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Abstract: The main cause of death in patients with type 2 DM is cardiovascular complications
resulting from the progression of atherosclerosis. The pathophysiology of the association between
diabetes and its vascular complications is complex and multifactorial and closely related to the toxic
effects of hyperglycemia that causes increased generation of reactive oxygen species and promotes
the secretion of pro-inflammatory cytokines. Subsequent oxidative stress and inflammation are major
factors of the progression of type 2 DM and its vascular complications. Data on the pathogenesis of
the development of type 2 DM and associated cardiovascular diseases, in particular atherosclerosis,
open up broad prospects for the further development of new diagnostic and therapeutic approaches.
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1. Introduction

The prevalence of the chronic progressive disease diabetes mellitus is growing steadily
every year all over the world. According to International Diabetes Federation, there
are 537 million adults with diabetes in the world today. Moreover, according to current
predictions, this number is expected to exceed 643 million by 2030 and 780 million by
2045 [1]. About 10% of patients have type 1 diabetes, and the rest have type 2 diabetes
mellitus (DM). In addition, for every patient diagnosed with type 2 DM, there is one person
with an undiagnosed disease. Therefore, the real number of patients with diabetes is much
higher. Mortality from diabetes in 2021 exceeded 6.7 million people, which is more than the
total mortality from AIDS, tuberculosis, and malaria [1]. There is no doubt that diabetes is
one of the most significant risk factors for severe COVID-19, with increased admissions to
intensive care unit and mortality among coronavirus patients [2,3]. The main cause of death
in patients with type 2 DM is cardiovascular complications resulting from the progression
of atherosclerosis. Several studies have shown a higher incidence of cardiovascular diseases
(coronary heart disease, heart failure, etc.) in patients with diabetes mellitus compared with
people of the same age without diabetes [4]. Despite the obvious advances in the treatment
of cardiovascular diseases, type 2 DM has a significant impact on their prognosis. The
risk of diabetic macroangiopathy development increases with elevation of glycemic level,
indicating an almost linear relationship between metabolic disorders in type 2 DM and
vascular damage [5,6]. According to modern concepts, hyperglycemia activates glucose
autooxidation and contributes to a decrease in the activity of antioxidant defense, causing
excessive accumulation of free radicals, which leads to the development of oxidative stress.
It seems possible to reduce the severity of oxidative stress and, accordingly, to ameliorate
the progression of diabetic vascular complications, improving the prognosis and quality of
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life of patients with type 2 DM by eliminating the negative effect of hyperglycemia through
adequate hypoglycemic therapy. However, the pathophysiology of the association between
diabetes and vascular complications is complex and multifactorial. In fact, the mechanism
of the pathogenesis of cardiovascular disease in type 2 DM is not fully understood, but
it appears to be closely related to the toxic effects caused by hyperglycemia as well as
obesity-induced hyperlipidemia—gluco- and lipotoxicity, respectively. Hyperglycemia
causes oxidative stress due to mitochondrial dysfunction and increased generation of
reactive oxygen species (ROS), while hyperlipidemia promotes adipose tissue expansion
that activates Map kinases and the release of cytokines which come from a change in
immune cell phenotype. Subsequent oxidative stress and moderate inflammation are major
factors in the progression of type 2 DM vascular complications [7,8].

2. Inflammation in Insulin Resistance and Diabetes Mellitus

Inflammation is seen as a critical factor in metabolic dysregulation. Suppression of
inflammatory reactions has been considered a metabolically protective process that reduces
the development of insulin resistance and type 2 DM. Over a century ago, high doses of
sodium salicylate were found to reduce glucosuria in people diagnosed with diabetes [9,10].
Insulin resistance of the liver, adipose tissue, and skeletal muscle stimulates the secretion
of insulin from the pancreas, which maintains a normal level of glycemia (pre-diabetic
stage) [11-13]. The effective relationship between insulin-secreting cells and insulin target
tissues (pancreas, adipose tissue, liver, and skeletal muscle) maintains metabolic homeosta-
sis in response to physiological fluctuations in glycemia or lipemia, in response to food
intake or starvation. Insulin resistance represents a partial disruption of communication
between these tissues, in which target tissues of insulin become resistant to insulin sig-
naling despite initial compensation by the pancreas. Type 2 DM is the stage of complete
or near complete disorder of this relationship, when insulin production no longer fits the
organism’s need for glycemic regulation. Each of these target tissues has its own special-
ized macrophages to maintain important physiological functions, to keep tissue integrity,
and, more importantly, the number of macrophages in the tissue undergoes adaptation at
each stage of type 2 DM development [14,15]. Tissue macrophages are extremely potent
mediators of insulin signaling, sensitivity, and resistance. Macrophages quickly respond to
environmental signals and adapt their functions. To date, an important role of macrophage
polarization in the development of metabolic diseases has been established [16].

An important role in insulin resistance of cells is played by the endoplasmic reticulum
(ER). When its homeostasis is disturbed, “ER stress” occurs, which is a key sign of metabolic
disorders [17,18]. In obesity, which often accompanies type 2 DM, persistent metabolic
pressure leads to disruption of essential ER functions and consequently to impaired cellular
health, inflammation, and ultimately metabolic collapse [18]. In addition, hyperglycemia,
an independent risk factor for type 2 diabetes, leads to a significant induction of ROS,
which causes increased activation of inflammatory pathways [19]. In the occurrence of
type 2 diabetes, as well as associated cardiovascular complications, such as atherosclerosis,
macrophages/monocytes play a key role as the main regulators of inflammation. Numerous
studies show the presence of many levels of regulation of these processes, from cell surface
receptors to nuclear receptors, transcription factors, and their coregulators [15,20]. In
particular, the mechanisms of impaired insulin action are associated with serine/threonine
phosphorylation, which mediates insulin receptor (IR) signaling [21]. In addition, inhibitory
phosphorylation can be initiated by pro-inflammatory cytokines (TNFq, IL-1f3, and IL-6)
secreted by macrophages. These cytokines in turn activate serine kinases such as IkB
kinase 3 (IKKf), c-Jun N-terminal kinase (JNK), ribosomal protein S6 kinase (S6K), and
mammalian target of rapamycin 32 (mTOR32) in adipocytes, which mediate inhibitory
phosphorylation of insulin receptor substrate 1 (IRS1), causing insulin resistance [22]. The
same kinases play an important role in initiating the immune response through the toll-like
receptor (TLR), which, upon activation, secretes the production of various cytokines [23,24].
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A brief scheme demonstrating the main inflammatory mechanisms in the development of
insulin resistance is shown in Figure 1.
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Figure 1. A brief scheme of the main inflammatory mechanisms in the development of insulin
resistance. ROS, reactive oxygen species; TLR4, toll-like receptor 4; AGE, advanced glycation end-
products; RAGE, AGE receptor; MAPK, mitogen-activated protein (MAP) kinase; TNF«, tumor
necrosis factor «; IL, interleukins; MCP-1, monocyte chemoattractant protein-1; JAK-STAT, Janus
kinase signal transducers as well as activators of transcriptional signaling pathway; S6k, ribosomal
protein S6 kinase; JNK, c-Jun N-terminal kinase signaling pathway; NF-kB, nuclear factor-«B pathway;
mTOR, mammalian target of rapamycin; IRS1, insulin receptor substrate 1; FFA, free fatty acids.

It is known that adipose tissue consists mainly of adipocytes, as well as preadipocytes,
lymphocytes, macrophages, fibroblasts, and vascular cells. The content of macrophages is
greater in visceral than in subcutaneous adipose tissue, which indicates that the accumu-
lation of visceral fat contributes to insulin resistance and can lead to metabolic diseases.
Obesity leads to the change in adipose tissue cellular composition as well as to the acti-
vation of immune cells [25]. Adipocyte hypertrophy, hypoxia, and increased cell death
due to increased accumulation of lipids, in particular triglycerides, contribute to secretion
of pro-inflammatory molecules such as TNF-«, IL-6, IL-8, and MCP-1, adipokines, etc.,
by adipocytes and immune cells, in particular macrophages, resulting in increased infil-
tration of circulating monocytes and immune cells into adipose tissue [26,27]. Recruited
monocytes differentiate into a pro-inflammatory M1 macrophage phenotype, resulting in
an imbalance between M1 and M2 macrophages and reduced anti-inflammatory signals
from M2 macrophages. This contributes to greater secretion of pro-inflammatory cytokines
and adipokines, and consequently, dysfunction of adipose tissue and decrease in glucose
tolerance [28]. Most pro-inflammatory stimuli simultaneously activate the JNK and IKKf
TLR pathways. Activation of JNK and IKKf3 /NF-«kB can occur due to the influence of pro-
inflammatory cytokines such as TNF-« and IL-1§3 through receptor-mediated mechanisms,
as well as non-receptor mechanisms through activation of receptors such as TLR and glyca-
tion end products receptor (RAGE) recognition patterns, defined as surface proteins that
recognize foreign substances. JNK promotes insulin resistance through phosphorylation of
serine residues in IRS-1, and IKKf3 induces insulin resistance through transcriptional acti-
vation of nuclear factor-«B (NF-kB). Activation of the JNK and NF-«B pathways will lead
to the production of pro-inflammatory cytokines and mediators, which further activates
these pathways via feed-forward mechanisms [29]. Obesity accompanied by dysfunction
of adipose tissue plays a decisive role in the pathogenesis of not only insulin resistance
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but also liver pathologies such as non-alcoholic steatohepatitis (NASH) and non-alcoholic
fatty liver disease (NAFLD) [30]. The relationship between NAFLD and type 2 DM is very
complex and bidirectional. On the one hand, NAFLD is an independent risk factor for the
development of diabetes. On the other hand, diabetes can contribute to the progression of
NASH, NAFLD, liver cirrhosis and, in some cases, hepatocellular carcinoma. In addition,
NAFLD is a risk factor for cardiovascular disease, especially in combination with type 2
diabetes [31,32]. The pathogenesis of NAFLD involves the “multiple parallel strikes” hy-
pothesis, which involves insulin resistance, liver triglyceride accumulation, oxidative stress,
and processes in adipose tissue that promote a cascade of inflammation and cytokine and
adipokine production that leads to liver damage [33].

The major inflammatory pathways playing a key role in diabetes development were
demonstrated in mice models. Table 1 shows the major findings of experimental animal
studies devoted to the investigation of inflammatory mechanisms in the pathogenesis of
type 2 DM.

Table 1. Some key inflammatory pathways of diabetes proven in mice.

Pathway

Model Findings

NOD-, LRR- and pyrin-domain-containing Microglia NLRP3 proteins were highly

protein 3 (NLRP3) inflammasome activation:
protein complex triggering inflammatory

mediator production

expressed, and serum cytokines IL-1§3, IL6,
IL18, and TNF«x were increased in
streptozotocin-induced diabetic mice [34]

Streptozotocin-induced diabetic mice

Endothelial NF-xB

signaling: complex of transcription factors that
regulate cytokine gene expression and the

inflammatory response

The mRNA and protein levels of NF-kB and
TLR4 were significantly higher in the db/db
mice compared to normal control group [35]

Diabetic C57BL/Ks] db/db mice compared to
healthy mice

Endothelial NF-«B inhibition ameliorates
insulin resistance and improves glucose
homeostasis via reduced aortic expression of
adhesion molecules, upregulation of eNOS
signaling, reduced macrophage infiltration,
and iNOS expression in adipose tissue [36]

E-DNIkB mice (transgenic mice expressing
dominant-negative IkB under the Tie2
promoter/enhancer)

The serum levels of IL-1p3, IL-6, IL-18, and

Diabetic C57BL/Ks] db/db mice compared to TNE-o in the db/db mice were significantly

healthy mice .
Major inflammatory cytokines secretion: IL-1f3, higher compared to healthy control group [35]
IL-6, IL-18, and TNF-« IL-1pB, IL-18, and TNF-« levels were increased
Male db/db mice in liver of db/db mice compared to healthy
mice [37]
Hepatic inflammation and dyslipidemia were
JNK pathway activation: one of the major increased in AL mice on 35-week Western diet

signaling cassettes of the mitogen-activated
protein kinase (MAPK) signaling pathway

Apolipoprotein E/low-density lipoprotein

receptor double-knockout (AL) mice (WD) compared with wild-type mice on WD

through activation of NF-«B, Stat3, JNK
signaling pathways [38]

Chaperone-mediated autophagy (CMA):
catabolic pathway for selective degradation of

cytosolic proteins in lysosomes

Key enzymes in carbohydrate and lipid
metabolism are normally degraded by CMA
while CMA block leads to peripheral adiposity,
increased energy expenditure, and altered
glucose homeostasis [39]

Knockout mice 4-6 months old with
selectively blocked CMA in liver

3. Macrophages in Type 2 Diabetes

Current research shows that the study of extracellular, metabolic, and molecular sig-
nals associated with macrophage polarization is important in metabolic inflammation and
insulin resistance. In obesity, macrophages make up 50% of all adipose tissue cells [40].
Adipose tissue macrophages (ATMs) not only increase in number, but also change their
localization, being located around dead adipocytes and forming crown-like structures
(CLSs), which exhibit pronounced pro-inflammatory properties [41]. Activation of inflam-
matory pathways in adipocytes and macrophages is carried out through toll-like receptors,
in particular, TLR4. It has been shown that free fatty acids (FFA), which are elevated in
obesity, may promote TLR4 signaling, which in turn contributes to obesity-related insulin
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resistance [42]. In addition, low-density lipoprotein receptors (LDLR) have been shown
to be involved in the development of insulin resistance. Increased expression of LDLR
in adipocytes of adipose tissue contributes to pro-inflammatory activation and insulin
resistance in obesity [43].

Macrophage infiltration into adipose tissue leads to the secretion of pro-inflammatory
cytokines such as TNFe, IL-1(3, and IL-6, which activate serine kinases in adipocytes,
including IKKf{3, N-terminal c-Jun kinase (JNK), S6K, and mTOR32. All these kinases
trigger inhibitory phosphorylation of IRS1 [22]. Janus kinase (JAK) signal transducers
as well as activators of transcriptional (STAT) signaling pathways play an important role
in maintaining homeostatic processes. Activation of JAK results in phosphorylation of
tyrosine residues in the STAT protein. The JAK-STAT signaling pathway transcriptionally
regulates the cytokine signaling suppressor (SOCS), which inhibits JAK and STAT activation
and phosphorylation [44].

The general consensus about obesity and type 2 DM is that there is a disbalance
in the ratio of M1/M2 macrophages, which leads to an increase in the number of pro-
inflammatory M1 macrophages compared to anti-inflammatory M2 macrophages, leading
to chronic inflammation and the spread of metabolic dysfunction [14]. Insulin acts on cells
through the insulin receptor (IR), located on the surface of insulin-sensitive cells. As a
result of IR stimulation, its autophosphorylation occurs, as well as subsequent tyrosine
phosphorylation of members of the IRS family, thus initiating signaling events in the
cell [45,46]. Dysregulation of insulin signaling, resulting from various factors, is the main
mechanism leading ultimately to insulin resistance. In particular, IRS-1 serine phosphoryla-
tion leads to increased levels of free fatty acids, diacylglycerol, fatty acyl-CoA, ceramides,
and glucose, leading to obesity-associated insulin resistance. Some cytokines, in particular,
TNEF-o secreted by adipose tissue cells, stimulate the phosphorylation of IRS-1 serine and
threonine residues, which reduces IRS-1 tyrosine phosphorylation in response to insulin,
as well as the ability of IRS-1 to bind to the insulin receptor, which, in in turn, suppresses
signaling [47].

TNF-« and IL-6 increase the expression of SOCS proteins through attenuating insulin
signaling by binding to insulin receptors and reducing their ability to phosphorylate IRS
proteins. On the other hand, SOCS proteins can directly bind to IRS proteins, resulting in
their degradation. In addition, these cytokines can inhibit the expression of IRS-1 at the
transcriptional level. Thus, suppression of IRS-1 mRNA expression seems to be the main
mechanism involved in altering IRS-1 tyrosine phosphorylation in adipocytes of patients
with type 2 DM. IL-1§3 exerts its pro-inflammatory action by binding to the type I IL-1
receptor and activating the IKK/NF-«B pathway and the three types of mitogen-activated
protein (MAP) kinases—extracellular signal-regulated kinase (ERK), JNK, and p3SMAPK—
which also determines its involvement in insulin resistance [48]. Activation of MAP kinase
signaling pathways promotes endothelin-1 (ET-1) secretion, activation of cation pumps, and
increased expression of vascular cell adhesion molecule 1 (VCAM-1) and E-selectin. ET-1, in
turn, can enhance serine phosphorylation of IRS-1, causing a decrease in PI-3 kinase activity
in vascular smooth muscle cells, as well as disrupt insulin-stimulated glucose transporter
type 4 (GLUT-4) translocation in adipocytes [49]. Studies have shown that IL-1f3 levels
are elevated in non-diabetic offspring of diabetics and correlate with metabolic syndrome,
as well as increased expression of both IL-13 and its receptor in visceral adipose tissue in
obese individuals [48].

4. The Role of Mitochondria in the Development and Progression of Type 2 Diabetes
and Its Vascular Complications

Mitochondria play a key role in metabolic processes in all cells of the body. In en-
dothelial cells, they have a direct effect on the formation of endothelial dysfunction and,
therefore, vascular diseases, such as atherosclerosis and diabetic vascular dysfunction,
accompanying type 2 diabetes [50-52]. The main function of mitochondria is to produce
cellular energy using the cyclooxygenase (COX) and associated inner membrane electron
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transport chain, which produces ATP. In addition, mitochondria are involved in the forma-
tion of ROS, calcium and iron homeostasis, steroid biosynthesis, immune cell activation,
apoptosis, and inflammation [53,54]. When antioxidant defense mechanisms are disrupted,
excessive accumulation of ROS occurs, which not only directly damages cells by oxidizing
DNA, proteins, and lipids, but also indirectly damages cells by activating stress-sensitive
intracellular signaling pathways, such as NF-«B, p38 MAPK, and JNK/SAPK. Activation
of these pathways leads to the development of inflammation and, ultimately, diseases
associated with oxidative stress [55,56].

It is known that mitochondria, both in physiological conditions and in pathology, are
heterogeneous and have different functional properties, and have differences in morphol-
ogy, membrane potential, and mitochondrial calcium levels. A pool of mitochondria in an
individual cell can represent mitochondria at different stages of development, as well as the
consequences of their response to the cellular environment. Mitochondrial heterogeneity
is a two-way process in which a lower degree of heterogeneity can be beneficial and can
provide the cell with protection and adaptation to biological stress, and a higher degree of
heterogeneity can lead to irreversible disease because of the accumulation of dysfunctional
or inadequate mitochondria. Studies have described that within the same cell, mitochon-
dria exhibit broad heterogeneity in mitochondrial membrane potential (MMP), which can
be generated by the BCL2-associated agonist of cell death (BAD) protein, a member of the
proapoptotic BCL-2 family. Glucose-stimulated mitochondrial hyperpolarization has been
shown to increase insulin secretion. In addition, mitochondrial heterogeneity provides
metabolic flexibility [57].

Under physiological conditions, mitochondria are not static organelles; as a result of
continuous cycles of fusion and division, they change their shape and location depending
on physiological stimuli. The regulation of mitochondrial dynamics is a complex process
that is controlled by several dynamin-related guanosine triphosphate hydrolases (GTPases)
that maintain the balance between mitochondrial fusion and fission. Mitofusins MFN1
and MFN2 are responsible for outer mitochondrial membrane (OMM) fusion, while mito-
chondrial inner membrane (IMM) fusion is regulated by optic atrophy protein 1 (OPA1).
Fission proteins include dynamin-related protein 1 (DRP1) and fission protein 1 (FIS1).
Mitochondrial fission is essential for the removal of defective mitochondria by mitophagy,
which is mediated by (PTEN)-induced putative kinase 1 (PINK1), PARKIN ubiquitin ligase,
ubiquitin, and sequestosome-1 (p62/SQSTM1) [58]. It was shown that in patients with
type 2 diabetes and obesity, MFN2 expression was reduced, which may be associated with
decreased mitochondrial function [59]. Any change in this balance can lead to oxidative
stress and mitochondrial dysfunction, including Ca2+ overload, decreased ATP synthesis,
and loss of MMP. In turn, this is an important reason for the phenotypic transformation
of vascular smooth muscle cells (VSMCs), which can release apoptotic bodies that induce
calcification, leading to vessel remodeling and vascular wall stiffness. Ultimately, this
can lead to metabolic disorders that underlie the development of type 2 diabetes and its
vascular complications [60].

The development of type 2 diabetes, as well as its complications, in particular atheroscle-
rosis, are associated with mtDNA mutations [61-63]. Most of the mutations arise because
of increased production of ROS near the mitochondrial genome as a result of oxidative
stress, which leads to impaired mitochondrial function. In addition, mtDNA mutations
are generated by replication errors of mitochondrial DNA polymerase y and spontaneous
base hydrolysis [64]. Recently, a novel m.8561C>G mutation in MT-ATP6/8 (subunits of
mitochondrial ATP synthase) has been reported that may be associated with the onset of
diabetes mellitus [65]. Another study demonstrated that nuclear-encoded mitochondrial
genes (NEMG) have been identified that code for disease-related proteins that act in key
mitochondrial pathways. This may confirm the role of genetic variability in the occurrence
of mitochondrial dysfunction, not only as a consequence of DM2, but also as its possible
cause [66].
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5. Endothelial Dysfunction in Type 2 Diabetes and Its Vascular Complications

The development of vascular complications in type 2 diabetes is associated with toxic
effects caused by hyperglycemia, as well as dyslipidemia caused by obesity, gluco-, and
lipotoxicity. Chronic hyperglycemia and dyslipidemia lead to increased production of
ROS through the activation of various enzymes such as mitochondrial respiratory chain
enzymes, nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX), uncou-
pled endothelial nitric oxide synthase (eNOS), cyclooxygenase, and xanthine oxidase (XO).
ROS-responsive factors increase the production of glyco/lipoxidation end products such
as advanced glycation end-product (AGE) and oxidized LDL, which causes endothelial
damage and increases intravascular inflammation and leukocyte recruitment, which in
turn further increases endothelial dysfunction. ROS production in type 2 DM is increased
by accumulation of AGEs and activation of the cellular AGE receptor (RAGE), which
promote the secretion of cytokines and stimulate oxidative intermediates under conditions
of hyperglycemia [67]. Studies show that AGE/RAGE signaling is involved in diabetes-
mediated oxidative stress associated with plaque calcification, endothelial dysfunction, and
atherosclerosis progression [68,69]. The damaging effect of ROS is minimized by cellular
antioxidant enzymes such as catalase, peroxiredoxins, glutaredoxin (Grx), and glutathione
peroxidases (GPx). When these pathophysiological processes are dysregulated, defense
mechanisms are reduced, leading to an increase in ROS levels and irreversible damage to
key cellular enzymes [70]. Studies show that low antioxidant status predisposes to adverse
vascular complications. Thus, a decrease in GPx3 activity is associated with progression
of mean carotid intima-media thickness (IMT) and the presence of carotid plaque, which
confirms the relationship between GPx3 activity and the pathogenesis of carotid atheroscle-
rosis in patients with type 2 diabetes [71]. It is known that endothelial-cell-derived nitric
oxide (NO) plays a protective role in cardiovascular diseases, in particular atherosclerosis,
by stimulating vasodilation and inhibiting inflammatory reactions, platelet activation, and
aggregation. Violation of the synthesis and/or bioavailability of NO by endothelial cells
also leads to endothelial dysfunction. AGEs have been shown to reduce NO production by
suppressing the expression of endothelial NO synthase. In addition, oxidative stress caused
by AGE-RAGE can also inactivate NO and lead to increased production of peroxynitrite,
a toxic by-product of NO. AGE-RAGE stimulates the formation of the endogenous NO
synthase inhibitor asymmetric dimethylarginine (ADMA), which also causes endothelial
dysfunction [72].

Hyperglycemia and dyslipidemia also promote monocyte adhesion to endothelial
cells by inhibiting nitric oxide production and increasing levels of endothelin-1, E-selectin,
intercellular adhesion molecule 1 ICAM-1) and VCAM-1, ROS, angiotensin II, and a
plasminogen activator inhibitor [73]. Further, monocytes penetrate into the subendothelial
space, differentiating into macrophages that secrete pro-inflammatory cytokines [74]. As a
result, LDLs are converted into modified atherogenic LDLs, and oxidation probably occurs
in the last stages of modification. These modified LDLs are then taken up by macrophages,
leading to foam cell formation and atherogenesis. It is known that AGEs affect the activation
of the endothelium and the expression of adhesion molecules, promoting the penetration
of monocytes into the subendothelial space, and also enhancing the release of cytokines by
macrophages, thereby maintaining the pro-inflammatory effect [75,76]. Glycation of LDL
can be considered as a type of the atherogenic LDL modification [77]. Figure 2 demonstrates
the pathogenesis of atherosclerosis development in a diabetes condition that shows the
involvement of inflammatory mechanisms at different stages of the process.
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Figure 2. Mechanisms of atherosclerosis development in diabetes.

It is known that AGEs are formed during periods of hyperglycemia, are poorly me-
tabolized, and slowly accumulate over many years with inadequate glucose control in
DM. This is the so-called “metabolic memory”, defined as the long-term influence of the
initial glycemic status on the development of diabetic vascular complications, which can
accelerate the progression of vascular complications in patients with diabetes mellitus [78].

In addition to being involved in the formation of atherosclerotic lesions, endothelial
dysfunction is associated with the development of other diabetic cardiovascular compli-
cations of non-ischemic origin. Endothelial-derived cardio-active factors, such as NO,
endothelin-1, neuregulin-1 (NRG-1), angiotensin II, prostaglandins, and others, regulate
cardiomyocyte activity [79]. In diabetic conditions, endothelial dysfunction leads to dis-
turbed cardiomyocyte metabolism and microvascular coronary disorder, which are the
major mechanisms of diabetic cardiomyopathy [80]. The deposition of microvascular AGEs
in myocardium causes vascular inflammation and inhibits NO production, ROS production
in cardiomyocytes by NADPH oxidase, increased connective tissue crosslinking, and fibro-
sis development, resulting in predisposition to left ventricular remodeling and diastolic
dysfunction [80,81]. Recent meta-analysis demonstrates the association of myocardial fibro-
sis with DM in clinical studies due to impaired glycemic control, but further investigation
of this relationship mechanisms is needed [82]. In addition, endothelial dysfunction in
conjunction with increased activation of the renin—angiotensin-aldosterone system and
immune dysregulation underlie the pathophysiology of arterial hypertension, one of the
major comorbidities of diabetes [83]. Thus, diabetic mechanisms cause heart failure devel-
opment due to the direct role in cardiac metabolism dysregulation and indirectly through
arterial hypertension and coronary atherosclerosis [84].

6. Current Therapeutic Strategies for the Treatment of Type 2 Diabetes and Its
Vascular Complications

Current traditional classes of drugs for the treatment of type 2 diabetes include sulfony-
lurea preparations (enhance the release of insulin from the pancreatic islets); biguanides
(reduce glucose production by the liver); agonists of the peroxisome proliferation-activated
receptor (PPAR) (enhance the action of insulin); x-glucosidase inhibitors (prevent the ab-
sorption of glucose in the intestine); and sodium-glucose cotransporter inhibitors (SGLT2).
These classes of drugs are prescribed either as monotherapy or in combination with other
hypoglycemic agents [85,86].

6.1. Biguanides

The drug of first choice in the treatment of type 2 diabetes is biguanides (the classic
representative of metformin), the action of which is due to the inhibition of gluconeogenesis
in the liver, which leads to a decrease in glucose production, as well as improved insulin
signaling and a subsequent increase in glucose uptake by skeletal myocytes. Biguanides
do not increase the risk of hypoglycemia and weight gain and may also reduce the de-
velopment and progression of certain types of cardiovascular disease [87,88]. However,
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they have undesirable gastrointestinal side effects including diarrhea, nausea, vomiting,
and discomfort, and may also cause lactic acidosis and malabsorption of vitamin B12 [89].
“Classic” sulfonylurea drugs have a high risk of hypoglycemia and are associated with
weight gain. Because T2DM is a progressive disease, most patients require additional
therapy [90].

6.2. Alpha-Glucosidase Inhibitors

Alpha-glucosidase inhibitors (acarbose, miglitol, and voglibose) have been proposed as
treatments for type 2 diabetes, obesity, and atherosclerosis [91]. They reduce the hydrolytic
breakdown of the non-reducing ends of dietary oligosaccharides and reduce the release of
a-glucose, which leads to slower carbohydrate digestion. As a result, glucose absorption in
the small intestine decreases, which plays an important role in the control of postprandial
hyperglycemia (PPG) [92,93]. A number of studies have shown that alpha-glucosidase
inhibitors reduce the concentration of gastric inhibitory polypeptide (GIP), which leads to a
decrease in insulin resistance and a decrease in obesity [94]. Since «-glucosidase inhibitors
most effectively reduce PPG, which makes a significant contribution to the development of
cardiovascular complications of DM, drugs in this group can play an important role both
as first-line therapy and second or third line [95].

6.3. GLP-1 Agonists

Currently, glucagon-like peptide-1 (GLP-1) agonists represent a well-established class
of hypoglycemic agents that have great potential for further development in the treatment
of type 2 diabetes. GLP-1 belongs to the family of incretin hormones, and it is able to
increase insulin secretion in a glucose-dependent manner and suppress glucagon secretion
during periods of hyperglycemia. GLP-1 agonists are recommended as the preferred first
injectable hypoglycemic therapy for type 2 diabetes prior to insulin treatment because
they are able to lower glucose levels comparable to insulin, but with a lower risk of hy-
poglycemia [96]. An additional advantage of this group of drugs is that they provide a
significant improvement in HbAlc levels, have a low risk of hypoglycemia, improve satiety
and promote weight loss due to delayed gastric emptying, and have a central effect on the
satiety center [97]. Structural differences among GLP-1 agonists affect their duration of ac-
tion, while composition and dosage affect hypoglycemic efficacy, weight loss, and side effect
profile [98]. Various chemical modifications of GLP-1 explain individual pharmacokinetic
properties of different GLP-1RAs, which are classified into short-acting and long-acting
formulations. A feature of short-acting drugs is the postprandial decrease in blood glucose
levels resulting from delayed gastric emptying, which leads to a decrease in the rate of
glucose entry into the duodenum and, subsequently, in blood. In addition, short-acting
GLP-1RAs have been shown to reduce postprandial blood lipid levels. Long-acting GLP
agonists promote better glycemic control than short-acting agonists by maintaining higher
fasting insulin levels. In addition, high levels of long-acting GLP-1 receptor agonists in
plasma lead to a greater decrease in HbAlc levels. Unlike short range agonists, long-acting
GLP-1RA do not have a significant effect on gastric motility with long-term administra-
tion, which is probably associated with tachyphylaxis, i.e., the effect of these compounds
on gastric emptying decreases rapidly over time as a result of continuous activation of
the GLP-1 receptor. The choice of using short-acting or long-acting agonists depends on
the disease profile and individual characteristics of the patient [99]. The effectiveness of
GLP-1 receptor agonists, as well as their side effect profiles, likely depend on the frequency
of their administration [100]. The most frequent side effects are effects observed in the
gastrointestinal tract (nausea, vomiting, diarrhea); local reactions at the injection site are
possible, since they are administered subcutaneously, as well as hypoglycemia [101]. GLP-1
receptor agonists have beneficial effects on known cardiovascular risk factors such as body
weight, glycemic control, fasting, and postprandial lipoprotein levels, and may reduce mild
inflammation and improve plaque stability [102]. The anti-atherosclerotic effect of GLP-1
has been shown in experiments on animals and cell cultures. Abundant expression of
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GLP-1 in endothelial cells, monocytes, and macrophages, which play an important role in
the development of atherosclerosis, may cause effects that potentially prevent the formation
of atherosclerotic plaques, which requires further study [103]. GLP-1RA has been shown
to reduce ROS production, monocyte- and macrophage-mediated oxLDL activation, and
subsequent activation of adhesion molecules such as VCAM-1, MCP-1, E-selectin, and
ICAM-1, which leads to a decrease in monocyte accumulation in the vascular wall, which
ultimately leads to slower progression and stabilization of plaques [96].

An important property of GLP-1 receptor agonists is their resistance to degradation
and inhibition by the enzyme dipeptidyl peptidase-4 (DPP-4). This is of great importance
for the development of new GLP-1RAs, and also leads to the development of a new class
of drugs—DPP-4 inhibitors. DPP-4 inhibitors are a group of oral medications that use a
physiological mechanism to achieve glycemic control by stimulating insulin secretion and
decreasing glucagon secretion during the acute phase, as well as improving long-term B-cell
function and regeneration [104-106]. They are well tolerated by patients and have moderate
hypoglycemic efficacy as well as minimal risk of side effects such as hypoglycemia and
weight gain [107]. All DPP-4 inhibitors reduce the degradation of GLP-1 and therefore
are associated with increased endogenous concentrations of human GLP-1, which may
have similar physiological effects to GLP-1RA [108]. This group of drugs is of great interest
for further study. They can help treat patients who cannot achieve adequate control with
conventional therapy for type 2 diabetes and can be used in individuals at risk to prevent
the development of diabetes [104].

One of the newest and most promising classes of drugs for the treatment of type 2
diabetes are glucose-dependent insulinotropic polypeptide (GIP) receptor agonists, which,
like GLP-1, belong to incretin hormones. GIPR agonists increase whole-body insulin sensi-
tivity and also improve adipose tissue health associated with increased insulin signaling by
adipocytes, reduced infiltration of pro-inflammatory immune cells, and decreased lipid
accumulation and oxidation [109]. The development of therapeutic agents for the treat-
ment of type 2 diabetes with simultaneous action on the GIP and GLP-1 receptors, that is,
dual agonists of the GIP/GLP-1 receptors, looks promising [110]. The dual agonist of the
GIP/GLP-1 receptor Tirzepatide has been shown in some studies to improve glycemic con-
trol, weight loss, and decrease appetite in patients [111]. It is important that GIP agonists
exhibit some anti-atherosclerotic activity due to a decrease in oxidative stress and release of
inflammatory cytokines [112].

6.4. PPAR Agonists

The antidiabetic drugs thiazolidinediones, PPAR agonists known as “glitazones”,
have been proven well [113]. PPARs are a family of ligand-activated nuclear hormone
receptors (NRs) that act as ligand-inducible transcription factors. There are several types of
PPAR receptors that have different effects on target cells: PPARx affects the metabolism
of fatty acids, reducing lipid levels; PPARS (also referred to as PPARf) is involved in
fatty acid oxidation and also regulates blood glucose and cholesterol levels; PPARY is
involved in the regulation of adipogenesis, lipid biosynthesis, energy balance, inflamma-
tory processes, and is also associated with cell cycle regulation and the development of
insulin sensitivity [114,115]. PPARs are expressed in various tissues, as PPAR« is highly
expressed in hepatocytes, enterocytes, monocytes/macrophages, and endothelial cells;
PPARf/$ is in skeletal muscles, adipocytes, macrophages, lungs, brain and skin; PPARy
(PPARY-1, v-2, and y-3) are secreted in skeletal muscle, liver, heart, and intestines, with
PPARY1 expressed in a wide range of tissues, PPARYy2 in adipose tissue, and PPARy3 in
macrophages, colon, and white adipose tissue (WAT) [116]. Natural ligands for PPAR
receptors are fatty acids (FA) and eicosanoids [117]. Thiazolidinediones directly activate
PPARYy receptors, which facilitates the differentiation of mesenchymal stem cells into
adipocytes, stimulates lipogenesis in peripheral adipocytes, reduces triglyceride levels in
the liver and peripheral tissues, reduces the activity of visceral adipocytes, and increases
the level of adiponectin [118]. This contributes to a decrease in insulin resistance, as well as
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such important effects as a decrease in dyslipidemia, anti-inflammatory activity, as well
as an improvement in endothelial function [118,119]. It was found that PPARy agonists
suppress the M1 phenotype by inhibiting the expression of pro-inflammatory cytokines,
tumor necrosis factor-«, and interleukin (IL)-1f and IL-6, and that M2 differentiation of
macrophages leads to an increase in PPARy expression, which is one of the mechanisms
of their anti-inflammatory and anti-atherosclerotic activity [120]. In addition, it has been
shown that PPARY regulates the activity of MAPK, in particular, reduces the activity of
N-terminal c-Jun kinase (JNK) MAPK and p38 in the colon, which leads to suppression of
the expression of pro-inflammatory genes [121]. Another study demonstrates a positive
effect of PPAR activation on the nuclear transcription factor NF-«B, which mediates many
inflammatory processes [122]. The positive effect of thiazolidinediones on endothelial
function is manifested by an increase in insulin-dependent release of endothelial nitric
oxide, an increase in the expression of vascular endothelial growth factor, and a decrease in
the expression of endothelin-1 [123].

Thiazolidinediones are quite well tolerated by patients, since they do not cause sig-
nificant side effects in the gastrointestinal tract, unlike other hypoglycemic agents, but
still have a number of side effects, such as weight gain and fluid retention, which can
lead to peripheral edema and heart failure [124]. The most well-known representatives of
the thiazolidinedione used in clinical practice, rosiglitazone and pioglitazone, are PPARy
agonists. Troglitazone is the first of this class to have fatal hepatotoxicity and is therefore
not currently used. Dual, selective, or triple agonists for PPAR« /v /6 are currently being
considered, as PPARo and PPARS have important fat-burning activity and can overcome
the side effects of PPARYy agonists [125,126]. Studies using surrogate markers of atheroscle-
rosis such as carotid IMT show a reduction in the progression of carotid IMT in individuals
treated with thiazolidinediones [127,128].

6.5. SGLT-2 Inhibitors

In recent years, the use of SGLT-2 inhibitors has increased and is considered as a
second-line agent after classical metformin for the treatment of patients with type 2 diabetes
with established cardiovascular disease. These drugs have a positive effect on the glycemic
profile and cardiovascular status in diabetes; in addition, they have metabolic benefits
(weight loss), lower blood pressure, and improve kidney function [129,130]. The main repre-
sentatives of this group of drugs used in clinical practice for the treatment of type 2 diabetes
are canagliflozin, dapagliflozin, empagliflozin, ertugliflozin, and sotagliflozin [131,132].
SGLT2s have an insulin-independent mechanism for lowering blood glucose levels, and
they promote the excretion of glucose in the urine by inhibiting the reabsorption of glucose
from the urine in the proximal tubules of the kidneys [133-135]. In addition, SGLT2 lowers
blood pressure. The mechanism of this action is not entirely clear, but probably depends on
several factors, including weight loss, the diuretic effect resulting from increased sodium
excretion during SGLT2 blockade, and improvement in arterial stiffness [136-138]. Studies
have shown a direct cardioprotective effect of this group of drugs on the myocardium. In
addition, SGLT2 inhibitors have an anti-inflammatory vascular effect, accompanied by a
decrease in the expression of inflammatory molecules, such as monocyte chemoattractant
protein-1, vascular cell adhesion molecules-1, and intercellular adhesion molecule [139].
In addition, SGLT2 inhibitors have been noted to reduce glucose-induced high levels of
oxidative stress and RAGE induction [140].

It should be noted that the main groups of modern antidiabetic preparations have
various anti-inflammatory effects, which can largely determine their effectiveness in the
treatment of diabetes and associated comorbidities [141]. The major anti-inflammatory
mechanisms of action of antidiabetic preparations are presented in Table 2.
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Table 2. Metabolic and anti-inflammatory effects of modern antidiabetic preparations.

Group
of Preparation

Metabolic
Effects

Anti-Inflammatory
Effects

Mechanism
of Action

Sulfonylurea preparations

receptor (SUR) of ATP-sensitive

- Inhibit the NLRP3 inflammasome [142],
decrease production of pro-inflammatory
cytokines (IL-1f3, IL-6, and TNF-«) [143];

- Inhibit AGEs-induced pro-inflammatory
mediators (NO, reactive oxygen species,
i-NOS) [143];

- Enhance production of anti-inflammatory
cytokines (IL-10 and TGF-f) [143].

Bind to the sulfonylurea
Enhance the release of insulin
potassium channel on from the pancreatic islets

pancreatic {3 cells

- Activation of AMP-activated protein kinase
(AMPK) [144,145];
- Inhibit mTOR and NF-«B pro-inflammatory

Reduce glucose production in

Block the breakdown of fatty liver by decreasing

Biguanides acids through activation of | - ionali |
AMP-dependent protein kinase gluconeogenesis and signaling [145;
stimulating glycolysis - Reduce inflammatory cytokines IL-6 and
TNF-« [146].
- Downregulate the inflammatory pathway
Enhance insulin effects, —1\12:63- Kl?lgj ZI]C;li okine production and
PPAR agonists Activate PPAR« /7y /5 receptors decrease insulin resistance, & p p

secretion [148];
- Inhibit of pro-inflammatory molecules in
liver [149].

decrease dyslipidemia

«-Glucosidase inhibitors

- Decrease TNF-a and other inflammatory
mediators [150];

- Ameliorate vascular endothelial
dysfunction [151];

- Decrease C-reactive protein (CRP) [151].

Inhibit enzymes in the
small intestine

Prevent the absorption of
glucose in the intestine

SGLT2
inhibitors

Promote the excretion of
glucose in the urine by
inhibiting the reabsorption of
glucose from the urine in the
proximal tubules of the
kidneys

- Improve endothelial function [12];

- Reduce inflammatory mediators IL-6,
TNF-«, MCP-1, and CRP in plasma and
liver [152];

- Inhibit NLRP3 inflammasome [153];

- Cause M2 macrophage polarization [153].

inhibit SGLT-2

GLP-1 agonists (GLP-1RA)

Increase insulin secretion in a
glucose-dependent manner
and suppress glucagon
secretion

- Reduce production of IL-6, TNF-«, and
MCP-1 in adipose tissue [154];

- Inhibit NF-«B and JNK pathways [155];
- Decrease CRP [154].

Activate GLP-1 receptor

DPP-4 inhibitors

- Reduce inflammatory cytokines IL-2,
TNF-«, IL-1$, and IL-6 gene

expression [156];

- Decrease NLRP3 inflammasome and TLR-4
activity [157];

- Suppress NF-«B activation [158].

Stimulate insulin secretion
and decrease glucagon
secretion, improve B-cell
function and regeneration

Inhibit DPP-4 receptor

7. Conclusions

This review highlights currently published data on the inflammatory mechanisms un-
derlying the pathogenesis of type 2 diabetes mellitus and associated vascular complications.
Due to the multifactorial nature of the development of these pathologies, it is impossible to
single out the main pathogenetic mechanism leading to their development. Studies show
macrophage infiltration of adipose tissue and production of pro-inflammatory molecules
in obesity triggering a cascade of inflammatory responses, as well as the direct influence
of hyperglycemia and hyperlipidemia on activation of immune cells and inflammatory
pathways. These factors lead to the development of metabolic dysfunction and insulin
resistance of target tissues that is a key step in the pathogenesis of type 2 DM. Data on
the mechanisms of the development of type 2 diabetes and its vascular complications, in
particular atherosclerosis, open up broad prospects for the further development of new
diagnostic and therapeutic approaches. Modern antidiabetic preparations possess anti-
inflammatory effects which allow ameliorating cardiovascular risk, but future investigation
of their cardioprotective action in diabetic patients is still required.
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