of target cells to respond to insulin that results in developing type 2
diabetes mellitus (T2DM) and metabolic syndrome. For this reason, the metabolic syndrome is defined in practice as a combination
of IR with one or more pathologies such as T2DM, arterial hypertension, dyslipidemia, abdominal obesity, non-alcoholic fatty liver
disease, and some others. However, a combination of high blood glucose and insulin levels always serves as its physiological criterion.
IR should be considered as a systemic failure of the endocrine regulation in the body. Physiological causes of IR are diverse. The main
ones are nutritional overload and accumulation of certain lipids and their metabolites in cells, low physical activity, chronic inflamma-
tion and stress of various nature, including oxidative and endoplasmic reticulum stress (impairment of damaged protein degradation in
the cell). Recent studies have demonstrated that these physiological mechanisms likely act through a single intracellular scenario. This
is the impairment of signal transduction from the insulin receptor to its targets via the negative feedback mechanism in intracellular
insulin-dependent signaling cascades.

This review describes the physiological and intracellular mechanisms of insulin action and focuses on their abnormalities upon IR
development. Finally, feasible trends in early molecular diagnosis and therapy of IR are discussed.
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SYSTEMIC EFFECT
AND TARGET ORGANS

OF INSULIN
pon food intake, the blood glucose concentration
l | increases, stimulating insulin secretion by
pancreatic f-cells. Insulin activates glucose
uptake in skeletal muscle and adipose tissue cells.
These cells contain substantial levels of glucose transporter
type 4 (GLUT4). Insulin causes the exposure of GLUT4
on the cell surface, triggering glucose transport into cells.
Glucose is stored in muscle cells (myocytes) as glycogen;
in adipose tissue cells (adipocytes), it enters glycolysis,
the products of which are used to synthesise fats. Insulin
also affects hepatocytes, which are cells in the liver, a
key metabolic organ. In them, it also stimulates glycogen
synthesis and conversion of glucose to lipids. Unlike the
adipose tissue, the liver is not a fat depot. It actively exports
fats to other tissues, including the adipose tissue, via
lipoprotein particles.

Hepatocytes do not have insulin-dependent transporter
GLUT4, and therefore, insulin affects them via a mechanism
that is different from that in myocytes and adipocytes [1].
The mechanism in hepatocytes is associated with a change
in the activity of enzymes for three metabolic modules,
but is not associated not with glucose transport into cells.
First, insulin inhibits glycogen phosphorylase, which retards
the degradation and increases the synthesis of glycogen in
the liver and muscles. Second, insulin activates glycolytic
enzymes and accelerates the decomposition of glucose
to acetyl-coenzyme A, which is a substrate for fatty acid
synthesis. Insulin simultaneously inactivates enzymes of
gluconeogenesis, inhibiting the reverse synthesis of glucose.
Third, insulin unblocks a key enzyme of fatty acid synthesis,
acetyl-CoA carboxylase, stimulating the formation of
malonyl-CoA. Additionally, insulin inhibits the activity of
lipase, which cleaves triglycerides, enabling their formation
from fatty acids. Therefore, the cumulative effect of insulin
on all target tissues is directed at shifting the metabolic
equilibrium towards the conversion of glucose to glycogen
and lipids.

Between meals, insulin secretion is reduced and the
insulin block of gluconeogenesis and glycogen breakdown in
the liver is removed. The insulin-glucagon index decreases
and the actions of glucagon and epinephrine are initiated.
These hormones are functional antagonists of insulin. They
enhance glycogen breakdown, and glucagon also stimulates
gluconeogenesis and glucose release from hepatocytes.

When fasting, lipid synthesis in the liver is decreased and
triglyceride hydrolysis in the adipose tissue is increased. Its
products, free fatty acids, are transported by blood to the
liver. The cell cannot convert fatty acids to glucose because
of the irreversibility of the reactions catalysed by the pyruvate
dehydrogenase complex. As an energy source, ketone bodies
are predominantly synthesised from fatty acids and are
transported by the blood to the peripheral organs. Some
tissues, such as the myocardium, use ketone bodies as the
main source of energy during fasting, but brain cells require
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glucose. This required blood glucose level is maintained due
to gluconeogenesis, which occurs in the liver; its sources are
products of protein and amino acid catabolism. A metabolic
shift towards ketone bodies increases the intensity of lipolysis
in the adipose tissue and consumption of fat reserves during
prolonged fasting.

It is important for the body to maintain a balance
between uptake, synthesis, and release of lipids from the
liver. A shift in this balance towards lipid accumulation
leads to a systemic reaction, affecting all insulin-dependent
organs and resulting in the inevitable development of IR.

The systemic coordination of insulin-dependent
tissues is implemented by the central nervous system in
conjunction with the hypothalamic-pituitary system, which
plays a key role in this process [2]. These organs are also
referred to as insulin-dependent tissues, which are insulin
targets [3]. They receive afferent stimuli from the stomach
(ghrelin), pancreas (insulin), and adipose tissue (leptin).
Insulin and leptin act in the same direction, stimulating
the storage of energy in the form of glycogen in the liver
and muscles and triglycerides in the adipose tissue. Insulin
causes short-term responses, while leptin induces long-
term responses. Hypothalamic hormones (melanocortins,
neuropeptide Y, agouti-like protein, etc.) affect the pituitary
gland and convert afferent stimuli into efferent ones [4].
The sympathetic and parasympathetic nervous systems are
responsible for the efferent regulation. The former controls
the mobilisation of energy reserves, while the latter controls
their accumulation due to the vagal regulation of the
secretory activity of -cells of the pancreas and peripheral
effects of insulin. Other peripheral hormones are also
involved in the systemic coordination of insulin-dependent
tissues. The most significant of these are of adipocyte origin
(adiponectin, resistin, and other adipokines) or are local
proinflammatory cytokines (TNF-a, interleukins-1 and
-6, etc.). The latter ones are usually associated with the
role of inflammation as a risk factor and the physiological
mechanism of IR [5].

PHYSIOLOGICAL MECHANISMS
FOR THE DEVELOPMENT
OF IR

IR is heterogeneous by its nature. Its pathophysiological
basis is the systemic impairment of the interaction between
the four major insulin target organs. IR occurs in these
organs consistently and, at first glance, independently, but
it ultimately integrates all of them and becomes systemic [2].
The muscles, liver, and adipose tissue are the primary target
organs. IR in adipocytes is the last to develop; the adipose
tissue often retains sensitivity to insulin even after the liver
and muscles are already resistant. The hypothalamus and
pituitary gland play a coordinating role. Either directly or
indirectly, they also act as IR targets. Thus, IR is a tissue-
specific phenomenon, and its development can be affected
by several hormonal systems. At the body level, the CNS
may play a leading and even defining role in IR [6].

There are likely many causes for the pathogenesis of
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Figure 1. Conceptual illustration of the article’s main idea.
Insulin resistance at the cellular level occurs due to the
uncoupling of insulin signalling at the insulin receptor
substrate (IRS) protein level. This phenomenon is based

on a single mechanism of phosphorylation of IRS on serine
residues. Inside of the cell, this effect is likely due to
different protein kinases that are effectors of various
physiological mechanisms, the main of which

are depicted.

IR, and not all of them are known yet. At the moment,
four basic physiological mechanisms are recognised.
These are overnutrition and low physical activity, obesity,
inflammation, and stress. However, all of them are apparently
ultimately realised in cells through a single mechanism of
the phosphorylation of an immediate substrate of the insulin
receptor, the insulin receptor substrate (IRS) protein, and
the impairment of its interaction with the receptor (Fig. 1).
Therefore, the division of “physiological” versus “cell”
mechanisms is rather formal and shows the level of the
whole organism in the first case, while it does not go beyond
the cell in the second one.

Overnutrition and low physical activity increase the
ATP level and reduce its metabolite, AMP, in the cell. As a
result, the AMP-activated protein kinase (AMPK) activity
is decreased. This enzyme acts as a cell metabolic sensor,
maintaining energy homeostasis [7]. The importance
of AMPK function is evidenced by the fact that it (or its
homologues) is present in all eukaryotic cells ranging from
yeast to human, including plant cells [8]. AMPK controls
the activity of mTorC1, the first protein complex based
on mTOR (mammalian target of rapamycin) kinase.
This complex is a master switch between catabolism and
anabolism in the cell [9]. When activated, it stimulates
anabolic processes that lead to protein synthesis, cell
growth and division, fat synthesis (lipogenesis), and an
increase in the body lipid depots due to the differentiation
of preadipocytes into adipocytes (adipogenesis). Having
received a signal from AMPK, mTorCl1 loses its activity;
the cell switches to catabolism and utilisation of the reserves
or incoming energy sources. Apparently, this transition is
somehow related to the reciprocal activation of the second
protein complex, mTorC2. mTorC2 is responsible for
translocation of the GLUT4 glucose transporter to the cell
membrane and for insulin-dependent glucose transport into

adipocytes and myocytes [10].

Active ATP hydrolysis occurs in myocytes during
exercise. The adenylate kinase enzyme regenerates ATP in
the reaction 2ADP — ATP + AMP, and the resultant AMP
activates AMPK. The latter switches off mTORCI1 and
triggers the utilisation of energy reserves. Thus, the AMPK
system is also a physical activity sensor. In the absence of the
latter, the AMPK activity is decreased and that of mMTORC1
is increased. Together, these events are the physiologically
coordinated cell response to overnutrition and a lack of
exercise.

AMPK is also the target of adiponectin, which is a
hormone of the adipose tissue [11]. Adiponectin increases
the sensitivity to insulin, but its secretion is reduced in obese
people [12]. This leads to AMPK inhibition and mTOR is
activation in obesity. In addition, adiponectin prevents the
development of IR, activating the degradation of ceramides
and the accumulation of an important signalling molecule,
sphingosine-1-phosphate, in the cell [13]. Under conditions
of obesity and adiponectin deficiency, ceramide degradation
is impaired and the ceramide-dependent mechanism of IR
induction is activated, which involves neither AMPK nor
mTOR.

Hyperlipidaemia (obesity) is closely related to insulin
resistance. Although it remains unclear which of these
phenomena is the primary one, numerous clinical data
suggest that obesity is a cause of IR [14]. In turn, IR
accelerates further weight gain and promotes obesity [2],
acting via the positive feedback mechanism whose details
are still unknown. A restrictive diet and weight loss restore
insulin sensitivity in people with a sedentary [15].

Morbid obesity associated with IR has a characteristic
feature. The fat is in the visceral (abdominal) location, i.e.,
is deposited in the cells of the liver, muscles, heart, vascular
wall, and other organs, concentrating in the peritoneal
area. In contrast, fats in the normal case are deposited in
adipocytes, and this fat layer is located subcutaneously and
distributed much more uniformly throughout the body. As
a result, pathologic fat depots are called ectopic, thereby
indicating the abnormality of their location in the body [16].
The formation of ectopic, but not visceral, fat has led to the
development of IR and metabolic changes [17].

The ectopic fat distribution should not be confused with
its accumulation outside cells. The results obtained in animal
models and patients have demonstrated that IR severity
correlates with the accumulation of fats inside cells but not
in the intercellular space [1]. These are intracellular lipids
that impair signal transduction from the insulin receptor and
reduce insulin-dependent glucose uptake in the cells of non-
fatty tissues, causing the development of IR and T2DM [16].
This physiological mechanism is consistent with the concept
that IR develops first in the liver and skeletal muscles [2],
whereas the adipose tissue still remains insulin-sensitive
for some time [18]. Most likely, IR arises first in the liver
and only then develops in other organs with a different time
delay [19]. Prolonged ectopic fat accumulation in the liver
(obesity) leads to the development of nonalcoholic fatty
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Lipids constitute a broad range of molecules with
different structures and functions. When entering the cell,
free fatty acids are rapidly thiolated to form acyl-CoA. In
the liver, acyl-CoA is subjected to -oxidation, and it is used
for the synthesis of triglycerides in adipocytes. Furthermore,
it is used in all cells for the etherification of sphingosine to
ceramides. Some lipid metabolites (e.g., diacylglycerides
and ceramides) are regarded as second messengers in various
signal cascades of the cell. They represent the main lipids,
an increase in the level of which initiates IR.

In recent years, the mechanism of IR development in
the liver has been elucidated in general [1]. It is associated
with the activation of “new” isoforms of protein kinase C
(PKC) by lipid metabolites, but not Ca2+ ions, which is
additionally required by the typical PKC isoforms [21].
Either directly or indirectly, the “new” PKC isoforms
impair signalling from the insulin receptor into the cell (see
below). Ectopic lipid accumulation in hepatocytes increases
the level of diacylglycerides that are activators of the “new”
PKCs. The diacylglyceride content in lipid droplets in the
hepatocyte cytoplasm of obese people is clearly correlated
to the PKCe activity and degree of IR [22].

The mechanism of the development of IR in myocytes is
apparently similar. It also involves the “new” PKC isoforms
and the disturbance of insulin signalling in cells [23, 24].
The IR dynamics in the muscle tissue coincides with the
accumulation of diacylglycerol in myocytes, deterioration
in signal transduction from insulin, and a decrease in the
glucose uptake by muscle cells [25]. The ectopic lipid level
in muscle is a more reliable predictor of IR than the level of
circulating fatty acids [26].

It should be emphasised that the lipid mechanism
involving PKC is the main, if not the only, mechanism
that ensures the development of IR in the liver in
humans. A special comparative analysis revealed virtually
no contribution of alternative mechanisms, such as
inflammation or endoplasmic reticulum stress [22].
However, an inverse correlation between IR in the liver
and the adiponectin blood plasma level in patients was
found [22], which suggests a possible role of adipose
hormones in the initiation of IR. These data differ from
the results of studies in animal models, according to which
the contribution of the inflammation and endoplasmic
reaction to IR is significant [1]. Moreover, experimental
data indicate that the development of IR in rodent muscles
is associated with mitochondrial dysfunction [23]. Although
either the details of this mechanism, or its presence in
humans, remains unclear, the involvement of free radicals
may be assumed, which is often the case with mitochondrial
dysfunction.

The role of PKC in IR development in the adipose tissue
has not been demonstrated. Physiological features of this
tissue suggest that other mechanisms are implemented there.
Unlike myocytes and hepatocytes, adipocytes normally
contain high levels of triglycerides and dynamically change
their level and composition. As a result, they constantly
have a high level of diglycerides, which greatly exceeds that
required for the complete activation of any PKCs. Therefore,
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the mechanism of IR development in this tissue is still
unclear. Perhaps, it involves inflammation, stress responses,
or mitochondrial dysfunction. However, it should be noted
that IR arises in this tissue as a consequence of pathological
changes in the liver and muscles.

Inflammation

Empirical observations of IR in patients with sepsis
[27, 28] and the level of cytokines in people with obesity
and diabetes [29, 30] have suggested that IR development
may be caused by abnormal activation of innate immunity.
Experiments in animals have demonstrated an elevated
level of TNFa in the adipose tissue in obesity, and the
neutralisation of TNFa. recovered the glucose uptake by the
peripheral tissues [31]. These results were also confirmed
in people, where the TNFa level correlated with IR and
dropped with a decrease in the body weight [32]. Finally,
the mechanism was demonstrated by which inflammatory
cytokines can interrupt signal transduction from the insulin
receptor [33]. All of these data were the basis for developing
a concept of the relationship between inflammation and IR
[5].

Inflammation activates certain signalling cascades,
which is a part of the normal physiological cell response
in addition to present in pathologies. For example, both
in healthy people and in obese patients without diabetes,
exercise under aerobic conditions stimulates cytokine
expression in skeletal muscles (MCP1 and IL-6) and
activates the signalling cascade involving NF-xB. However,
in patients with diabetes, the activity of this cascade is
initially high and is not significantly increased with exercise
[34].

Fasting or dysfunction in adipocytes abnormally
enhances lipolysis and chemokine production [35].
Chemokines induce the movement of macrophages to
the adipose tissue, where these cells become activated
macrophages. They provide information regarding
inflammation to other cells by increasing the secretion of
cytokines, including TNFa and IL-6. Affecting adipocytes,
these cytokines further stimulate lipolysis. For example,
the infusion of IL-6 in healthy males enhances lipolysis
and lipid oxidation within the femoral vascular bed [36].
The mechanism of cytokine action on lipid metabolism in
adipocytes is partly related to the inhibition of the expression
of proteins stabilising lipid droplets, perilipin [37] and
FSP27 [38].

Transgenic mice with an increased production of the
CCL2 chemokine in adipocytes have a significantly larger
level of activated macrophages in the adipose tissue [39].
These animals develop peripheral and hepatic IR, the
latter of which leads to steatosis. CCL2 blockade under the
conditions of a high-calorie diet protects these mice from
developing IR and decreases the lipid level in the liver [40].
In muscle cells, cytokines also stimulate lipid oxidation,
and in extreme situations, they can trigger proteolysis and
atrophy of the muscle tissue.

In contrast, cytokines exert the opposite effect in the
liver, inhibiting lipid oxidation and enhancing lipogenesis
[5]. This means that activated macrophages can affect the
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inter-tissue energy balance, shifting lipid synthesis from the
liver to the adipose tissue. It is unlikely that this effect has
time to develop for short or local inflammation. However,
macrophage activation has massive, long-term effects on
systemic and chronic inflammation. Under these conditions,
the probability of systemic changes in the energy balance
is greatly increased, which may lead to a redistribution of
lipids and their ectopic accumulation in the liver. At least in
animal models, the experimental results are consistent with
the participation of activated macrophages in the initiation
of ectopic lipid accumulation and IR. It remains largely
unclear to what extent this physiological mechanism is
implemented in humans.

The mechanism of damaged protein degradation
(unfolded protein response (UPR)) stimulates the adaptive
responses of cells in the presence of limited nutrients [41].
This mechanism starts when the capacity of the intracellular
system to fold newly synthesised proteins is deprived. This
system is located on the endoplasmic reticulum (ER) of the
cell in connection with which the UPR is often considered
a cell response to stress associated with the endoplasmic
reticulum. Because of this, the UPR is sometimes called
“ER stress”, although it is more correct to consider the UPR
a consequence of ER stress [42]. Chronic ER stress and
UPR activation lead to oxidative stress and the formation
of free radical molecules [43]. Thus, oxidative stress is a
component of ER stress and these two mechanisms strongly
overlap at the molecular level.

All intracellular systems of UPR activation are sensitive
to the glucose level and are triggered when it starts to
increase. This means that a high-calorie carbohydrate diet
leads to UPR activation. The physiological significance
of this response is protection against carbohydrate excess
and the fast switching of the cellular metabolism to lipid
synthesis (lipogenesis). In this sense, the UPR almost
duplicates the insulin action on the cell metabolic balance
without affecting glucose transport alone. The ability of
UPR to cause IR may finally depend on whether the UPR
shifts the balance towards lipogenesis to the point that there
is ectopic lipid accumulation.

The UPR system is currently considered to be not
only an activator of a number of metabolic responses in
the cell, it is a vital integrator of the anabolic and catabolic
processes occurring within cells [41]. The significance of the
UPR system may be compared to that of master regulators
of cellular metabolism, such as mTOR and AMPK
complexes. It is no wonder that these three systems are
closely interrelated in the cell, processing similar signals and
affecting the activity of each other [44]. As a consequence,
the UPR system not only responds to metabolic signals, it
also provides the cell with an additional method for sensing
systemic changes, including those typical of diabetes and
metabolic syndrome. These include obesity, inflammation,
and stress of different aetiologies. For this reason, the UPR
uses the same signalling molecules in developing IR as
those used by other physiological mechanisms that were
mentioned previously [45].

At the first glance, it seems illogical that the UPR,

activated by glucose, disturbs signal transduction from
the insulin receptor [45], and a reduction in the ER
stress enhances the insulin signalling [46]. However, this
phenomenon should be considered in the context of the
reverse regulation, which is characteristic of metabolic
control. IR develops as a defensive response of the cell
and the body as a whole to nutrient excess, obesity,
inflammation, and stress, and the UPR serves as one of the
ways to implement it. Finally, UPR activation leads to the
shutdown of insulin signalling at the same level of the IRS
protein as it occurs in the case of mTOR-dependent, lipid-
dependent, and inflammatory mechanisms.

INSULIN SIGNALING

In most cells, the insulin receptor serves mainly to
trigger the PI3-kinase cascade (Fig. 2) [47, 48]. Its main
target in the cell is protein kinase B, which is better known
as Akt [49]. Like all receptor tyrosine kinases, the insulin
receptor also activates several other signalling systems. A
feature of insulin signalling is the involvement of the IRS
carcass protein, an insulin receptor substrate. As its name
reflects, IRS acts as the main (if not the only) partner of the
activated receptor. It has no enzymatic activity and serves
as a binding site for a number of signalling target molecules
for the insulin receptor. Thus, IRS literally performs a
“transducing” function, and without it, a signal from the
receptor does not pass into the cell.

Membrane interactions are the second feature of insulin
signalling. They are provided by the presence of special
structures (PH, PX, and FYVE domains) in participant
proteins that bind phosphatidylinositols, membrane
phospholipids that perform the alarm functions. IRS contains
the PH (pleckstrin homology) domain at the N-terminus,
which is anchored on the membrane near the receptor.
Upon the binding of insulin, the receptor phosphorylates
itself on tyrosine residues, and these residues are recognised
by the phosphotyrosine binding (PTB) domain located
at the C-terminus of the IRS protein. Furthermore, the
receptor phosphorylates IRS on the C-terminal tyrosine
residues, after which they bind to SH2 and PTB-domains
of effector proteins from the cytosol. These proteins include
PI3-kinase, phosphotyrosine phosphatase 2 (SHP-2), and
adapter proteins Shc or Grb2. The latter activate small Ras
GTPase and the Erk cascade of MAP kinases, which triggers
cell division and differs from the stress-dependent cascade
of INK MAP kinases.

PI3-kinase, activated by binding to IRS,
phosphorylates the third position of the inositol ring
of phosphatidylinositol bisphosphate (PIP2), forming
phosphatidylinositol trisphosphate (hence, the enzyme
name is phosphatidylinositol 3-kinase). This event is
of fundamental importance because most PH domains
recognise phosphate exactly at the 3-position of the inositol
ring. Akt has this PH domain; through that domain, Akt is
recruited onto the membrane. A similar domain is present in
phosphoinositide-dependent protein kinase PDK1, which
also binds to the membrane and phosphorylates Akt on the
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Thr308 residue within the activation loop. This is how the
receptor-dependent activation of Akt occurs [47].

An additional level of complexity in the PI3-kinase
cascade arises because one Thr308 phosphorylation
is not sufficient for Akt to become active. Another
phosphorylation on the Thr*’”? residue is required for this
(Fig. 2). For a long time, the significance of this process
and the enzyme catalysing it were unknown. Only relatively
recently did become clear that this enzyme is mTOR kinase
within a second protein complex, mTORC?2, and this very
phosphorylation is a necessary, but not sufficient, condition
for Akt activation. This second phosphorylation occurs in
the background mode, but Thr**® phosphorylation has no
effect without it [48, 50]. In other words, the mTORC2
complex “primes” Akt to activation by insulin in the context
of the PI3-kinase cascade. Given that Akt activates the
first TORCI1 complex and thus triggers protein synthesis,
adipogenesis, and the mechanism of cell survival under
adverse conditions [49], the regulatory control within the
signalling module is very confusing and difficult to interpret
[51]. At the moment, many questions remain open and the
situation is further complicated by the presence of numerous
feedback mechanisms and the central role of mTOR in the
regulation of cell metabolism [52].

Activated Akt phosphorylates more than 100 substrates
and regulates nearly all vital functions of the cell, including
metabolism, growth, mobility, division, survival, and cell
death [49]. Acting via mTORCI1, Akt activates ribosomal
S6 kinase 1 (S6K1) and suppresses the 4E-BP inhibitor
of the eukaryotic translation initiation factor. Therefore,
mTorCl1 stimulates protein synthesis and cell growth and
division (Fig. 2). mTorCl is involved in both the regulation
of lipid metabolism and cholesterol homeostasis, controlling
phosphorylation of the transcription factors SREBP1 and
PPARy as well as lipin 1, which regulates triglyceride
delivery to fat droplets of adipocytes [52].

Akt phosphorylates and activates AS160, a guanine
nucleotide exchange factor of small GTPases in the Rab
family (Fig. 2) [10]. These proteins regulate the intracellular
transport of vesicles, and Rab10 is responsible for the fusion
of GLUT4 containing vesicles with the cell membrane [53].
In this way, Akt triggers exposure of the glucose transporter
and glucose transport into adipocytes and myocytes.
In myocytes, glucose is phosphorylated and directed to
glycogen synthesis, while it is used for lipogenesis to form
triacylglycerides in adipocytes.

Akt also phosphorylates the transcription factor
FOXO1, which activates PPAR-y, a master regulator of
adipose differentiation (Fig. 2). In this way, Akt triggers
adipogenesis and increases the number of adipocytes in
the adipose tissue [54]. Thus, acting through Akt, insulin
stimulates adipogenesis and lipogenesis, leading to lipid
accumulation in cells. To avoid hyperactivation of the
cascade and ectopic lipid accumulation, cells use the
feedback mechanisms aimed at temporarily uncoupling
the receptor and signal transducing chain. The next section
discusses how the permanent activation of this feedback
leads to IR development.
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Figure 2. Signalling from the insulin receptor through the PI3-kinase
cascade in adipose tissue and skeletal muscle cells. A general
scheme is presented. Other target tissues of insulin lack the
glucose transporter and the right signal branch via
AS160/Rab10. Signalling through PPARY is presented for
adipocytes and may have its own features in other cells. See
the main text for details.

INTRACELLULAR MECHANISM OF INSULIN
RESISTANCE DEVELOPMENT

Glucose

,/' GLUT4

mTorC2

v

‘/‘ Glucose

6-phosphate
|

Lipid
accumulation

! S
Growth

i Nucleus
and division

The intracellular basis of IR is believed to be a
disturbance in the signalling from the insulin receptor, which
uncouples the insulin action and the corresponding cell
response. It is now practically assured that this uncoupling
occurs at the level of an insulin receptor substrate, the IRS
protein. Insulin resistant cells are characterised by increased
phosphorylation of IRS on serine residues, preventing the
tyrosine phosphorylation of IRS that is required for signal
transduction from the receptor into the cell. Thus, IR
development is associated with the serine phosphorylation
of the IRS protein.

As noted above, the physiological causes of IR are
diverse; its target tissues (adipose tissue, muscles, and liver)
have different physiology and times to IR development. For
these reasons, in different cells and in different ways, the single
mechanism of uncoupling insulin signalling is triggered by
serine phosphorylation of the IRS protein, which has tissue-
specific features [55]. First, the different physiological
mechanisms activate the different signalling cascades in the
cell, which similarly converge on the serine phosphorylation
of IRS (see Fig. 1). Second, different protein kinases are
responsible for this phosphorylation, but each of them
phosphorylates one or more well-defined residues in IRS.
Third, IRS has many serine residues that disturb insulin
signal transduction. Fourth, each insulin target tissue has
its own set of phosphorylated residues, which is specified
by the physiological features and mechanisms of the IR
development in a given tissue.

Theoretically, the distribution of phosphorylated
residues in IRS and the involved protein kinases allow
one to determine the intracellular cascades that mediate
IR development. In turn, these cascades enable the
establishment of a physiological mechanism of the
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development and, in fact, the root cause of IR. For example,
insulin and the insulin-like growth factor (IGF-1), as
well as amino acids, act through the insulin-dependent
signalling cascade with the involvement of Akt and the
mTORCI1complex, causing phosphorylation of Ser**? and
Ser®%% in mouse IRS and Ser’® and Ser®¢/6® in human IRS
[23]. At the same time, interleukins and TN Fa mediate the
inflammatory effects and cause phosphorylation of Ser’"” in
mouse cells and Ser*'?in humans. The activation of different
PKC isoforms (9, ¢, 6, or €) occurs in dyslipidaemia and
ectopic obesity even if the latter is not manifested visually.
Each isoform of PKC causes phosphorylation of its own set
of residues in IRS; however, Ser!'%! is preferably modified
(in human IRS). This feature of the mechanisms of the IR
pathogenesis enables determination of the aetiology of IR
and its early diagnosis using the phosphorylation profile of
a single protein (IRS). Recent studies have confirmed the
key role of IRS phosphorylation in IR development as well
as the considerably detailed the “molecular profile” of IRS
[55].

At the molecular level, the phosphorylation of IRS on
serine residues has four consequences that in different ways
impair the transducing function of this protein (Fig. 3). In
the first case, phosphorylation impairs binding of the PH
domain of IRS to the membrane, diverting IRS from the
receptor. In the second and third cases, phosphorylation
within the PTB domain or near it causes either dissociation
of IRS from the receptor or degradation of IRS. Finally,
phosphorylation within the C-terminal domain disturbs the
binding of IRS to effectors and signal transduction into the
cell [53, 55]. However, in any case, different physiological
inducers and mechanisms involve different kinases inside the
cell, causing phosphorylation of IRS on different residues.
These intracellular mechanisms are summarised in Fig. 4
and examined below in more detail.

Overnutrition and low physical activity reduce the activity
of AMPK and, as a consequence, activate mTORCI1. One
of the main targets of mTORCI1 is ribosomal kinase S6K1;
its task includes the phosphorylation of the S6 component
of the small ribosomal subunit and the initiation of protein
synthesis (translation). However, apart from this, S6K1
phosphorylates IRS1 on several serine residues, interrupting
its transduction functions [52, 56]. This intracellular
feedback mechanism in insulin signalling (see Fig. 4) is
believed to be key to the development of IR, obesity, and
type 2 diabetes; it also plays an important role in tumour
progression [57].

There are several options for the insulin-independent
activation of Akt/mTORCI, such as when the feedback
works intensively and the phosphorylation of IRS is
maintained even upon impaired signal transduction from
the receptor to Akt (Fig. 4). First, alternative Akt activation
is possible due to phosphorylation of the Ser*”® residue in
its hydrophobic domain. This reaction is catalysed by the
same mTOR kinase, while belonging to the second complex
(mTORC?2) [48]. The mechanism of mMTORC?2 activation is
not completely understood, but it is known to be triggered
by growth factor receptors. They stimulate the production of
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Figure 3. Four main consequences of IRS phosphorylation on serine
residues (pS) leading to a decrease in the insulin sensitivity
and to the development of IR. The IRS protein contains the
pleckstrin homology (PH) domain at the N-terminus and
phosphotyrosine binding (PTB) domain in the middle. The PH
domain provides binding of IRS to the membrane near the
receptor that is impaired in the case of serine phosphorylation
within the PH domain. The PTB domain is responsible for the
binding of IRS to the activated receptor that phosphorylates
the C-terminal domain of IRS on tyrosine residues (pY),
initiating signalling from the receptor into the cell. Serine
phosphorylation of some residues within the PTB domain
accelerates the degradation of IRS, and the phosphorylation
of others impairs the interaction of the PTB domain with the
receptor. Finally, the phosphorylation of serines within the
C-terminal domain interrupts the signal transduction to PI3-
kinase, the main target of IRS. Quoted from [55] (with some
modifications).

intracellular reactive oxygen species (ROS) that enhance the
phosphorylation [58] and activation of Akt [59].

Another method for insulin-independent activation of
mTORCI is turning off its inhibitor, AMPK kinase. This
occurs with overnutrition, accumulation of ATP in the
cell, and a corresponding reduction in AMP [7]. mMTORCI
activation also occurs during inflammation [41] and ER
stress [44]. Thus, almost all physiological mechanisms
of the IR development, to some extent, converge on the
activation of mMTORCI and its immediate target, S6KI.
mTORCI1 and S6K1 directly phosphorylate a set of serine
residues in the IRS protein (see Fig. 3), impairing insulin
signal transduction.

S6K1 gene knockout mice have an increased sensitivity
to insulin and are less prone to obesity associated with age or
caused by a fat diet [56]. It remains unclear in which tissue
this mechanism is realised in humans. Taking into account
the data obtained from patients with the non-alcoholic liver
disease [22], it is possible that this mechanism is primarily
typical of the adipose tissue in humans because the lipid-
dependent mechanism involving PKC is primarily active in
the liver and muscles.

A lipid-dependent mechanism has received considerable
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Figure 4. A general scheme of the intracellular mechanism of IR
development due to turning the IRS protein off. Different
ways for determining a single mechanism that correspond
to the different physiological mechanisms of IR development
are demonstrated. All pathways leading to serine
phosphorylation and turning IRS off are summarised without
details independent of the cell type. See the text for details.

experimental justification. It postulates that protein kinase C
(PKC) is responsible for turning IRS off in liver and skeletal
muscle cells. In this case, PKC itself does not phosphorylate
IRS1/2; it only initiates a feedback cascade that leads to
serine-threonine phosphorylation of IRS1/2 [1]. This
function is performed by PKC-6 in muscles and by PKC-¢
in the liver. Both isoforms belong to a group of “new”
PKCs, which do not require Ca?* ions for activation, but
which are considerably more sensitive to diacylglycerol than
classical PKC isoforms. These properties may, at least in
part, explain the association of IR with obesity. The “new”
PKC isoforms induce IR in the liver and muscles without
involving insulin and its receptor because, independent of
insulin, they are activated by ectopic lipid products (Fig. 4).
There is also evidence that the same function is performed
by PKC-C [60]. However, its relationship to obesity
remains unclear because PKC-T refers to the “atypical”
PKC isoforms and does not use Ca?* and diacylglycerol as
activators [21]. According to another viewpoint, PKC-C is
involved in the ceramide-dependent mechanism of turning
IRS off (see below).

The lipid-dependent mechanism has also been
confirmed in animal models. Mice lacking PKC-6 did
not develop fast IR with a massive infusion of lipids [61].
Similarly, PKCe knockout mice did not develop IR during
a high-calorie diet, although the lipid level in the liver
was increased [62]. PK-C9 is another PKC isoform that
is associated with IR development in the liver. Turning
PK-C) off leads to a reduction in the lipid level in the liver
and an increase in the sensitivity to glucose, whereas PK-Cd
overexpression causes the development of IR and hepatic
steatosis [63, 64].

The ceramide-dependent mechanism is an exception to

Diabetes mellitus. 2014;(2):29-40

the general rule because it is aimed not at IRS but at inhibiting
Akt. Synthesis of ceramides is thought to be triggered
by IKK kinase in the context of the NF-«kB signalling
cascade, which is activated by the Toll-like receptor 4
(TLR4) [65] or by the TNFa receptor. Thus, the formation
of ceramides may be part of the cellular inflammatory
response. Some researchers believe that saturated fatty acids
are TLR4 ligands that cause the IR development during
hyperlipidaemia [66]. Ceramides affect Akt2 activity in
two ways. One is associated with the activation of PK-CC
that then interacts with Akt and removes it from the insulin
cascade [67]. In the other variant, ceramides activate PP2A
phosphatase, which dephosphorylates and inactivates Akt
[68]. In any case, ceramides reduce Akt activity, impairing
signal transduction from the insulin receptor. It should
be noted that the ceramide-dependent mechanism was
discovered and studied in a cell model of IR, but it has not
been confirmed yet in animal models.

Inflammation is almost always associated with activation
of two intracellular signalling cascades; these cascades
mediate the inflammatory response and phosphorylation of
IRS1 (Fig. 4). The NF-kB cascade is associated with the
activation of IKK kinase, which directly phosphorylates IRS
or acts indirectly by triggering the synthesis of ceramides
(see above). Another cascade initiates stress-dependent
MAP kinase JNK1, which directly phosphorylates IRS [33].

IKKe knockout mice have an increased catabolic status
and a significantly reduced volume of the adipose tissue,
and they do not develop IR [69]. Mice deficient in JNK1
have a similar phenotype [70]. Knockout of the JNKI gene
in the adipose tissue protects mice from the development of
steatosis and the hepatic form of IR, although they normally
gain weight and their volume of adipose tissue increases
[71]. These mice had inflammation in the adipose tissue
and moderate steatosis, although the insulin sensitivity in
the liver and adipose tissue was unchanged.

ER stress (the UPR mechanism) is triggered when the
ER is overloaded with synthesised or misfolded proteins. ER
stress is mediated by three signalling modules (Fig. 4) that
are physically associated with the ER membrane [41, 42].
First, is PERK kinase, which phosphorylates and inhibits
the eukaryotic translation initiation factor 2a, suppressing
protein synthesis. Second, is inositol-dependent kinase
IRE1, which possesses endoribonuclease activity. It activates
unconventional mRNA splicing of the XBP1 transcription
factor and its translation [44]; in turn, XBP1 triggers the
expression of chaperones and proteasomal proteins that
are required to overcome ER stress. Third, is the ATF6
transcription factor; it is activated by partial proteolysis, and
its cytosolic fragment is translocated to the nucleus, where
it the initiates expression of ER chaperones. PERK, IRE1,
and ATF6 form an inactive complex with the BiP/GRP78
(HSP70 or HSPAS) chaperone. BiP acts as a metabolic
sensor of the UPR system; its expression is enhanced by
glucose starvation. When the UPR is activated, BiP leaves
the complex with PERK, IRE1, and ATF6, which leads
to the activation of these signalling modules. The terminal
target of at least one of them (IRE1) is MAP kinase JNK1
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phosphorylating IRS [45, 72]. Thus, the stress-dependent
and inflammatory pathways use a single agent, JNK1, for
IR development.

Oxidative stress and mitochondrial dysfunction lead to
an increased production of free radical molecules and, in
particular, reactive oxygen species (ROS). On one hand,
ROS activate ER stress [44] in an apparently PERK-
dependent manner [73]. As noted above, JNKI1 is activated
as a result, serine phosphorylation of IRS occurs, and
the insulin cascade is impaired. On the other hand, ROS
support the insulin signalling and improve insulin sensitivity
in adipocytes [59]. These conflicting data suggested the so-
called “redox paradox” in the insulin signalling [74].

The redox paradox is resolved if different sources
and a significantly higher intracellular ROS level upon
oxidative stress are taken into account. In the case of stress,
a ROS excess triggers the JINKI1-dependent mechanism
characteristic of inflammation and ER stress. This leads
to the serine phosphorylation of IRS, uncoupling insulin
signalling, and a reduction in Akt activation. In contrast,
in the absence of stress, physiological activation of growth
factor receptors stimulates the assembly of NADPH oxidase
complexes (NOX) as well as controlled ROS production
(Fig. 4). These ROS act locally in small quantities. Acting
as second messengers, they enhance the signal transduction
from receptors into the cell [75]. In this way, they provide
complete phosphorylation and activation of Akt in
adipocytes [58, 59]. In the near future, studies should
demonstrate whether the ROS action is related to the redox-
dependent activation of mMTORC2 or not (see Fig. 4).

PERSPECTIVES OF THE MOLECULAR
DIAGNOSIS AND THERAPY OF INSULIN
RESISTANCE

In recent years, significant progress has been achieved
in understanding the mechanisms of insulin resistance
in target tissues. The liver is most likely to be the first
target of IR. Ectopic lipid accumulation in hepatocytes
promotes the rapid development of the pathology in the
muscles, and the adipose tissue gradually changes. The
hypothalamic-pituitary system coordinates these processes
and can participate in them starting at the earliest stages.
The high-calorie diet and lack of physical activity as well
as the presence of stress and inflammation significantly
exacerbate the pathogenesis of IR, eventually leading to
the development of metabolic syndrome, type 2 diabetes,
hepatocellular and cardiovascular pathologies.

The single molecular mechanism of insulin resistance
development associated with the serine phosphorylation of
IRS has become a crucial piece of knowledge in recent years.
This means that an increase in the IRS phosphorylation
level may serve as an indicator and method of diagnosing
IR early. Further, the localisation of phosphorylated
residues in the IRS molecule may indicate physiological
causes of the IR development and enable the selection of
appropriate therapy for the patient. Further progress in this
area will undoubtedly be associated with the development of
new drugs that target the activity of intracellular enzymes,
providing, either directly or indirectly, phosphorylation
of IRS. This is a completely new field of pharmacology
that investigates at a deeper cellular level than the current
approaches that are traditionally aimed at the hormone-
receptor interactions outside of cells. It certainly requires
a thorough solution of many problems, both applied and
basic, including targeted delivery and the specificity of
pharmacological agents.

The opportunity of IRS “molecular profiling” in tissue
biopsies is promising as a part of personalised medicine. It
is furnished with the modern means of high-performance
analysis, such as mass spectrometry, and enables the
identification of a set of residues that are phosphorylated
in IRS in people with metabolic syndrome or diabetes.
This knowledge provides information on the availability
and aetiology of IR in a given patient as well as allows for
the differential diagnosis of comorbidities and permanent
correction of our current ideas about the molecular
mechanisms of IR development.
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