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The main cause of death in patients with type 2 diabetes mellitus (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
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1. 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 diabetes

mellitus (DM) . Over a century ago, high doses of sodium salicylate were found to reduce glucosuria in people diagnosed

with diabetes . 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) . The effective relationship

between insulin-secreting cells and insulin target tissues (pancreas, adipose tissue, liver, and skeletal muscle) maintains

metabolic homeostasis 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 signaling 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 specialized 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 . 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 .

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 . 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 . 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 . 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 . In particular, the mechanisms of impaired insulin action are associated with serine/threonine

phosphorylation, which mediates insulin receptor (IR) signaling . In addition, inhibitory phosphorylation can be initiated

by pro-inflammatory cytokines (TNFα, IL-1β, and IL-6) secreted by macrophages. These cytokines in turn activate serine

kinases such as IκB kinase β (IKKβ), 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 . 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 . 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; TNFα, tumor necrosis factor α; 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-κB, nuclear factor-κB 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 accumulation 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 activation of immune cells .

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-α, IL-6, IL-8, and MCP-1, adipokines and

so on, by adipocytes and immune cells, in particular macrophages, resulting in increased infiltration of circulating

monocytes and immune cells into adipose tissue . 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 . Most pro-inflammatory stimuli

simultaneously activate the JNK and IKKβ TLR pathways. Activation of JNK and IKKβ/NF-κB can occur due to the

influence of pro-inflammatory cytokines such as TNF-α and IL-1β through receptor-mediated mechanisms, as well as non-

receptor mechanisms through activation of receptors such as TLR and glycation 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 IKKβ induces insulin resistance through transcriptional activation

of nuclear factor-κB (NF-κB). Activation of the JNK and NF-κB pathways will lead to the production of pro-inflammatory

cytokines and mediators, which further activates these pathways via feed-forward mechanisms . Obesity accompanied

by dysfunction of adipose tissue plays a decisive role in the pathogenesis of not only insulin resistance but also liver

pathologies such as non-alcoholic steatohepatitis (NASH) and non-alcoholic fatty liver disease (NAFLD) . 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 . The pathogenesis of NAFLD involves the

“multiple parallel strikes” hypothesis, 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 .

The major inflammatory pathways playing a key role in diabetes development were demonstrated in mice models.
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2. Macrophages in Type 2 Diabetes

Currently, it was showed that extracellular, metabolic, and molecular signals associated with macrophage polarization is

important in metabolic inflammation and insulin resistance. In obesity, macrophages make up 50% of all adipose tissue

cells . 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 . Activation of inflammatory 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 resistance . 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 .

Macrophage infiltration into adipose tissue leads to the secretion of pro-inflammatory cytokines such as TNFα, IL-1β, and

IL-6, which activate serine kinases in adipocytes, including IKKβ, N-terminal c-Jun kinase (JNK), S6K, and mTOR32. All

these kinases trigger inhibitory phosphorylation of IRS1 . 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 .

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 . 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 . Dysregulation of insulin signaling, resulting from various factors, is the main mechanism

leading ultimately to insulin resistance. In particular, IRS-1 serine phosphorylation 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, TNF-α 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 .

TNF-α 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-1β exerts its pro-inflammatory action by

binding to the type I IL-1 receptor and activating the IKK/NF-κB pathway and the three types of mitogen-activated protein

(MAP) kinases—extracellular signal-regulated kinase (ERK), JNK, and p38MAPK—which also determines its involvement

in insulin resistance . 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 . It has been

shown that IL-1β levels are elevated in non-diabetic offspring of diabetics and correlate with metabolic syndrome, as well

as increased expression of both IL-1β and its receptor in visceral adipose tissue in obese individuals .

3. 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 endothelial 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 . The main function of mitochondria is to produce cellular energy

using the cyclooxygenase (COX) and associated inner membrane electron transport chain, which produces ATP. In

addition, mitochondria are involved in the formation of ROS, calcium and iron homeostasis, steroid biosynthesis, immune

cell activation, apoptosis, and inflammation . 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-κB, p38 MAPK, and

JNK/SAPK. Activation of these pathways leads to the development of inflammation and, ultimately, diseases associated

with oxidative stress .
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It is known that mitochondria, both in physiological conditions and in pathology, are heterogeneous and have different

functional properties, and have differences in morphology, 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, mitochondria 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 .

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 mitochondrial 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) . It

was shown that in patients with type 2 diabetes and obesity, MFN2 expression was reduced, which may be associated

with decreased mitochondrial function . 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 .

The development of type 2 diabetes, as well as its complications, in particular atherosclerosis, are associated with mtDNA

mutations . 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 γ and spontaneous base hydrolysis . 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 . Another one was 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 .

4. 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), uncoupled 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 . Studies show that AGE/RAGE signaling is involved in diabetes-mediated oxidative stress associated

with plaque calcification, endothelial dysfunction, and atherosclerosis progression . 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 . 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 atherosclerosis in patients with type 2 diabetes . 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.
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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 .

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 . Further, monocytes penetrate into the subendothelial space,

differentiating into macrophages that secrete pro-inflammatory cytokines . 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 

. Glycation of LDL can be considered as a type of the atherogenic LDL modification .

It is known that AGEs are formed during periods of hyperglycemia, are poorly metabolized, 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 .

In addition to being involved in the formation of atherosclerotic lesions, endothelial dysfunction is associated with the

development of other diabetic cardiovascular complications 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 . In diabetic conditions, endothelial dysfunction leads to disturbed cardiomyocyte metabolism

and microvascular coronary disorder, which are the major mechanisms of diabetic cardiomyopathy . 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 fibrosis development, resulting in

predisposition to left ventricular remodeling and diastolic dysfunction . Recent meta-analysis demonstrates the

association of myocardial fibrosis with DM in clinical studies due to impaired glycemic control, but further investigation of

this relationship mechanisms is needed . 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 . Thus, diabetic mechanisms cause heart failure development

due to the direct role in cardiac metabolism dysregulation and indirectly through arterial hypertension and coronary

atherosclerosis .
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