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Abstract— Diabetes mellitus is a complex polygenic pathology, which is characterized by numerous meta-
bolic disorders. Progressive hyperglycemia developing during this disease causes clinically significant tissue
damage and is considered as a main risk factor of micro- and macrovascular complications leading to retin-
opathy, nephropathy, and neuropathy. Hyperglycemia-depended oxidative stress and impairments in nitric
oxide bioavailability play an essential role in the pathogenesis of diabetes and its complications. Homeostasis
of glucose maintained by metabolic effects of insulin includes an increase of glucose uptake by skeletal mus-
cles and suppression of glucose production by the liver. M. Brownlee (2005) put forward a hypothesis assum-
ing that oxidative stress is the main mechanism of diabetic tissue damages. According to this hypothesis,
mitochondrial dysfunction and superoxide anion radical hyperproduction by mitochondria is the principal
mechanism of activation of four pathways of hyperglycemia-induced impairments under diabetes. Two cell
signaling cascades regulate the glucose homeostasis: insulin-mediated glucose uptake (IMGU) in skeletal
muscles, liver, and heart and glucose-stimulated insulin secretion (GSIS) in pancreatic 3-cells. In addition
to nonspecific irreversible oxidative damage of DNA, protein and lipid molecules reactive oxygen and nitro-
gen species induce cell and tissue damage, activating a number of cell stress-sensitive signaling cascades.
Stress-dependent serine phosphorylation of insulin receptor substrate (IRS) proteins decreases its capacity
for tyrosine phosphorylation and may accelerate degradation of IRS. This process underlies the molecular

mechanism of oxidative stress-induced insulin resistance.
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PATHOBIOLOGY OF HYPERGLYCEMIA.
THE ROLE OF OXIDATIVE STRESS

Insulin-dependent and insulin-independent dia-
betes mellitus stands among the most prevalent
pathologies of modern society. A menacing growth of
the number of diabetes mellitus cases and the price
paid for the maintenance of public health make
imperative the task to understand pathophysiological
mechanisms of this pathology and develop approaches
allowing its prevention.

Diabetes mellitus is a complex polygenic pathol-
ogy, which is characterized by multiple methabolic
disorders. Epidemiological studies confirm that the
cause of clinically recorded tissue damage during dia-
betes mellitus is progressive hyperglycemia [1], the
most important risk factor of subsequent micro- and
macrovascular complications, leading to diabetic ret-
inopathy, nephropathy, and neuropathy. Oxidative
stress and disorders in nitrogen oxide availability,
accompanying hyperglycemia, play an important role
in the pathogenesis of both diabetes mellitus and its
complications [2, 3]. The mechanisms leading to gen-
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eration of reactive oxygen and nitrogen species and to
oxidative stress, include metabolic stress caused by
disorders in cell bioenergetics, glucose auto-oxidation
[3,4], synthesis of inflammatory mediators, as well as
non-enzymatic glycosylation of proteins and lipids. It
should be emphasized that tissue damage during dia-
betes mellitus is determined by processes taking place
at the molecular and cellular levels. Thus, the develop-
ment of diabetes mellitus type 1 and its symptoms are
linked to dysfunction of pancreatic B-cells, while in
the case of diabetes mellitus type 2, the sensitivity of
receptors of target cells to insulin (insulin resistance)
and glucose uptake by tissues are disturbed.

It should be noted that the most common chronical
non-infectious diseases, such as cancer, diabetes mel-
litus, cardiovascular and neurodegenerative diseases,
are age-related, polygenic, polyfunctional patholo-
gies, often having a considerable non-enzymatic,
non-metabolic, and chemical components [5].

Metabolic effects of hyperglycemia. Glucose
homeostasis maintained by insulin includes an
increase in glucose uptake by skeletal muscles and
suppression of glucose production in liver. M. Brown-
lee put forward an idea about the role of oxidative
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stress in the development of diabetes mellitus [1];
according to this hypothesis, mitochondrial dysfunc-
tion and overproduction of superoxide radicals by
mitochondria is the main mechanism of activation of
hyperglycemia-dependent metabolic pathways of tis-
sue damage during diabetes mellitus. Chronical tissue
lesions, developing during diabetes mellitus and simi-
lar diseases, include both oxidative modification of
proteins, DNA and lipids by reactive oxygen and
nitrogen species and chemical modification of pro-
teins (and not only proteins) by the products of sugar
and lipid oxidation. In these processes, excessive end
products of glucation/glucoxidation and lipoxidation
(AGE/ALE) are formed [6]. The increase of glucose
level induces metabolic and physiological signals hav-
ing the same mechanisms in pancreas and peripheral
tissues, yet producing different results because of func-
tional specialization of tissues [7].

Transport of glucose into a cell by tissue-specific
transporters is not a rate-limiting process. The next
step of glucose metabolism is its phosphorylation by
tissue-specific glucokinases. In B-cells, glucokinase
(or hexokinase 1V) is activated after binding to pore-
forming protein of the outer mitochondrial membrane
(in the site of contact of the inner and outer mitochon-
drial membranes). Similar mechanism of hexokinase
II activation exists in skeletal muscle and adipose tis-
sue. Activation of hexokinase depends on the pore
structure, which is voltage-dependent and is regulated
by electric potential of the inner mitochondrial mem-
brane. Defects of respiratory chain leading to depolar-
ization of mitochondrial membrane can be linked to
abnormal activities of enzymes, phosphorylating glu-
cose. Interaction of hexokinase with the contact site of
the mitochondrial membranes and its activation lead
to an increase of ADP and glucose-6-phosphate (G-6-
P) levels. ADP goes directly into mitochondria, stim-
ulating oxidative phosphorylation. G-6-P is an
extremely important intermediate of energy metabo-
lism, standing on key position of reaction switching
between glycolysis, glycogen synthesis and the pentose
phosphate pathway. Glycolysis is linked with reactions
of mitochondrial oxidative phosphorylation, which
accelerates during an increase of the blood glucose
level, in three points: transport of NADH to complex
I of respiratory chain through malate/aspartate trans-
porter, transport of FADH, to complex II through the
glycerophosphate/ hydroxyacetonephosphate cycle,
and transport through hexo(gluco)kinases, donating
ADP to complex V (ATP-synthase). In cerebral and
muscle cells phosphocreatine transporter can also be
involved in glucose-induced signaling cascade, result-
ing in insulin secretion by B]-cells.

Interaction between plasma membrane-associated
and mitochondrial creatine kinases provides a local
increase of ATP concentration near ATP-dependent
ion channels. This leads to an increase of cytosolic and
even intramitochondrial calcium concentration and,
as a result, to insulin secretion. Thus, in B-cells glu-
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cose stimulates phosphocreatine synthesis in mito-
chondria by membrane-bound glucokinase. A similar
sequence of signals is used in muscle tissues in reverse
direction, when during physical activity creatine level
increases due to ATP exchange, which in turn stimu-
lates synthesis of ATP in mitochondria and phospho-
rylation of glucose by hexokinase. Moreover, mutual
influence of cytosol and mitochondria promotes acti-
vation of glycogen synthesis by glucose. The activity of
mitochondria-bound hexokinase provides G-6-P syn-
thesis and stimulates UTP production with participa-
tion of mitochondrial nucleoside diphosphate kinase
[7].

Pathophysiologically, at least two forms of diabetes
mellitus are recognized, which differ in energy metab-
olism. The first form is determined by point mutation
of glucokinase gene, while the second form is repre-
sented by several forms of mitochondrial diabetes,
which has its origin in mutations of mitochondrial
DNA (mtDNA), encoding several subunits of mito-
chondrial respiratory chain. mtDNA is very sensitive
for damage and accumulates mutations during ageing
[7]. The origin of diabetes mellitus type 2 (and also the
metabolic syndrome) is a resistance of tissues to insu-
lin, i.e., a loss of the ability of hormone to suppress
glucose efflux from liver cells and provide peripheral
glucose disposal, as well as lack of the ability to mask
relative B-cells dysfunction.

During diabetic hyperglycemia, four main meta-
bolic processes playing important roles in tissue dam-
age are activated [1].

1) The polyol metabolic pathway; hyperglycemia
leads to increase of the rate of enzymatic conversion of
glucose to polyatomic alcohol (polyol) sorbitol (aldose
reductase, the first and rate-limiting enzyme of the
polyol metabolic pathway, catalyses glucose reduction
to sorbitol). Sorbitol is metabolized to fructose by sor-
bitol dehydrogenase, increasing NADH/NAD" ratio.
The activity of this alternative metabolic pathway sig-
nificantly increases at high concentrations of glucose,
the substrate of hexokinase responsible for conversion
of glucose to G-6-P; meanwhile, the availability of
glucose for aldose reductase increases dramatically
[8]. Under these conditions, sorbitol, which is slowly
metabolized and slowly diffuses through cell mem-
branes, is accumulated in the cell. This leads to a mis-
balance in cell homeostasis and to the development of
long-term complications of diabetes mellitus [9, 10].

2) Generation of stable advanced glycation end
products (AGE), their autooxidation and interaction
with cellular receptors. Reducing sugars (glucose, G-
6-P, fructose) with aldehyde groups interact with free
amino groups of proteins, forming reversible Schiff
bases. Slow Amadori rearrangement of Schiff bases
leads to the AGE formation. As a result, protein struc-
tures and functions are modified, causing stable cell
damage. Moreover, cells have specific receptors to
AGE [11].
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3) Activation of protein kinase C (PKC) isoforms.
The process of glucose metabolism can be accompa-
nied by increased rate of fatty acid synthesis and gen-
eration of lipid derivatives acting as signaling mole-
cules (for example, diacylglycerol (DAG)) and poten-
tial activators of PKC [12].

4) Increase of glucose flow through the hexosamine
pathway. A number of toxic effects of glucose are
related to biosynthesis of hexosamines, products of
one of the minor pathways of glucose metabolism [13],
which is activated during hyperglycemia. Normally,
2—5% of glucose received by cell is metabolised
through the hexosamine pathway. The hexosamine
pathway starts from glutamine: fructose-6-phosphate
amine transferase-catalysed conversion of fructose-6-
phosphate to glucosamine-6-phosphate [14]. The end
product of this metabolic pathway, UDP-N-acetylglu-
cosamine, takes part in glycosylation of a number of
intracellular proteins, particularly transcription fac-
tors, so it may have an effect on transcription of a
number of genes [15].

Reactive oxygen species (ROS) generated during
hyperglycemia can suppress activity of glyceralde-
hyde-3-phosphate dehydrogenase, leading to accu-
mulation of intermediates of the glycolytic pathway.
One of such intermediates, glyceraldehyde-3-phos-
phate (along with fructose-6-phosphate) significantly
increases the AGE generation. The diacylglyc-
erol/PKC-dependent signaling pathway stimulates the
hexosamine pathway [16]. In these cases, hyperpro-
duction of ROS by electron transport chain of mito-
chondria stimulated by increased level of glucose uti-
lized in the Krebs cycle (and by increase of concentra-
tion of electron donors NADH and FADH,) can be
considered as a general mechanism integrating inde-
pendent biochemical processes numbered above [1].

Diabetes mellitus and stress-dependent signaling
cascades. Hyperglycemia activates not only well-char-
acterized biochemical processes, such as formation of
stable glycosylation/glycation products and their
interaction with corresponding receptors [17], the
polyol pathway [18], but also stimulates a series of
stress-dependent signaling cascades, playing a role in
cell damaging and leading to development of long-
term complications of diabetes mellitus [19]. One of
the well-studied signaling cascades is that associated
with transcription factor NF-kB [20]—a target of
ROS, hyperglycemia and oxidative stress. NF-«xB reg-
ulates expression of a variety of genes related to dia-
betic complications, atherosclerosis, and promoting
inflammatory response and apoptosis. Activation of
NF-xB includes phosphorylation and subsequent
degradation of its inhibitory subunit (inhibitory pro-
tein kB, IkB). IkB is phosphorylated by the correspon-
dent protein serine kinase, acting upstream signaling
cascade (IkB kinase B, IKK-f). NH,-terminal Jun
kinases (JNK)/stress-activated protein Kkinases
(SAPK) belong to a complex superfamily of mitogen-
activated serine/threonine protein kinases (MAPK).
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This superfamily, including also p38MAPK, consists
of stress-activated protein kinases, sensitive to various
exogenous and endogenous stress stimuli, including
hyperglycemia, ROS, anti-inflammatory cytokines
[21].

Activation of signaling cascades including different
stress-sensitive serine-threonine kinases, for example,
IKK-, leads to phosphorylation of numerous cellular
targets, including insulin receptor (IR) and proteins-
substrates of insulin receptor (IRS, insulin receptor
substrate), IRS-1 and IRS-2 [22]. Phosphorylation of
certain serine/threonine residues in IR and IRS mol-
ecules dramatically decreases the degree of insulin-
stimulated phosphorylation of tyrosine residues in
these proteins [23]. Thereafter, subsequent association
with signaling molecules, situated downstream the sig-
naling cascade, and their activation (first of all, it is
phosphoinositide-3-kinase, PI3K) will be perturbed.
(PI3K is a lipid kinase, phosphorylating phosphati-
dylinositol-4,5-phosphate, forming phosphatidyli-
nositol-3,4,5-trisphosphate). As a result, a response to
insulin will decrease (insulin resistance) [24]. Thus,
antioxidants and pharmacological agents, blocking
stress-sensitive kinases, can be considered as potential
therapeutic agents preventing the development of
insulin resistance. [25]. We have shown earlier in a
model of experimental streptozotocin diabetes (diabe-
tes mellitus type 1) in rats that pineal gland hormone
melatonin possesses properties of effective direct and
indirect antioxidant and can prevent hyperglycemia-
related inhibition of glucose-6-phosphate dehydroge-
nase and transketolase in liver and regulate nitrogen
oxide level [26].

The molecular targets of ROS in the cell are also
protein tyrosine phosphatases (PTP), normally acting
as negative regulators of insulin catalyzing IR and IRS
dephosphorylation.

Peroxisome  proliferators-activated  receptors
(PPAR) play the major role in complex metabolic dis-
orders related to cell resistance to insulin, diabetes
mellitus type 2, and metabolic syndrome. PPAR-
receptors belong to the family of nuclear hormone
receptors functioning as ligand-activated transcription
factors. The PPAR receptor family, including PPAR-
o, PPAR-y, and PPAR-9, is represented by receptors
activated by fatty acids and their metabolites regulat-
ing induction of peroxisome enzymes. PPARs play an
important role in regulation of activity of genes, thus
providing metabolism of glucose, fatty acids, and cho-
lesterol. PPAR-a and PPAR-y are also involved in
anti-inflammatory effects. Specific pharmacological
correction of PPAR-a., -B3, -y can be used as a novel
promising approach to therapy of diabetes mellitus
type 2 and insulin resistance [27].
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INSULIN-DEPENDENT MECHANISM
OF GLUCOSE UPTAKE

Insulin-dependent signaling cascade. There are two
“mirror” signaling cascades underlying homeostasis of
glucose metabolism: insulin-mediated glucose uptake
(IMGU) in the cells of muscle tissue, liver, and heart
and glucose-stimulated insulin secretion (GSIS) in
pancreatic 3-cells.

Decrease of cellular response to interaction of
insulin with IR (insulin resistance) results in a
decrease of the ability of insulin to stimulate glucose
uptake and synthesis of glycogen, proteins and lipids
[28]. Insulin-dependent signaling cascade regulates
glucose level in cells and blood plasma, and its pertur-
bations imminently lead to diabetes mellitus. Meta-
bolic effects of insulin provide homeostasis of glucose
metabolism, increasing its consumption in skeletal
muscles and suppressing its generation in liver tissue.
Insulin resistance reflects a decrease of ability of cells
and tissues to respond to physiological level of insulin.
Genetic factors, environmental conditions, age and
stress contribute to the development of insulin resis-
tance. Perturbations in glucose and lipid metabolism
lead to defects in the mechanism of insulin signal
transduction and to various pathologies.

Canonical insulin signaling cascade is initiated by
interaction of insulin with extracellular a-subunit of
IR (Fig. 1). This leads to conformational changes in 3-
subunit of IR, which possesses its own tyrosine kinase
activity and catalyses autophosphorylation of tyrosine
residues of IR B-subunit (NPEY motif). Activated IR
phosphorylates proteins of IRS family [29]. IRS phos-
phorylates specific SH2-domain of protein tyrosine
phosphatase Shp2 and SH3-domain of adaptor pro-
tein Grb2. Activated Grb-2 molecule stimulates sig-
naling cascade, linked to small GTP-binding Ras pro-
teins (Ras-GTPases). In this process SH2 domain of
Grb2 protein interacts with adaptor protein Shc and
activates Sos, a GTP exchange factor, which binds to
Ras-GTPases and activates them, accelerating GDP
release. Activation of Ras causes activation of down-
stream signaling cascade, which stimulates protein
kinase Raf and kinase MAPK regulated by extracellu-
lar signal (extracellular signal-regulated kinase, ERK).
This MAPK-dependent branch of insulin-dependent
signaling cascade regulates cellular activities (gene
expression, mitosis, cell differentiation and cell sur-
vival/apoptosis). Simultaneously, IRS activates PI3K
also by interaction with SH2 protein domain, which is
accompanied by an increase of intracellular concen-
tration of phosphatidylinositols (PIP, PIP, and PIP;)
and, in turn, activates PIP-dependent protein kinase 1
(PDK-1). Subsequently, a number of protein serine
kinases, including protein kinase B (Akt) and PKC,
are activated. As a result of this reaction sequence, glu-
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cose transporter GLUT4 is carried from cytoplasm
vesicles into cellular plasma membrane (Figs. 1 and 2)
[30].

IR activates PI3K isoforms, which are functioning
as heterodimers, consisting of catalytic (pl110a,
pl110B, pl1108) and regulatory (p85a, p55a, pS0a,
pS55y, p85PB) subunits [31]. The signaling pathways
listed above, leading to phosphorylation of different
cytoplasm proteins and transcription factors, are nec-
essary for realization of metabolic functions by insulin.
Insulin signaling cascade is a very complex network of
reactions with plenty of feedbacks and interactions
with other crucial signaling cascades [32]. It is impor-
tant that functions of insulin-dependent signaling cas-
cade in heart and skeletal muscles, liver, and vascular
endothelial cells are similar, but the biological
responses to them are various and tissue-specific
(Fig. 2) [30, 33, 34].

Regulation of glycogen synthesis and breakdown.
One of the crucial enzymes regulating glucose level in
liver cells is phosphorylase (glycogen phosphorylase).
Glycogen phosphorylase and glycogen synthase are
two main proteins controlling glycogen metabolism
(glycogenesis and glycogenolysis). Liver glycogen
largely maintains physiological concentrations of glu-
cose. The glycogen molecule consists of glucose resi-
dues linked by a.-1,4-glycoside bonds, specifically split
by phosphorylase (the main pathway of glycogen
breakdown in the animal cell). Active phosphorylase
(phosphorylase a) is a phosphorylated tetramer. Spe-
cific protein phosphatase converts phosphorylase a
into inactive phosphorylase b (dimeric molecule), cat-
alyzing hydrolytical removal of phosphate from
serine residue. The reverse conversion of inactive
phosphorylase b into active phosphorylase a is cata-
lyzed by phosphorylase kinase (phosphorylation of the
enzyme). G-6-P and ATP stabilize inactive state of
phosphorylase b.

Activation of phosphorylase b kinase occurs as a
result of its phosphorylation by protein kinase. Protein
kinase is activated by cAMP, which induces dissocia-
tion of tetrameric protein molecule with release of cat-
alytic subunits. Protein phosphatases, dephosphory-
lating enzymes, abolish the corresponding effects of
protein kinases. Protein phosphatase 1 (PPI) plays a
key role in regulation of glycogen metabolism. (PPI
consists of three subunits: catalytic, Rg;, a subunit
with high affinity to glycogen, and inhibitor I — a small
regulatory subunit). PPI inactivates phosphorylase
kinase and phosphorylase a, dephosphorylating these
enzymes, thus decreasing the rate of glycogen break-
down. Moreover, PPI dephosphorylates the inactive
glycogen synthase b, converting it into the active form,
thus accelerating glycogen synthesis. PPI is an enzyme
regulating the process of glycogen accumulation. The
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Fig. 1. Insulin signaling cascade includes the following reaction sequence: interaction of insulin with corresponding receptor,
leading to phosphorylation of tyrosine of insulin receptor substrates 1 and 2 (IRS-1/2); activation of phosphatydilinositol-3-
kinase, causing translocation of GLUT4 transporter from intracellular space to plasma membrane of a muscle cell. Binding of
insulin with o.-subunit of IR on the membrane surface leads to autophosphorylation of tyrosine residues of the receptor’s f3-sub-
unit possessing its own tyrosine kinase activity and increases tyrosine kinase activity of IR. As a result, IRS-proteins interact with
receptors in cytoplasm by their SH2-domains. Subsequent phosphorylation of tyrosine residues of IRS by activated receptor leads
to activation of a complex signaling cascade, regulating such important cellular processes, as gene expression, growth and differ-
entiation of pancreatic cells. Proteins of IRS family, IRS-1 and IRS-2, being the most important of them in insulin-sensitive tis-
sues, are docking proteins binding to IR. Anchoring adaptor proteins participating in assembling of protein complexes contain
SH2-domain, PH-domain (Pleckstrin homology domain), and PTB-domain recognizing certain amino acid sequences in target
proteins. SH2-domains (Src homology domains) recognize and bind phosphorylated tyrosine residues within longer peptide
motif of target protein, PH-domains can bind phosphatydilinositol phosphates, fy-subunits of heterotrimeric G-proteins, PKC.
Phosphorylation of numerous tyrosine residues in C-terminal regions of IRS proteins leads to formation of high-specificity bind-
ing sites for a number of SH2-domain-containing signaling protein molecules. Phosphatydilinositol-3-kinase, the central insu-
lin-dependent molecule, interacting with IRS and providing metabolic effects of insulin, consists of catalytical and regulatory
subunits (p110 and p85, respectively). Activated IRS protein, having also PH-domain, capable of binding products of phospho-
rylation/dephosphorylation of different centers of inositol ring, interacts with SH2-domain of PI3K catalytical subunit, which is
accompanied by increase of activity of p110 — catalytic subunit of the lipid kinase [55, 56]. Increase of catalytic activity dramat-
ically increases intracellular content of phosphatydilinositol-3,4-disphosphate (PIP,) and phosphatydilinositol-3,4,5-trisphos-
phate (PIP;). Today there are many identified targets of PI3K, situated downstream the signaling cascade, for example, such
serine/threonine kinases, as phosphoinositide-dependent protein kinase, PKB, PKC, p70S6-kinase, glycogen synthase kinase
[29, 30].
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Fig. 2. Insulin-dependent signaling cascade. Metabolic PI3K-dependent branch of the cascade determines tissue-specific effects
of insulin: gluconeogenesis in liver, NO production in endothelial and heart cells, glucose uptake by skeletal muscles, adipose tis-
sue, heart tissue [30, 34]. PDK-1, 3-phosphoinositide-dependent protein kinase 1; FOXO, transcription factors belonging to a
large family of proteins having conservative DNA-binding domain “fork-head box” (FOX) and regulating many cellular pro-
cesses. Transcriptional activity of these proteins is regulated by insulin and/or insulin-like growth factor (IGF). PEPCK, phos-
phoenolpyruvate carboxykinase (the enzyme taking part in gluconeogenesis).

inhibition of PPI is performed by small regulatory sub-
unit — inhibitor I, which suppresses the activity of
holoenzyme when being phosphorylated. Phosphory-
lation of inhibitor I by protein kinase A blocks the cat-
alytic subunits of protein phosphatase I. Protein
kinase A is activated by glucagon or adrenaline by cas-
cade mechanism.

Insulin in turn stimulates glycogen synthesis, acti-
vating PPI. Interaction of insulin with the receptor —
tyrosine kinase — is accomplished by a wave of phos-
phorylation of different target proteins, activation of
insulin-sensitive protein kinase, and phosphorylation
of protein phosphatase I in the site, different from the
site of phosphorylation by protein kinase A. The result
of phosphorylation is the enzyme binding to a glyco-
gen molecule. Dephosphorylation of glycogen syn-
thase, phosphorylase kinase and phosphorylase leads
to an increase in glycogen synthesis and the end of its
breakdown. The content of active phosphorylase a in
liver tissue rapidly decreases after the increase of blood
glucose level. Glucose is bound and inhibits glycogen
phosphorylase a in liver tissue, shifting the equilibrium
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from active state to inactive one and facilitating the
interaction of the enzyme with protein phosphatase 1.
The molecular ratio of phosphorylase a /protein phos-
phatase 1is 10/1 [35].

REGULATION OF INSULIN SECRETION
BY B-CELLS. THE ROLE
OF NADPH-OXIDASES

The number of features of glucose metabolism in
B-cells is exclusively important for understanding the
role of these cells in maintaining the glucose homeo-
stasis. First of all, such features are: high capacity of
the glucose transport system; lack of synthesis of gly-
cogen and fatty acids and of gluconeogenesis; critical
role of mitochondrial process, including tricarbonic
acid cycle, electron transport, oxidative phosphoryla-
tion; Ca?* -independent glucose-induced respiratory
burst; voltage-dependent CaZ* uptake as a signal for
insulin secretion; accumulation of malonyl-CoA,
acyl-CoA and diacylglycerol as metabolic factors of
coupling [36]. Hence, it is clear that complex meta-
bolic reactions in B-cells, providing energy balance
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Fig. 3. Glucose-stimulated insulin secretion (GSIS) [37]. Key elements of glucose-stimulated insulin secretion by pancreatic
B-cells: glucose import into the cell by glucose transporter with high Ky;; glucose phosphorylation by the members of glucokinase
(hexokinase) family with high K);; metabolism of formed fructose-6-phosphate in glycolysis and tricarbonic acid cycle; increase
of ATP/ADP ratio; closing of ATP-dependent K, channels of the cell membrane; membrane depolarization; opening of voltage-
dependent Ca,, channels; the rise in the intracellular Ca,, concentration causes insulin secretion [34, 37]. GK, glucokinase;
G-6-P, glucose-6-phosphate; DAG, diacylglycerol; NEFA, non-esterified fatty acids; PKC, protein kinase C; SG, secretory
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and functioning of signaling cascades, should be very
sensitive to effects of genetic and environmental fac-
tors and pharmacological agents.

It is well known that glucose is carried through
plasma membranes into insulin-secreting -cells of
pancreatic Langergans islets by specific transporters,
GLUTI and GLUT2, and is rapidly phosphorylated
by glucokinase (hexokinase) having high K, to glucose
(Fig. 3) [37]. (Glucokinase can be considered as a key
enzyme for glucose metabolism.) Processes of trans-
port and phosphorylation determine the rate of the
flow of glucose, oxidized during glycolysis. Increase of
glycolysis rate in B-cells leads to accumulation of
reducing equivalents in cytoplasm and activation of
shuttle mechanism of electron transport into mito-
chondrial matrix, which finally stimulates increase of
tricarbonic acid cycle activity and ATP synthesis in
mitochondria and also increases the ATP/ADP ratio
in cytoplasm. By similar way enhanced oxidation of
free fatty acids also leads to an increase of the
NADH/NAD ratio in mitochondria. The increase of
ATP level in cytoplasm is accompanied by closing of
ATP-dependent K* channels, which in turn leads to
depolarization of plasma membrane, rise in intracel-
lular Ca?* concentration, activation of protein kinases
and insulin exocytosis (Fig. 3) [37, 38]. Fast increase
of intracellular Ca®* concentration via voltage-depen-
dent calcium channels is the basic mechanism of
GSIS. However, further increase of intracellular con-
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centration of Ca* can stimulate generation of ROS by
mitochondria, because Ca?* is capable of increasing
NADPH-oxidase-dependent generation of ROS by
mitochondria, activating PKC, and therefore of
increasing the level of oxidative stress and and/or
inducing apoptotic cell death.

NADPH-oxidases play a major role in generation
of ROS, providing antibacterial effect of specialized
phagocytic cells, such as macrophages and neutro-
phils. “Classic” NADPH-oxidases, traditionally asso-
ciated with cells of the immune system, are possibly
represented by a number of isoforms, among which
large families are made out: NOXI1, NOX2, and
NOX3. Functioning of these isoforms depends on a
number of activators. The mentioned enzymatic com-
plexes catalyze the reaction of one-electron oxygen

reduction with formation of superoxide anion O, ,
using NADPH as electron donor. Integral membrane
proteins gp9phox, p22phox, and also p67phox,
p47phox, p40 phox, and small GTPases (Racl or
Rac2) are necessary for regulation of NADPH-oxi-
dase activity. Activation of the enzyme is initiated by
phosphorylation of serine or threonine residues of
p47phox subunit, catalyzed by PKC, which leads to
transport of the enzyme subunits from cytosol to
plasma membrane. During activation, six subunits of
“classic” NADPH oxidase form an active complex
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producing large amounts of superoxide anion. Regula-
tion of enzyme activity is achieved by two ways:

1) compartmentalization of oxidase subunits with
different (membrane and cytosolic) localization,

2) modulation of reversible protein—protein and
protein—lipid interactions.

Specific isoforms of O, -generating NADPH-

oxidases (for example, NOX1-3) are the most impor-
tant source of ROS in non-phagocytic cells, including
pancreatic ones. Under the excess of ROS, not only
cell damage due to nonspecific oxidation of DNA,
proteins, and lipids is observed, but also activation of
stress-induced intracellular signaling cascades, such as
NF-«xB, p38MAPK, JNK/SAPK, hexosamine, and
other signaling pathways. Activation of these cascades
leads to increase of expression of many genes, which
can be the cause of cell damage and play an important
role in the etiology of numerous diseases, particularly
in development of long-term diabetes mellitus com-
plications. Results of in vitro and in vivo studies con-
firm the fact that activation of many stress-dependent
signaling pathways leads to the loss of cellular sensitiv-
ity to insulin and abnormalities in insulin secretion.
Correspondingly, hyperglycemia, free fatty acid level,
generation of ROS, oxidative stress, activation of
stress-dependent signaling pathways, development of
insulin resistance, and dysfunction of [B-cells are
thought to correlate with long-term complications of
diabetes mellitus is inferred [37, 40].

At the same time, numerous examples prove par-
ticipation of “non-damaging” physiological level of
ROS in cellular signal transduction, regulation of cell
growth and programmed cell death, calcium signal-
ization, gene expression [41], and immune responses
[42, 43].

MOLECULAR MECHANISMS OF INSULIN
RESISTANCE

The resistance of tissues to insulin plays a central
role in the development of a number of metabolic dis-
orders and diseases, such as diabetes mellitus type 2,
obesity, and metabolic syndrome. The determinative
factor in the development of this pathology is an
increased level of glucose and free fatty acids in blood
plasma and oxidative stress in cells and tissues [44].
Normally, activation of insulin receptors in the cells of
insulin-sensitive tissues (muscle tissue, adipose tissue)
stimulates glucose oxidation in the glycolytic pathway.
However, insulin resistance leads to impairments in
insulin-dependent glucose uptake. There are many
confirmations for the effect of oxidative stress on
intracellular signaling causing the development of
inflammatory processes, cell insulin resistance, etc.
[1, 45, 46].

In addition to nonspecific irreversible oxidative
damage of DNA, protein, and lipid molecules, reac-
tive oxygen and nitrogen species damage cells and tis-

BIOCHEMISTRY (MOSCOW) SUPPLEMENT SERIES A: MEMBRANE AND CELL BIOLOGY Vol. 5

ZAVODNIK et al.

sues indirectly, by activating a number of stress-sensi-
tive cascades. It is supposed that activation of stress-
dependent signaling cascades during hyperglycemia
(and, probably, during increase of free fatty acid con-
tents) plays an essential role in the development of
both diabetes type 1 and 2 complications and insulin
resistance of tissues in diabetes type 2 [28]. In this case
ROS function as signaling molecules.

Defects in different sites of insulin-dependent sig-
naling cascade are considered as a mechanism of the
development of insulin resistance [47]. One can draw
attention to phosphorylation of serine residues in IRS
molecules, IRS degradation, activation of phos-
phatases (for example, phosphotyrosine phosphatase
1B), suppression of activation of signaling molecules,
situated downstream insulin receptors, including Akt
and atypical PKC [48, 49].

Phosphorylation of certain serine residues in IRS
(by serine/threonine kinases) prevents interaction of
IRS with IR, which leads to inhibition of phosphory-
lation of tyrosine residues in IRS and subsequent sup-
pression of PI3K. Phosphorylation of serine residues
in IRS-1/2 proteins leads to insulin resistance due to
decrease of insulin-dependent signaling cascade activ-
ity, particularly due to inactivation of PI3K, Akt,
PKC;, and as a result, it decreases cellular glucose
uptake, increases glucose production, decreases
vasodilatation and insulin secretion [30]. Another
more potential mechanism of the development of
insulin resistance is activation of pro-inflammatory
signaling cascades. For example, Toll-like receptors,
playing a key role in initiation of immune response,
stimulate pro-inflammatory signaling cascade by sub-
sequent activation of different adaptor protein mole-
cules. The adaptor proteins activate certain kinases,
IKKp and JNK, which leads to enhancing of signal
and direct induction or suppression of certain genes,
governing the immune response. As a result of this sig-
naling cascade activation, production of a number of
cytokines, for example interleukins, is stimulated [50].

Dysfunction of mitochondria, resulting in an
increase of the ROS level, also activates a number of
serine protein kinases phosphorylating IRS, which
leads to insulin resistance [51]. Moreover, ROS, acti-
vating IKK, stimulate pro-inflammatory signaling
cascade, which phosphorylates serine residues of IRS
[52]. Dysfunction of mitochondria promotes accumu-
lation of fatty acid metabolites, DAG and long-chain
CoA [53]. DAG, in turn, is an allosteric activator of
PKC, also phosphorylating serine residues in IRS-1,
which leads to failure of IRS-1 to recruit and activate
PI3K and to suppression of insulin signaling [30].

Oxidative stress plays a key role in cell insulin sig-
naling disorders. Activation of INK signaling cascades
inhibits expression of the insulin gene. There are three
isoforms of INK: JINK1, JNK2, INK3, but only JNK1
is supposed to be involved in the development of dia-
betes mellitus type 2 [54]. The final result of this
mechanism is perturbation in signal transduction for
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translocation of GLUT4 to cellular surface and, there-
after, disturbance in insulin-dependent glucose uptake
by the cells [55, 56].

Knowledge of the mechanisms of insulin resistance

can serve as a basis for the development of pharmaco-
logical agents for treatment of this pathology. Usage of
antioxidants and pharmacological inhibitors of stress-
dependent signaling cascades is one of the approaches
for the development of such agents. Regulation of
functioning and biogenesis of mitochondria can be a
novel therapeutic strategy. These new approaches can
have an importance for preventing of the development
of insulin resistance, B-cells dysfunction, disturbances
of glucose and lipid metabolism in liver, and vasorelax-
ation [30].
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