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Abstract Sedentary life style and high calorie dietary

habits are prominent leading cause of metabolic syndrome in

modern world. Obesity plays a central role in occurrence of

various diseases like hyperinsulinemia, hyperglycemia and

hyperlipidemia, which lead to insulin resistance and meta-

bolic derangements like cardiovascular diseases (CVDs)

mediated by oxidative stress. Themortality rate due to CVDs

is on the rise in developing countries. Insulin resistance (IR)

leads to micro or macro angiopathy, peripheral arterial

dysfunction, hampered blood flow, hypertension, as well as

the cardiomyocyte and the endothelial cell dysfunctions,

thus increasing risk factors for coronary artery blockage,

stroke and heart failure suggesting that there is a strong

association between IR and CVDs. The plausible linkages

between these two pathophysiological conditions are altered

levels of insulin signaling proteins such as IR-b, IRS-1,
PI3K, Akt, Glut4 and PGC-1a that hamper insulin-mediated

glucose uptake as well as other functions of insulin in the

cardiomyocytes and the endothelial cells of the heart.

Reduced AMPK, PFK-2 and elevated levels of NADP(H)-

dependent oxidases produced by activated M1 macrophages

of the adipose tissue and elevated levels of circulating

angiotensin are also cause of CVD in diabetes mellitus

condition. Insulin sensitizers, angiotensin blockers,

superoxide scavengers are used as therapeutics in the ame-

lioration of CVD. It evidently becomes important to unravel

the mechanisms of the association between IR and CVDs in

order to formulate novel efficient drugs to treat patients

suffering from insulin resistance-mediated cardiovascular

diseases. The possible associations between insulin resis-

tance and cardiovascular diseases are reviewed here.

Keywords Insulin resistance � CVD � Dyslipidemia �
Metabolic syndrome � Oxidative stress � Inflammation

Abbreviations

ACE Angiotensin-converting enzyme

ARBs Angiotensin receptor blockers

ADA American Diabetes Association

AGEs Advanced glycation end-products

AMPK AMP-activated protein kinase

AT1R Angiotensin II type I receptor

C/EBP CCAAT/enhancer binding protein

CAN Cardiac autonomic neuropathy

CRP C-reactive protein

CVD Cardio vascular diseases

DG Diacyl glycerol

DM Diabetes mellitus

eNOS Endothelial nitric oxide synthase

ERR Estrogen-related nuclear receptors

ET-1 Endothelin-1

FAT/CD36 Fatty acid translocase

FetA Fetuin-A

FFA Free fatty acid

Glut4 Glucose transporter 4

HDL High-density lipoprotein

HO-1 Heme oxygenase-1

ICAM-1 Intracellular adhesion molecule-1

IL-6 Interleukin-6
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IR Insulin resistance

IR-b Insulin receptor b
IRS-1 Insulin receptor substrate-1

JNK Janus kinase

STAT Signal transducer and activator

of transcription

LCFA Long-chain fatty acid

LDL Low-density lipoprotein

LPL Lipoprotein lipase

MAPK Mitogen-activated protein kinase

MCP-1 Macrophage chemo attractant protein-1

mTOR Mammalian target of rapamycin

NADP Nicotinamide adenine dinucleotide

phosphate

NEFA Non-esterified fatty acid

NFAT Nuclear factor of activated T cells

NFj-B Nuclear factor kappa-light-chain-

enhancer of activated B cells

NO Nitric oxide

NOXs NADPH oxidases

NRF1 Nuclear respiratory factor 1

OXPHO Oxidative phosphorylation

PAI-1 Plasminogen activator inhibitor-1

PFK2 Phosphofructokinase 2

PGC-1a PPAR-c coactivator 1a
PH Pleckstrin homology

PI3K Phosphatidylinositol 3-kinase

PKC Protein kinase C

PKB/Akt Protein kinase B

PPARs Peroxisome proliferator-activated receptors

PTEN Phosphatase and tensin homolog

PTP1B Protein tyrosine phosphatase 1B

ROS Reactive oxygen species

SHIP SH2-containing inositol 50-phosphatase
SOCS Suppressors of cytokine signaling

SREBP Sterol regulatory element binding protein

TAG Triacyl glycerol

Tfam A Mitochondrial transcription factor A

TLRs Toll-like receptors

TNF-a Tumor necrosis factor-a
UCP Uncoupling protein

VAT Visceral adipose tissue

VEGF Vascular endothelial growth factor

VLDL Very low-density lipoprotein

Introduction

Cardiovascular diseases (CVDs) are often associated with

metabolic diseases and are one of the major cause of early

deaths in diabetic population. In diabetic patients, 65 % of

the deaths are listed due to CVD [1]. In Framingham

studies, it has been reported that diabetes is a precursor of

cardiovascular morbidity, mortality and congestive heart

failure [2, 3]. Several hypothesis such as hyperglycemia,

oxidative stress, inflammation, obesity, sedentary life style,

genetic predisposition etc. have emerged to connect the

dots between diabetes and CVD. However, none of the

hypothesis is able to completely define the underlying

pathophysiology. In aggressive conventional therapy for

diabetes the risk of CVD is reduced by about 42 %. Thus, a

high-quality management of diabetes alone does not

explain the high incidence of CVD in these patients. One of

the overlooked links that is common in type 2 diabetic

patients is the occurrence of insulin resistance (IR). The

role of insulin as an atherogenic molecule as well as the

significance of insulin signaling in the endothelial cells has

been underappreciated even though these cells are the key

players involved in the vascular function. Furthermore, the

complexity of IR syndrome, arising in the major peripheral

insulin-dependent tissues leading to the microvascular and

macrovascular complications in diabetes due to systemic

IR, is not clearly understood.

Pathophysiology of cardiovascular diseases
in diabetes

Persistent hyperglycemia causes microvascular and

macrovascular complications in both type 1 and type 2

diabetes. Microvascular complications include nephropa-

thy, neuropathy and retinopathy, while macrovascular

complications include coronary artery disease, peripheral

arterial disease and stroke [4]. Some of the main etiological

factors for CVD are as follows:

Oxidative stress, inflammatory response

and endothelial dysfunction

Much of the enduring pathology of diabetes occurs as a

consequence of persistent hyperglycemia leading to

increased reactive oxygen species (ROS) production by

mitochondria, which is the main source of oxidative stress

involving complications of diabetic pathologies including

CVD [1, 5, 6]. In type 1 diabetes, endothelial dysfunction is

an essential determinant of inflammatory activities and

considered as an early CVD marker. The inflammatory

response is generated by innate immunity which includes

augmentation of cytokine and chemokine release, enhanced

leukocyte marginalization and increased superoxide release

[7]. It is coupled with the impairment of the endothelial

signal transduction and redox-regulated activation of tran-

scription factors [8], and endothelial dysfunction in type 2

diabetes has also been shown to occur [9, 10]. It has been
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demonstrated that excess ROS production due to hyper-

glycemia induces epigenetic changes like: monomethyla-

tion of lysine from histone 3 which increases expression of

p65 subunit of NFj-B. These epigenetic reactions can be

considered as mediators between diabetes, chronic

inflammatory response and CVD [11, 12].

Dyslipidemia, obesity and hypertension

Risk of CVD persists in dyslipidemia, due to atherogenic

profile which comprises of increased very low-density

lipoprotein (VLDL) cholesterol, triglycerides and low-den-

sity lipoprotein (LDL) cholesterol levels whereas decreased

high-density lipoprotein (HDL) cholesterol levels. This is

also supported by studies showing that diabetic hyperlipi-

demia or hyperglycemia accelerates atherogenesis [13, 14],

also obesity and diabetes are coupled with major increase in

morbidity and mortality due to CVD [15, 16]. It is observed

that in obesity, visceral fat deposition leads to inflammation

which also plays an important role in diabetic complications.

The association between hypertension and obesity is also

known to cause higher rate of morbidity and mortality

associated with CVD [17, 18]. It is reported that approxi-

mately 10–30 % type 1 diabetic and 60 % type 2 diabetics

suffer from hypertension and thus high risk of CVD.

Hypoglycemia

Insulin and hypoglycemic drugs control glycemic load and

may lead to frequent hypoglycemia-related cardiovascular

mortality in diabetes patients [19]. Hypoglycemia is found

to cause unusual electrical activity in the heart and is thus

believed to aggravate sudden death [20, 21]. Inflammation

in hypoglycemic condition occurs due to C-reactive protein

(CRP), IL-6, vascular endothelial growth factor (VEGF),

increased platelet and neutrophil activation [22].

Autonomic neuropathy

Cardiac autonomic neuropathy (CAN) is one of the com-

mon complications of type 1 and type 2 diabetes. It prevails

in about 20 % and is reported to increase with age as well

as duration of diabetes with annual increase of 2 % [23,

24]. EURODIAB study reported that poor glycemic control

is strong risk factor for CAN which is the predictor of CVD

morbidity and mortality in type 1 diabetes [25].

Apparently, all the above factors play an important role

in diabetes related CVD risk. However, association of these

factors with hyperinsulinemia leading to IR, hall marks of

type 2 diabetes as a causal factor in cardiovascular diseases

is not fully appreciated. An effort is made to delineate the

relationship of insulin resistance and CVD in the patho-

genesis of type 2 diabetes.

Molecular mechanism of insulin resistance

Insulin plays a central role in carbohydrate and lipid meta-

bolism in peripheral system and also has other functions in

heart and brain. Obesity is the major contributory factor to

systemic interventions like hyperglycemia, hyperinsuline-

mia, hyperlipidemia etc. which leads to inefficiency or fail-

ure of insulin action that leads to systemic insulin resistance

condition [26, 27] as shown in Fig. 1.

Muscle, adipose and liver are themost affected organs due

to overload of lipid accumulation and thus, lead to peripheral

insulin resistance [28]. Free fatty acids (FFA) circulate and

deposit into the skeletal muscle myocytes and intramuscular

lipid accumulation occurs, which further aggravates the

insulin resistance condition by downregulating the expres-

sion as well as reducing total insulin receptor number [26].

Excess fat activates the Toll-like receptors (TLRs) on the

resident macrophages of adipose tissue that secrete TNF-a.
The later, activates NFjB-mediated cellular toxicity by acti-

vating various PKCs and downregulating tyrosine phospho-

rylation of insulin receptors. This compromises insulin

signaling and promotes insulin resistance [29, 30]. Activation

of various isoforms of PKCs, also activates Ser/Thr kinases

which phosphorylates IRS-1 at Ser 307 that hampers the

association of IRS-1 and PI3K, ultimately causing proteaso-

mal degradation of IRS-1 and IRS-2. These events inhibit

insulin signaling as well as the translocation of glu-

cose transporter 4 (GLUT4) and insulin stimulated glucose

uptake [29, 31]. Stimulated SREBP-1c also decreases IRS-2

levels in insulin resistance condition. Downstream in the

signaling, altered ratio of PI3K subunits p110/p85 inhibits the

dimerization of the enzyme and thus reduces its activity.

Suppressors of cytokine signaling (SOCS) proteins, which are

induced by inflammatory cytokines, bind to the insulin

receptors and block their signaling. Insulin resistance can also

be due to an increase in the activity as well as amount of the

enzymes that normally reverse insulin action, including the

phosphotyrosine phosphatases, e.g., PTP1b, and the PIP

phosphatases, e.g., PTEN and SHIP.

All these events lead to a concomitant reduction in insulin

stimulated glycogen synthesis and glucose uptakewhich leads

to activation of the phosphoenolpyruvate carboxykinase, the

rate limiting enzyme of gluconeogenesis. This increases

hepatic glucose production which not only leads to hepatic

insulin resistancebut overall insulin resistanceaswell [31, 32].

Mechanism of oxidative stress in diabetes
and insulin resistance

Glucose toxicity, being the hallmark of diabetes mellitus is

responsible for ROS production leading to oxidative stress

[32]. There are several mechanisms by which

Heart Fail Rev (2016) 21:11–23 13

123



hyperglycemia can induce oxidative stress. These include

the activation of polyol pathway, glucose auto oxidation,

formation of advanced glycation end (AGEs) products,

increased FFA, leptin levels and increased mitochondrial

ROS generation [6, 33].

Activation of polyol pathway and formation

of advanced glycation end (AGE) products

In hyperglycemia, up to 35 % of glucose is metabolized by

polyol pathway. NADPH is needed for the production of

reduced Glutathione, which is consumed by aldol-reduc-

tase (first enzyme of the pathway), thus preventing the

regeneration of reduced Glutathione further aggravating

oxidative stress. The second enzyme is sorbitol dehydro-

genase that converts sorbitol to fructose producing NADH.

NAD(P)H oxidases can use NADH to produce more

superoxide anion [34].

Ketoaldehyde, protein reactive dicarbonyl sugar, is a

product of glucose autoxidation and a member of AGE,

which not only yields H2O2 but also the other highly reac-

tive oxidants that become an important source of diabetes

mellitus (DM)-induced oxidative stress [6]. Glyoxal and

arabinose have been reported to be the major dicarbonyl

intermediates that cause protein browning observed in DM

and aging. Oxidative stress increases with age as well as

severity of DM, which stimulates Maillard reaction where

these dicarbonyl intermediates attach non-enzymatically to
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Fig. 1 Etiological factors affecting insulin-dependent and insulin-

independent pathways which cumulatively lead to alterations in

metabolism and cause insulin resistance (IR). Factors such as obesity

and sedentary life style leading to excess free fatty acids (FFA)

availability and hyperinsulinemia are associated with IR. Pathophys-

iological processes involve insulin-independent pathway where

oxidative stress leads to the activation of stress kinases such as p38

and JNK MAPKs stimulating secretion of proinflammatory cytokines

like TNF-a and IL-6 under the transcriptional activation of NF-jB
and induce protein kinase C (PKCs) at serine/threonine residues and

GSK-3. Activation of PKC phosphorylates and subsequently activates

IkB kinase to promote phosphorylation of insulin receptor substrate-1

(IRS-1) which inhibit the ability of IRS-1 to bind to SH2 domains of

the p85 regulatory subunit of phosphatidylinositol 3-kinase (PI3K)

and as a result impairs insulin signal transduction. Inhibition of PI3K

causes an upregulation of phosphatase and tensin homolog (PTEN)

and SH-2 containing inositol 50-phosphatase (SHIP). On the other

hand, oxidative stress also leads to mitochondrial dysfunction by

downregulating the uncoupling protein-2 (UCP-2) decreasing ATP

production and control glucose transport by the expression and

translocation of glucose transporter 4 (GLUT4). Insulin-dependent

pathway, involving etiological factors mainly excess FFA, hyper-

glycemia and hyperinsulinemia, leads to Ser phosphorylation of

insulin receptors (IR-b) and its substrate (IRS-1) to desensitize

tyrosine phosphorylation of PI3K and Akt. This reduces GLUT4

translocation mainly by the activation of serine/threonine phospho-

rylation caused by activated PKCs ultimately leading to insulin

resistance
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protein amino-structures generating ROS which can promote

oxidation of glycation products leading to AGE formation,

AGEs precursors can further bind to AGE receptors on the

surface of endothelial cells and macrophages resulting in

receptor-mediated production of oxygen free radicals and

dysregulating their functions [35, 36].

FFA- and leptin-mediated oxidative stress

during hyperglycemia

Free or non-esterified fatty acids (NEFA) are elevated in

diabetic patients. Mitochondrial superoxide production

increases when excess FFA enters into the citric acid cycle

and generates acetyl-CoA to produce excess NADH. This

also elevates isoprostanes, which are markers of lipid

peroxidation. Leptin is an adipocyte secretory hormone that

acts on the central nervous system to abate food intake. It

also increases ROS levels when incubated with endothelial

cells, vascular smooth muscle cells, monocytes, and mac-

rophages. Plasma levels of leptin are increased in type 2

diabetics and are associated with CVD [37, 38].

Mechanism of hyperglycemia, hyperlipidemia

and oxidative stress causing insulin resistance

Glucotoxicity and hyperinsulinemia induced IR is patho-

logically associated with hyper-Ser/Thr phosphorylation of

IRS1 and IRS2 that impairs their interaction with the cyto-

plasmic domain of insulin receptor, which abolishes the

propagation of normal insulin signaling [39]. Under normal

conditions, this is an important counterbalancing mechanism

that stops insulin’s action. However, in the case of DM, the

hyperserine phosphorylation of the IRS proteins may lead to

a chronic cellular desensitization to insulin [40].

It has been reported that under oxidative stress condition,

insulin stimulated serine PKB phosphorylation and the

translocation of GLUT4 from internal pool to the plasma

membrane were dramatically reduced [41]. Introduction of

prolonged oxidative stress to L6 myotubes and 3T3-L1

adipocytes mediates GLUT1 transcriptional activation and

insulin-independent glucose uptake. This result in an

increase in mitochondrial ROS production due to an increase

in the basal glucose uptake and metabolism in various cell

types including cardiomyocytes [42, 43]. It is known that

cardiomyocytes expresses both GLUT4 and GLUT1 glucose

transporters [44]. Binding affinity of C/EBP, i.e., the

CCAAT enhancer binding protein to the GLUT4 promoter is

affected during oxidative stress. This alteration in C/EBP

function plays a role in the down-regulation of GLUT4

expression in the cells under oxidative stress [43].

Pathophysiology of DM is not only about an insulin–

glucose axis, but fat derangements are also a major cause

of type 2 diabetes. Central obesity is due to an overload of

TG in abdominal adipocytes. Subcutaneous fat has a high

rate of basal lipolysis. The enlarged visceral adipocytes

pour out FFA which is mainly responsible for ectopic fat

deposition [45]. This leads to ectopic TG accumulation in

muscles, liver, heart and pancreatic b-cells, resulting in IR

at the systemic level by interfering with both insulin

secretion and insulin signaling [46].

Hyperinsulinemia is also known to enhance hepatic

VLDL synthesis thus, leads to the increased plasma

triglyceride and LDL cholesterol levels [47]. Resistance to

the action of insulin on lipoprotein lipase in peripheral

tissues further contributes to the elevated triglyceride and

LDL cholesterol levels [48]. IR condition reduces the

levels of HDL cholesterol despite enhanced HDL choles-

terol synthesis. This decrease in plasma HDL cholesterol

was entirely accounted by an increase in the rate of

apolipoprotein A1/HDL cholesterol degradation, which

exceeds the enhanced rate of its synthesis [49]. It further

supports the view that dysregulation of fatty acid metabo-

lism contributes to the pathophysiology of the IR syndrome

which relates to the risk of cardiovascular disease [50].

Mitochondrial stress and IR

Superoxide anion production is promoted during hyper-

glycemia by the proton electrochemical gradient of the

mitochondrial electron transport. In culture cells, it is

observed that there is inhibition of mitochondrial super-

oxide formation followed by complete inhibition of PKCs

and NF-jB activation. In normal conditions, heme oxy-

genase (HO)-1 has low expression but gets upregulated in

response to oxidants such as heme, H2O2 and TNF-a,
whereas its activity decreases in the case of hyperglycemia

in diabetic rats having increased superoxide anion pro-

duction. Thus, HO-1 is one of the major defense against

oxidative stress which becomes vulnerable and contributes

to mitochondrial oxidative stress in diabetes mellitus [51].

Association of IR and CVD

Hyperinsulinemia is a predictor of coronary artery disease

(CAD) and has been confirmed by patient studies performed

in Finland and Quebec [52, 53]. Other studies have also

shown a relationship between carotid wall atherosclerotic

lesions, angina, and insulin levels/resistance [54].

IR leading to hyperinsulinemia causes hypertension. It

has been observed that the hypertensive patients have

higher fasting and postprandial insulin levels than normal

subjects [55]. Also, the relationship between insulin and

hypertension is mainly seen in first-degree hypertensive

patients, which does not occur with secondary hypertension

[56, 57]. Accordingly, IR and hyperinsulinemia are not
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consequences of hypertension, instead, a genetic predis-

position may contribute to both disorders. Activation of the

sympathetic nervous system, renal sodium retention,

altered transmembrane cation transport, growth-promoting

effects of vascular smooth muscle cells, and vascular

hyperreactivity are some of the mechanisms for developing

hypertension in IR condition [58].

Microalbuminuria represents a significant risk factor for

CVD in patients with (or without) clinical diabetes. Several

studies have reported elevated systolic blood pressure in

the development of microalbuminuria in type 2 diabetic

patients. Thus understanding of the risks involved in the

insulin-resistant patients becomes paramount as they are

more prone toward elevated systolic blood pressures [59].

In patients both lean and obese hypertensive IR is also

associated with enhanced salt sensitivity [60].

Obesity contributes significantly to impaired glucose

tolerance, hyperinsulinemia, type 2 diabetes, dyslipidemia,

and hypertension. All these factors play an important role in

the pathophysiology of IR. Alteration in major metabolism

of fat leads to obesity and IR-related complications such as

atherosclerosis, hypertension and CVDs. IR thus is not

simply a problem of deficient glucose uptake in response to

insulin, but a multifaceted syndrome that significantly

increases the risk for cardiovascular disease. The link

between IR and the associated dyslipidemia, hypertension,

hypercoagulability, and atherosclerosis are numerous and

complex [61]. In Quebec study, 2000 middle aged men were

monitored for 5 years. The study revealed that visceral fat,

as compared to peripheral fat, is more resistant to the

metabolic effects of insulin, more sensitive to lipolytic

hormones and more prone to CVD [62]. Visceral obesity has

been positively correlated with higher levels of plasminogen

activator inhibitor-1 (PAI-1). It complexes with tissue-type

plasminogen activator and eliminates its fibrinolytic activity

[63]. Hence, CVD can be predicted by comparing low levels

of plasminogen activator with PAI-1 levels. Type 2 diabetic

patients have been observed to have higher levels of PAI-1

suggesting that hyperinsulinemia itself is a potent stimulator

for PAI-1 production [64].

As stated above, patients with hypertension and IR are

more prone to disturbances of the fibrinolytic system. Defi-

ciency of clotting inhibitors such as endogenous antithrom-

botic factors (i.e., factors C and S and antithrombin III) has

been associated with the insulin levels. Also, hyperfibrino-

genemia is a powerful independent risk factor for CVD

caused by elevated levels of fibrinogen, which have also been

observed in the insulin-resistant state [65, 66].

Administration of inhibitors of Nitric oxide (NO) syn-

thase abolishes peripheral vasodilatation in response to

insulin, suggesting a crucial role for NO in the normal

vasodilatory response to insulin. This response is lost in

insulin-resistant/obese individuals suggesting resistance to

the action of insulin to induce vascular NO production [66].

Further, abatement of insulin-mediated glucose uptake and

decrease in insulin stimulated blood flow has been

observed in insulin-resistant obese patients. In more

specific vascular studies, it was observed that in insulin-

resistant obese patients the ability of insulin to decrease

aortic wave reflection was severely blunted, as determined

from augmentation index. Also, this defect was a conse-

quence of impaired insulin action, as it was not observed in

the basal state suggesting that IR extends to large conduit

vessels as well as to vessels regulating peripheral blood

flow thereby increasing the risk toward cardiovascular

diseases [60, 67, 68].

Inflammatory responses in obesity, IR and CVD

IR in hyperinsulinemia, hypertension, hyperlipidemia leads

to type 2 DM, and an increased risk of atherosclerotic

CVDs are the adverse effects of central obesity [69]. Apart

from adults, obese children are also found to be on the

alarming edge of IR, hypertension and abnormal lipid

profiles [70]. Various bioactive compounds released by

adipose tissue provoke IR, alterations in lipids, coagula-

tion, fibrinolysis, inflammation that leads to endothelial

dysfunction and atherosclerosis [71].

Adipose tissue is comprised of different cells such as

adipose derived stem cells, adipocytes, endothelial cells

and the immune cells (macrophages—M1 and M2). The

M1 phenotype is involved in inflammatory processes and

the M2 are associated with tissue remodeling. Excess of

adipose tissue expansion and hypoxic conditions activate

inflammatory responses that secrete various pro-inflam-

matory cytokines. Infiltrated pro-inflammatory leukocytes

differentiate into M1 macrophages that clear the adipocytes

that comprise large lipids and hence they resemble foam

like cells (crown-like), structures characteristic of dys-

functional adipocytes [72]. Neuroimmune guidance cue

netrin-1’s expression is high in adipose tissue of obese

human and mice but not in lean. Netrin-1 is responsible for

retention of macrophages into adipose tissue via Unc5b

receptor and hence leads to increased IR in obesity [73].

Infiltration of macrophages into adipose tissue leads to

expansion of the tissue causing chronic low-grade inflam-

mation. Phenotypic switching of macrophages is governed

by cells of innate and adaptive immunity which further

leads to inflammation. The phenotypic switch involves

recruitment of B cells and T cells by changes in the phe-

notype of T cells [74]. With concomitant increase in the

subcutaneous fat tissue, the fat gets deposited in the vis-

ceral fat which releases more pro-inflammatory cytokines.

Elevated central obesity is associated with worsened car-

diovascular risk profiles, IR, hyperlipidemia, increasing the
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influx of FFA into cardiomyocytes. The common patho-

logical pathways between obesity and CVDs are IR and

low-grade inflammation. Presence of NEFA causes lipo-

toxicity and hence impairs endothelium-dependent

vasodilation, increases oxidative stress and has cardio toxic

effect [71]. Various NADPH oxidases (NOXs) present in

macrophages are responsible for generation of ROS in

adipose tissue which aids in cardiovascular diseases [75].

Increased expression levels of b3-adrenoreceptors make

visceral adipose tissue (VAT) more sensitive to cate-

cholamine-induced lipolysis that makes it eventually less

sensitive to a2 effects and to anti-lipolytic activity of

insulin. Excess influx of FFA into myocytes hampers the

oxidative capabilities of substrate switching, leading to the

deposition of the FFAs, and hence causing lipotoxicity. As

a result cardiac dysfunction is promoted by ROS genera-

tion and ceramide production that further impairs insulin

signaling, decreases sarcoplasmic reticular Ca2
? stores,

and causes mitochondrial dysfunction. Due to FFA depo-

sition, heart relies more on it for energy supply. Myocardial

IR hampers insulin signaling proteins [72]. FFAs induce

inflammation through TLR4 and the liver secretory protein

fetuin-A (FetA), acts as an adaptor protein [76].

There is a strong link between leptin and cardiovascular

functions and its remodeling. Hyperleptinemia, central

leptin resistance, and leptin deficiency are all associated

with impaired post-receptor leptin signaling and contractile

response. Alterations in the pathways regulated by leptin in

cardiomyocytes are associated with the pathology of these

cells in obesity. Negative inotropic and hypertrophic

responses are found due to the alterations in JAK/STAT,

MAPK, NO, and b-adrenergic pathways [77].

Interplay of fat cells macrophages, endothelial cells
in IR and CVD

As explained in the earlier section, adipose tissue harbors two

types of macrophages of which M1-macrophages is predom-

inant in obesity, secreting TNF-a and IL-6 thereby enhancing

inflammation [78]. Both macrophages and adipocytes are

capable of accumulating lipids and secreting cytokines. Adi-

pocyte hypertrophy during obesity leads to release of more

FFAs which can bind to TLR-4 resulting in NF-jB activation

leading to augmentation of TNF-a levels [79]. In turn, mac-

rophage-derived TNF-a activates adipocytes, thereby further

inducing lipolysis and enhancing the expression of various

genes [intracellular adhesion molecule-1 (ICAM-1), IL-6,

macrophage chemo attractant protein-1 (MCP-1)]. FFA and

TNF-a in turn also lead to the activation of serine threonine

kinases and promoted IR condition [80].

A key step in the initiation of CVD is the reduction of NO

bioavailability [81, 82]. The bioavailability of NO is

dependent on the balance between its production by eNOS

and its inactivation by ROS. A feature action of insulin in the

endothelial cells is the regulation of eNOS for nitric oxide

production [83, 84]. Thus endothelial cells are crucial target

during diabetes and whole body IR because of obesity and

adipocyte inflammation which leads to a reduction in NO

synthesis. Plasminogen activator inhibitor 1 (PAI-1) is a

marker for risk of premature CVD [85, 86], and the link

between elevated PAI-1 and IR has been studied extensively

where endothelial cells respond to increased levels of insulin

by synthesizing and secreting more PAI-1 [87]. Since there is

a putative VLDL response element in the gene for PAI-1 in

endothelial cells, VLDL (increased during diabetes) also

increases PAI-1 synthesis and secretion [50]. The fat cell

macrophages that are hyperactivated during obesity in

addition to inflammation initiate the whole body IR.

Hyperinsulinemia and IR consecutively affect normal func-

tions of endothelial cells increasing the risks of CVD

(Fig. 2).

Cross-talk of signaling pathways in development
of IR in the heart

Discussion thus far makes a strong case that there is an

association between IR and endothelial cell dysfunction

with the cardiovascular diseases-including coronary artery

disease, hypertension, heart failure, and stroke. Further in

the regulation of various aspects of cardiovascular meta-

bolism and function such as glucose and long-chain fatty

acid (LCFA) metabolism, protein translation, and vascular

tone, insulin plays a key role [88]. As the heart is an

energy-consuming organ, it constantly requires supply of

fuel and oxygen in order to maintain its intracellular ATP

level. The heart gets the same from mitochondria and this

ATP is essential for the uninterrupted myocardial con-

traction/relaxation cycle. Under physiological conditions,

the heart produces ATP from the mitochondrial oxidation

of different substrates, LCFAs (60–70 %) being predomi-

nant over glucose (20 %) and lactate (10 %). In patho-

logical conditions such as starvation or chronic heart

failure, ketone bodies become a major substrate and when

glucose and insulin concentrations rise, glucose becomes

the favored oxidized substrate of the heart [89].

Insulin signaling is a complex cascade wherein, the

effector signaling proteins like IRS-(1/2)/PI3K/Akt have

various downstream substrates, potentially activated by

insulin thus, depicting varied biological roles of insulin.

Glucose uptake

Insulin favors the use of glucose in cardiomyocytes by acti-

vating cardiac 6-phosphofructo-2-kinase (PFK-2) isoform.
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Simultaneously, LCFA uptake in cardiomyocytes occurs

through insulin stimulated activation of PI3K and then

translocation of the LCFA transporter FAT/CD36 to the

plasma membrane [88].

Protein translation

Insulin regulates protein synthesis in cardiomyocytes

through the regulation of PKB/Akt/TSC2/mTOR and their

downstream targets 4E-BP1, p70S6K/S6 and eEF2K/eEF2.

Apart from these, insulin by inhibiting GSK-3 activates

elF2B and stimulates the initiation of protein synthesis

[90]. GSK-3 participates in the negative regulation of

cardiac hypertrophy by phosphorylating and inactivating

the nuclear factor of activated T (NFAT) cells responsible

for the pro-hypertrophic gene expression [91].

Vasculature

Insulin functions as an important vasodilator by stimulating

increased production of the potent vasodilator NO from

vascular endothelium through the activation of eNOS by

PI3K/PKB/Akt pathway [92]. PI3-kinase increases the

trafficking and translocation of NO synthase and cation
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Fig. 2 Representation of interplay between fat cell macrophages,

adipocytes, b-cells, hepatocytes and endothelial cells in insulin

resistance (IR) and cardiovascular disease (CVD) complications.

Excess of free fatty acids (FFA) and lipopolysaccharide (LPS) also

activate TLR4 present on the fat cell macrophages (M1). This

produces pro-inflammatory cytokines such as tumor necrosis factor-a
(TNF-a), interleukin-1b (IL-1b), IL-6 and resistin through the

activation of NF-j-B which hamper insulin signaling proteins causing

IR. The secreted FFAs are responsible for the ectopic fat deposition in

muscle myocytes and hepatocytes thus causing peripheral IR due to

increased lipolysis and decreased Glut4 translocation further elevating

FFA and blood glucose (G) level. This in turn triggers insulin

(I) secretion by the b-cells and results in hyperinsulinemia. The later

also results in elevated PAI-1 promoter activity in the endothelial

cells which is a marker for CVD. IR also results in decreased NO

synthesis in endothelial cells resulting in decreased vasodilation, thus

increasing the CVD complications. Furthermore, insulin binds to its

receptor on hepatocytes and activates substrate to inhibit phospho-

rylation of tyrosine kinase (e.g., PI3K) and MAPK activity and

controls fat and carbohydrate (CHO) metabolism thus decreasing

HDL/LDL and promotes CVD problems including atherosclerosis.

Thus cumulatively, an interplay of fat cell macrophages, adipocytes,

b-cells, hepatocytes and endothelial cells as well as insulin resistance

leads to cardiovascular diseases

18 Heart Fail Rev (2016) 21:11–23
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pump units as well as glucose transporters, which mediates

an increase in NO, Na? pump, K? channel, and calcium

(Ca2?) myofilament sensitivity [93]. These effects are

blunted in IR states, predisposing to the development and

the progression of cardiovascular diseases. Angiotensin II,

a component of renin-angiotensin system (RAS) via stim-

ulation of the angiotensin II, type I receptor (AT1R) acti-

vates JNK and MAP-kinase pathways, leading to increased

serine phosphorylation of IRS-1 and 2 proteins ultimately

inhibiting PI3K signaling and further causing deleterious

effects [94].

Mitochondrial biogenesis in IR: a secondary cause

of cardiovascular disorder

The myocardium maintains a high energy demand to keep

the heart viable, and this energy is supplied by mitochon-

dria. Cardiac muscle of IR individuals generally contains

30 % less mitochondria than that of insulin sensitive

individuals [95]. High-fat diet tends to promote an increase

in mitochondria in order to oxidize fat which is concomi-

tant with the development of tissue-specific IR [96, 97].

Thus, increase in FFA, induced by high-fat diet can be

correlated with mitochondrial biogenesis [98, 99].

Impaired mitochondrial oxidative phosphorylation

(OXPHO) and mitochondrial biogenesis contributes to an

inhibition of insulin metabolic signaling [100]. The

mechanism by which mitochondrial dysfunction is directly

involved, an impairment of IR signaling occurs by con-

trolling the PGC-1 a, nuclear respiratory factors 1 (NRF1)

and NRF2 genes [101], which therefore regulate mito-

chondrial ATP production [102–104]. It is also suggested

that transcriptional activation of PGC1a promotes mito-

chondrial proliferation and its associated markers that are

required for mitochondrial biogenesis in the myocardium

[104, 105]. Studies on cardiac-specific deletion of NRF1

and ERRa suggest that PGC1a activates estrogen-related

nuclear receptors-a and c (ERRa and ERRc) to induce

genes participating in glucose and fatty acid uptakes. This

results in upregulation of ATP transport via NRF1/2-me-

diated stimulation of mitochondrial transcription factor A

(Tfam A) [106–108] and OXPHOS genes [109]. Thus,

there is sufficient evidence that supports the role of mito-

chondrial biogenesis in CVD associated with IR.

IR related to CVDs and potential therapeutic
approaches

Accumulation of fatty acid metabolites, DG and LCFA-CoA

because of mitochondrial dysfunction by atypical PKCs

activation results in IR [110, 111]. Mitochondrial function

and insulin sensitivity can be improved by increased

expression of UCP2/3 or decrease in ROS production by

antioxidants [111]. Modulation of glucose/LCFA metabo-

lism could be an approach for establishing a new equilib-

rium favoring glucose uptake and oxidation in opposition to

LCFA oxidation. Adjustment of insulin signaling can also be

done by using thiazolidinediones and metformin–insulin

sensitizers, which are reported to reduce ROS production,

increase expression of PGC-1a, and stimulate AMPK, thus

improving mitochondrial function by reducing oxidative

stress and stimulating mitochondrial biogenesis [111].

AMPK can also directly stimulate glucose uptake by phos-

phorylating and inactivating AS160 (converging point

between insulin and AMPK-signaling pathways), enhancing

PKB/Akt overactivation and decreasing serine phosphory-

lation of IRS-1 in cardiomyocytes [112]. Under ischemic

conditions, the activated AMPK counteracts the PKB/Akt-

mediated activation of p70S6K, phosphorylation of eEF2,

and stimulation of protein synthesis in cardiomyocytes. In

the cardiac system, expression of a kinase-dead phospho-

fructokinase 2 (PFK2) decreases glycolytic flux, induces

hypertrophy and fibrosis, and reduces cardiomyocyte func-

tion thus explaining the importance of PFK2 in the regula-

tion of cardiac function.

Under normal conditions, insulin stimulates the pro-

duction of NO from endothelium, leading to vasodilation,

increased blood flow, augments glucose disposal in skeletal

muscle. Under IR condition, hyperinsulinemia overdrives

unaffected MAPK-dependent pathways leading to secre-

tion of the vasoconstrictor endothelin-1 (ET-1) from vas-

cular endothelium. This imbalance between vasoconstrictor

and vasodilator actions of insulin under IR condition is an

important factor in the vascular pathophysiology of IR and

endothelial dysfunction. Pharmacological blockage of ET-

1 receptors (ET-A isoform) improves endothelial function

in cardiovascular disorders [113]. Intraarterial vitamin C

improves endothelial-dependent vasodilation in type 2

diabetes mellitus associated CVD [114]. Adiponectin

directly stimulates the production of NO from vascular

endothelium using a PI3-kinase-dependent signaling

mechanism similar to that of insulin, thus opposing

atherogenesis and improve endothelial function [115]. The

development of IR along with cardiometabolic syndrome is

associated with increased tissue renin–angiotensin system

activity [111].

Angiotensin II via its type I receptors stimulates the

production of ROS via NADPH oxidase, increases

expression of ICAM-1 and increases ET-1 release from

endothelium [111]. Pharmacological inhibitors such as

angiotensin-converting enzyme (ACE) inhibitors reduce

circulating angiotensin II levels, and angiotensin receptor

blockers (ARBs) block the actions of angiotensin II ulti-

mately helping in lowering of blood pressure, improving

endothelial function and reduce circulating markers of

Heart Fail Rev (2016) 21:11–23 19
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inflammation, augmentation of insulin stimulated glucose

uptake. ACE inhibitors (ramipril) and ARBs (losartan)

support the existence of reciprocal relationships between

endothelial dysfunction and insulin. Tempol, a superoxide

scavenger, is able to ameliorate cardiac and vascular dys-

function, normalize angiotensin II–induced IR [116].

Fibrates are synthetic PPAR-a ligands that improve the

circulating lipoprotein profile, resulting in improved

endothelial function, reduced vascular inflammation, and

reduction in cardiovascular events through increased adi-

ponectin levels [117].

Conclusions

The complex interplay of IR and CVD has been studied

extensively to elucidate the mechanistic pathway underlying

the pathogenesis of the disease. The major causes of IR are

hyperglycemia, oxidative stress and dyslipidemia which

present as risk factors for CVD. The hampered insulin sig-

naling abrogates insulin stimulated glucose uptake,

endothelial functions, vasodilation and blood flow which in

turn compromise functioning of cardiomyocytes and leads to

hypertrophy, fibrosis and atherosclerosis. During severity of

the disease anti-oxidants, anti-inflammatory and insulin

sensitizers also enhance activities of various molecules such

as NO, PI3K, Akt and GLUT4 receptors. Nonetheless, drugs

regulating type 2 DM and hyperlipidemia have side effects

associated with CVD and associated complications sug-

gesting potential dual links between IR, type 2 DM and

CVD at the molecular level. Thus treatment strategies for

CVD would depend on the metabolic status of the individ-

ual. Given the serious consequences of the global CVD

epidemic, understanding of the mechanisms that link IR

with the development of CVD and comorbidities should be

considered as a high priority in further research.
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