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Abstract
Epidemiological studies have documented a high incidence of diabetes in hypertensive patients.Insulin resistance is defined 
as a less than expected biologic response to a given concentration of the hormone and plays a pivotal role in the pathogenesis 
of diabetes. However, over the last decades, it became evident that insulin resistance is not merely a metabolic abnormality, 
but is a complex and multifaceted syndrome that can also affect blood pressure homeostasis. The dysregulation of neuro-
humoral and neuro-immune systems is involved in the pathophysiology of both insulin resistance and hypertension. These 
mechanisms induce a chronic low grade of inflammation that interferes with insulin signalling transduction. Molecular 
abnormalities associated with insulin resistance include the defects of insulin receptor structure, number, binding affinity, 
and/or signalling capacity. For instance, hyperglycaemia impairs insulin signalling through the generation of reactive oxygen 
species, which abrogate insulin-induced tyrosine autophosphorylation of the insulin receptor. Additional mechanisms have 
been described as responsible for the inhibition of insulin signalling, including proteasome-mediated degradation of insulin 
receptor substrate 1/2, phosphatase-mediated dephosphorylation and kinase-mediated serine/threonine phosphorylation of 
both insulin receptor and insulin receptor substrates. Insulin resistance plays a key role also in the pathogenesis and pro-
gression of hypertension-induced target organ damage, like left ventricular hypertrophy, atherosclerosis and chronic kidney 
disease. Altogether these abnormalities significantly contribute to the increase the risk of developing type 2 diabetes.
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1  Essential Hypertension and Type 2 
Diabetes the Link

Essential hypertension is characterised by both hemo-
dynamic and metabolic abnormalities. Epidemiological 
studies have documented a high incidence of diabetes 
in hypertensive patients. The Women’s Health Study 
[1] showed that in healthy, middle-aged women, blood 
pressure (BP), and BP progression are strong and inde-
pendent predictors of incident type 2 diabetes (T2D). 
Similarly, the Monitoring Trends and Determinants on 
Cardiovascular Diseases/Cooperative Health Research in 
the Region of Augsburg Cohort Study [2] showed that 
high normal BP, as well as, established hypertension 

were strongly and independently related to the develop-
ment of an incident T2Din men. However, in women only 
established hypertension significantly increased the risk 
of T2D. Although these studies clearly demonstrated the 
link between hypertension and T2D, they lacked of rig-
orous criteria to diagnosis T2D, since in many cases the 
diagnosis was based on self-reported incident diabetes. 
However, Kramer et al. [3] demonstrated, in the cohort 
of subjects of The Rancho Bernardo Study, that hyper-
tension and pre-hypertension increase the risk of T2D. 
In this study, the new onset of T2Dwas assessed with 
oral glucose tolerance test (OGTT). In particular, OGTT 
was performed at baseline and after a mean follow-up 
period of 8.3 years. This methodological approach gave 
a more precise information about the incidence of T2D in 
hypertensive patients during the follow-up. Therefore, the 
results of this study rather than being merely confirma-
tory, reinforced the concept that hypertension enhances 
the risk of developing T2D. The risk increases by 13% 
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and 15% for increments of 10 mmHg and 5 mmHg for 
systolic and diastolic BP, respectively. These data were 
confirmed by two population-based studies: the Gothem-
burg Primary Prevention Study [4] and Tehran Lipid and 
Glucose Study [5]. We extended these epidemiological 
data demonstrating that in a cohort of hypertensives, 
those with an uncontrolled hypertension had a higher risk 
of developing T2D. In particular, in nondiabetic hyper-
tensive subjects, uncontrolled BP was associated with 
twofold increased risk of incident T2D independently 
of age, body mass index (BMI), baseline BP, or fasting 
glucose [6]. The strong association between hyperten-
sion and diabetes has been further documented by the 
evidence that patients with essential hypertension and 
concomitant hypertension-related target organ damage 
(TOD), such as left ventricular hypertrophy (LVH)end/or 
carotid atherosclerosis (CA), are at higher risk of incident 
T2D, compared to those without TOD. In fact, in 4176 
treated hypertensive patients, LVH and CA were signifi-
cant predictors of new onset T2D,independently of initial 
metabolic profile, anti-hypertensive therapy, and other 
significant covariates[7]. Of note, the association between 
TOD and incidence of T2D has also been documented in 
unselected populations; in particular, the Strong Heart 
Study showed that the cardio-renal TOD increases the 
risk of incident T2D at 4 years [8].

Altogether these data strongly support the notion that 
essential hypertension and T2Dshare a common patho-
physiological mechanism.

2  Insulin Resistance and Hypertension

Insulin resistance is defined as a less than expected biologic 
response to a given concentration of the hormone and plays a 
pivotal role in the pathogenesis of T2D [9]. For many years, 
the term insulin resistance has been associated exclusively 
with an inadequate effect of insulin on glucose metabolism 
and did not address other aspects of insulin action. However, 
insulin is a pleiotropic hormone and exerts a multitude of 
effects on lipid and protein metabolism, ion and amino acid 
transport, cell cycle, proliferation and differentiation, and 
nitric oxide (NO) synthesis (Fig. 1).

In the context of the vascular system, insulin stimulation 
induces vasodilation through NO production [10], and the 
state of insulin resistance impairs NO synthesis and vasodi-
lation. Insulin resistance contributes to increase BP through 
several mechanisms, among which are the enhanced tissue 
angiotensin II (AngII) and aldosterone activities [11, 12], 
the increased sympathetic nervous system activity [13], and 
oxidative stress [14]. However, emerging evidence indicate 
that endothelial dysfunction may represent the upstream 
event preceding peripheral reduction of insulin sensitivity, 
due to impairment of peripheral tissue blood flow. This phe-
nomenon is known as “endothelial insulin resistance” and 
is mediated by increased oxidative stress, through a protein 
kinase C beta-dependent pathway. In fact, the suppression of 
reactive oxygen species-dependent pathways in the endothe-
lium has been shown to restore insulin delivery to peripheral 
organs by preserving NO availability [15, 16]. According 

Fig. 1  The pleiotropic action 
of insulin. Insulin regulates 
different physiological process 
including the glucose, protein 
and lipid metabolism, the cell 
cycle, growth and survival, the 
vascular tone and inflamma-
tion, the ions and amino-acid 
exchange/transport, and neuro-
hormonal activity.  Na+, sodium; 
 Ca++, calcium; RAAS, Renin–
angiotensin–aldosterone system; 
TNF-α, tumor necrosis factor-α; 
IL-6, interleukin-6; IL-1, inter-
leukin-1; PAI-1, plasminogen 
activator inhibitor-1
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to this view, endothelial loss of insulin signalling may rep-
resent an important mechanism linking hypertension to 
endothelial dysfunction. Molecular and pathophysiological 
mechanisms underlying the reciprocal relationship between 
insulin resistance and hypertension result in a vicious cycle 
which reinforces the link between metabolic and hemody-
namic disorders. In fact, insulin resistance affects negatively 
myocardial energetic efficiency in hypertensive patients [17] 
and in unselected population [18].

The association between hypertension, insulin resistance, 
and resultant hyperinsulinemia is well documented [19]. In 
untreated patients with essential hypertension, fasting and 
postprandial insulin levels are higher than in normotensive 
controls, with a direct correlation between plasma insulin 
concentrations and BP. Interestingly, the association of insu-
lin resistance and essential hypertension does not occur in 
secondary hypertension [20]. Of note, insulin resistance and 
hyperinsulinemia also exist in rats with genetic hypertension 
such as Dahl hypertensive and spontaneously hypertensive 
rat (SHR) strains. Altogether these data suggest the existence 
of a common genetic pathway for essential hypertension and 
insulin resistance, a concept that is also supported by the 
finding of altered glucose metabolism in normotensive off-
spring of hypertensive patients [21]. The common genetic 
background of insulin resistance and hypertension is further 
supported by the discovery of specific genetic abnormalities 
in people with combinations of insulin resistance, obesity, 
dyslipidaemia, and hypertension. These defects include 
a mutation of the β3-adrenergic receptors (ARs), which 
regulates lipolysis in visceral fat, and the presence of two 
mutated genes on chromosome 7q, one that controls insulin 
levels and BP and the other, leptin, a peptide that regulates 
food intake [22]. Deficiency in CD36, a known fatty acid 
transporter, is also believed to be involved in the predisposi-
tion to insulin resistance and hypertension in Asians [23].
The relationship between insulin resistance and hyperten-
sion is a complex and multifactorial phenomenon which 
involves both genetic basis and environmental factors. In 
the western countries, sedentary life style and hypercaloric 
food intake are endemic behaviours which play a key role in 
the development of insulin resistance, mainly through epige-
netic modifications. In particular, DNA methylation, histone 
modifications and noncoding RNA activity (miRNA) are the 
principal mechanisms that alter the protein transcription and 
expression, which, in turn, modify the cellular phenotype. 
The translocation of GLUT 4 to the cell membrane is the 
principal step of insulin-induced glucose uptake. Insulin 
resistance state is characterized by lower expression lev-
els and impaired translocation of GLUT 4. Experimental 
data indicate that the metilation of DNA, induced by over-
nutrition during fetal life, decreases the gene expression of 
proteins involved in insulin signal transduction, like GLUT 
4. The expression of GLUT 4 is also affected by mi RNA. 

In particular, in myocytes the miRNA 106b impairs insulin 
signalling by decreasing insulin-stimulated translocation 
of GLUT 4. Mitochondrial dysfunction, which also plays a 
key role in the genesis of insulin resistance, is affected by 
epigenetic modifications. In particular, methylation of the 
gene encoding for peroxisome proliferator-activated receptor 
alpha (PPARα) has been reported in obese subjects. These 
data reinforce the hypothesis that epigenetic modifications 
are at lease partially responsible for the link between behav-
iour habits and insulin resistance [24].

3  Insulin Resistance Directly Affects Blood 
Pressure Control

In healthy subjects, insulin evokes a net reflex in sympathetic 
outflow and at the same time it blunts the vasoconstrictive 
effect resulting from this sympathetic activation. On the con-
trary, in hypertensive patients insulin evokes a sympathetic 
activation that is three times greater than in normal sub-
jects, and moreover its vaso-relaxant action is impaired [13]. 
This mechanism is involved in dysregulation of peripheral 
vascular resistance, which contributes to increase BP levels 
(Fig. 2). The key role of insulin resistance in the pathogen-
esis of hypertension has been further supported by the evi-
dence that in aortic rings of SHR the resistance to the vascu-
lar action of insulin is already present at the age of 5 weeks, 
before the onset of arterial hypertension [25], suggesting 
that in SHR vascular resistance to insulin action is specific 
and not related to the compensatory hyperinsulinemia or 
hyperglycemia. On the other hand, we have demonstrated, in 
rats fed for 6 months with hypercaloric diet that the increase 
of BP and the development of LVH are associated with both 
hyperinsulinemia or hyperglycemia [26]. In addition, insulin 
resistance and the resultant hyperinsulinemia are involved in 
the development of hypertension-related TOD, through the 
abnormalities of the counter-regulatory effects of insulin. 
In particular, impairment of cell membrane ion exchange, 
enhanced sympathetic nervous and renin-angiotensin sys-
tems, suppressed atrial natriuretic peptide activities, sodium 
retention, and plasma volume expansion contribute to the 
development of chronic kidney disease, LVH, CA.

4  Molecular Mechanisms of Insulin 
Resistance

Abnormalities of insulin signalling account for insulin 
resistance. Insulin mediates its action on target organs 
through phosphorylation of a transmembrane-spanning 
tyrosine kinase receptor, the insulin receptor (IR). The 
binding of insulin to the α subunit of its receptor activates 
the tyrosine kinase of the β subunit of the receptor, leading 
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to autophosphorylation, as well as tyrosine phosphoryla-
tion of several IR substrates (IRS), including IRS-1 and 
IRS-2 [27]. These, in turn, interact with phosphatidylino-
sitol 3-kinase (PI3K). Activation of PI3K stimulates the 
main downstream effector Akt, a serine/theronine kinase, 
which stimulates the glucose uptake through the trans-
location of the major glucose transporter GLUT-4 to the 
plasma membrane [28]. Abnormalities of the IR func-
tion that may contribute to insulin resistance include the 
defects of receptor structure, number, binding affinity, and/
or its signalling capacity. It is noteworthy that hypergly-
caemia, accounts for the development of insulin resist-
ance through the generation of reactive oxygen species 
(ROS), which abrogate insulin-induced tyrosine autophos-
phorylation of IR [29]. In addition, several mechanisms 
have been described as responsible for the inhibition of 
insulin-stimulated tyrosine phosphorylation of IR and the 
IRS proteins, including proteasome-mediated degradation 
[30], phosphatase-mediated dephosphorylation [31], and 
kinase-mediated serine/threonine phosphorylation [32]. 
In particular, phosphorylation of IRS-1 on serine Ser612 
causes dissociation of the p85 subunit of PI3-K, inhib-
iting further signalling. In addition, phosphorylation of 
IRS-1 on Ser307 results in its dissociation from the IR and 

triggers proteasome-dependent degradation, also impair-
ing insulin signalling.

The mechanistic role of abnormalities of IR or IRS-1 sig-
nalling in the pathogenesis of insulin resistance and hyper-
tension is supported by several pioneering studies performed 
in genetically engineered mice. In particular, transgenic 
mice with targeted disruption of the IRS-1 gene, exhibited 
higher BP and plasma triglyceride levels compared to wild-
type mice. They also showed impairment of endothelium-
dependent vascular relaxation [33]. On the other hand, mice 
heterozygous for knockout of the IR showed fasting blood 
glucose, insulin, free fatty acid, and triglyceride levels simi-
lar to those of wild-type mice. Interestingly, these mice had 
increased systolic BP and blunted insulin-stimulated aor-
tic endothelial nitric oxide synthase (NOS) phosphoryla-
tion [34]. The results of these studies demonstrate that the 
abnormalities of IR or IRS signalling play a mechanistic 
role in the development of hypertension, independently form 
glucose homeostasis and plasma insulin levels, and indicate 
that insulin resistance by itself is involved the pathogenesis 
of hypertension.

It is noteworthy that IR defects are tissue-specific 
and depends upon the type of stress; therefore, the insu-
lin resistance phenomenon can be localized in specific 

Fig. 2  Regulation of peripheral 
vascular resistances by insulin 
and effects of insulin resistance. 
In physiological conditions, 
insulin antagonizes (green 
arrows) the effects of vasocon-
strictor mediators (red arrows), 
contributing to maintain the 
normal vascular tone. Insulin 
resistance (red arrows), impairs 
the capability of insulin to 
counterbalance the action of 
vasoconstrictor mediators, 
resulting in the increase of 
vascular peripheral resistances. 
TNF-α, tumor necrosis factor-α; 
IL-6, interleukin-6
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tissues and does not necessarily associated with metabolic 
abnormalities.

5  Insulin Resistance and Neuro‑Hormonal 
Activities in Hypertension

Several pathophysiological mechanisms contribute to impair 
insulin signal in hypertension, such as renin angiotensin and 
sympathetic nervous systems, and oxidative stress. On the 
other hand, mechanisms playing a protective role against 
insulin resistance, (i.e. natriuretic peptides) are impaired in 
hypertension.

5.1  Renin‑angiotensin system

In vivo and in vitro studies have shown that Ang II stimula-
tion induces insulin resistance [35, 36]. Interventional stud-
ies have documented that angiotensin converting enzyme 
(ACE) inhibitors [37] and angiotensin type 1 receptor 
blockers [38] reduce the incidence of T2D in hypertensive 
patients. Therefore, the dysregulation of the renin-angioten-
sin system observed in hypertension is likely to impair insu-
lin signalling and contribute to insulin resistance. Further-
more, it has been reported that an ACE-inhibitor-based long 
term treatment does not reduce the occurrence of diabetes 
mellitus in subjects with impaired glucose tolerance [39]. 
This observation suggests that the pathophysiological mech-
anisms underlying the development of insulin resistance 
in hypertensive patients are partially different from those 
responsible for impaired insulin sensitivity in diabetics.

Ang II acting through angiotensin type 1 (AT1) recep-
tor inhibits the actions of insulin via generation of reactive 
oxygen species (ROS) by NADPH oxidase [40]. ROS are 
important intracellular second messengers. The generation 
of ROS is implicated in Ang II-induced insulin resistance. At 
this regard, it has been Epidemiological studies have docu-
mented a high incidence of diabetes in hypertensive patients.
Insulin resistance is defined as a less than expected biologic 
response to a given concentration of the hormone and plays 
a pivotal role in the pathogenesis of diabetes. However, over 
the last decades, it became evident that insulin resistance is 
not merely a metabolic abnormality, but is a complex and 
multifaceted syndrome that can also affect blood pressure 
homeostasis. The disregulation of neuro-humoral and neuro-
immune systems is involved in the pathophysiology of both 
insulin resistance and hypertension.

These mechanisms induce a chronic low grade of inflam-
mation that interferes with insulin signalling transduction. 
Molecular abnormalities associated with insulin resistance 
include the defects of insulin receptor structure, number, 
binding affinity, and/or signalling capacity. For instance, 
hyperglycaemia impairs insulin signalling through the 

generation of reactive oxygen species, which abrogate 
insulin-induced tyrosine autophosphorylation of the insu-
lin receptor. Additional mechanisms have been described as 
responsible for the inhibition of insulin signalling, includ-
ing proteasome-mediated degradation of insulin receptor 
substrate 1/2, phosphatase-mediated dephosphorylation 
and kinase-mediated serine/threonine phosphorylation of 
both insulin receptor and insulin receptor substrates. Insu-
lin resistance plays a key role also in the pathogenesis and 
progression of hypertension-induced target organ damage, 
like left ventricular hypertrophy, atherosclerosis and chronic 
kidney disease. Altogether these abnormalities significantly 
contribute to the increase the risk of developing type 2 dia-
betes. That in vascular smooth muscle cells (VSMC) isolated 
from rat thoracic aorta, Ang II profoundly decreases IRS-1 
protein levels via ROS-mediated phosphorylation of IRS-1 
on Ser307 and subsequent proteasome-dependent degrada-
tion [41] (Fig. 3). The key role of ROS in the pathogenesis 
of Ang II-induced insulin resistance has been also confirmed 
by in vivo studies. In particular, in rats chronic infusion of 
Ang II induced hypertension and reduced insulin-evoked 
glucose uptake during hyperinsulinemic-euglycemic clamp, 
and increased plasma cholesterylester hydroperoxide lev-
els, indicating an increased oxidative stress. Treatment with 
tempol, a superoxide dismutase mimetic, normalized plasma 
cholesterylester hydroperoxide levels in Ang II-infused rats. 
In the same setting, tempol normalized insulin resistance 
in Ang II-infused rats, and enhanced insulin-induced PI3K 
activation, suggesting that Ang II-induced insulin resistance 
can be restored by removing the oxidative stress [42]. On the 
other hand, in the endothelial cells, Ang II induces insulin 
resistance through the phosphorylation of IRS-1 at Ser312 
and Ser616 via JNK- and ERK1/2-dependent mechanisms, 
respectively. This impairs the interaction of IRS-1 with the 
p85 regulatory subunit of PI3K and compromises the insulin 
vasodilatory signalling pathway involving PI3K/Akt/eNOS 
[43]. A further mechanism that account for role of insulin 
resistance in the aetiology of hypertension is the upregula-
tion of AT1 receptors induced by hyperinsulinemia. This 
potentiates the detrimental effects of Ang II on cardiovascu-
lar (CV) system. Altogether, these observations provide clear 
insights of the pathogenic mechanisms of Ang II–induced 
insulin resistance in the development of hypertension.

5.2  Sympathetic Nervous System

Dysregulation of sympathetic nervous system is a feature of 
hypertension [44]. It has been documented that increased 
sympathetic tone resulting in an abnormal stimulation of 
β-ARs, is able to induce insulin resistance through the 
activation of different serine/threonine kinases that blunt 
insulin signal by phosphorylating IR or IRS-1. It has been 
demonstrated that the molecular mechanisms accounting 
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for β-ARs-induced insulin resistance are tissue-specific and 
depend upon the receptor subtype expressed by the organ/tis-
sue. For instance, adipocytes and cardiac myocytes are both 
target organs of insulin, and mainly express β3 and β1-ARs, 
respectively. β-ARs stimulation results in an impairment of 
insulin signalling and insulin-induced glucose uptake, which 
profoundly differs between the two cell types regarding the 
kinetic and molecular mechanisms involved. In particular, 
β-ARs stimulation in adipocytes impairs insulin signalling 
within few minutes, whereas, in cardiac myocytes stimula-
tion of β-ARs has a biphasic effect on insulin-stimulated 
glucose uptake, with an initial additive followed by an 
inhibitory action. β3-ARs stimulation impairs insulin sig-
nalling through protein kinase A (PKA)- and protein kinase 
C (PKC)-dependent mechanisms; interestingly β3-ARs 
stimulation does not phosphorylate/activate Akt [45]. On 
the contrary, in cardiac myocytes Akt plays a key role in 
the cross-talk between β1-ARs and IR. Actually, upon the 
phosphorylation site, Akt can have a favourable or detrimen-
tal effect on insulin signalling and insulin-induced glucose 
uptake. In particular, short-term β-ARs stimulation induces 
Akt phosphorylation in threonine that results in an increase 
in glucose uptake, whereas long-term stimulation induces 
Akt phosphorylation in serine and impairs insulin evoked-
glucose uptake and insulin-induced tyrosine autophospo-
rylation of IR [46]. In addition, it has been demonstrated in 
cardiac myocytes, that chronic Akt activation is sufficient to 

impair insulin signal by inducing IRS-1 phosphorylation and 
proteasome-dependent degradation [47].

6  Insulin Resistance and Hypertension 
Related Target Organ Damage

LVH, CA, and renal dysfunction are expression of hyper-
tension-evoked TOD, and are independent risk factors for 
both fatal and nonfatal cardio- and cerebro-vascular events 
[48–52].Several studies have shown that insulin resistance 
promotes the development of left ventricular hypertrophy, 
carotid atherosclerosis and chronic kidney disease (CKD).

6.1  Left Ventricular Hypertrophy

Development of LVH is a complex and multifactorial pro-
cess which involves genetic, hemodynamic and anthropo-
metric components, neuro-hormonal stimulation, growth 
factors and inflammatory mediators [53–55]. The hemo-
dynamic and metabolic disorders associated with insulin 
resistance increase the risk LVH. Insulin and insulin-like 
growth factor (IGF) -1 are powerful independent determi-
nants of LV mass and geometry in untreated subjects with 
essential hypertension and normal glucose tolerance [56]. 
The presence of both insulin resistance and hypertension 
in the same patient results in a mixed pattern of cardiac 

Fig. 3  Molecular mechanisms 
that account for angiotensin II-
induced insulin resistance. The 
binding of insulin to its own 
receptor evokes the tyrosine 
autophosphorylation of the β 
subunit, which, in turn activates, 
in sequence, the insulin receptor 
substrate-1 and phosphati-
dylinositol 3-kinase (green 
arrows). This cascade, accounts 
for the biological effects of 
insulin. Angiotensin II stimula-
tion, through the activation of 
NADPH oxidase, stimulates the 
generation of reactive oxygen 
species, which, in turn promote 
the threonine phosphorylation 
of insulin receptor substrate-1 
(red arrows). This induces the 
proteasome-dependent degrada-
tion of insulin receptor sub-
strate-1, interrupting the insulin 
signalling cascade. Ser, serine; 
P, phospho; Tyr, tyrosine; ROS, 
reactive oxygen species; PI3K, 
phosphatidylinositol 3-kinase; 
IRS-1, insulin receptor sub-
strate-1
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hypertrophy, caused by an elevation in both cardiac preload 
and afterload [57]. Experimental data suggest that insulin 
might be involved in the pathogenesis of both the concen-
tric and eccentric patterns of LVH. Stimulation of myocar-
dial cell growth and activation of the sympathetic nervous 
system might preferentially lead to concentric LV hypertro-
phy through a direct trophic effect and pressure overload, 
whereas sodium and water retention could lead to eccentric 
LV hypertrophy through volume overload [58]. The direct 
effect of insulin on myocardial cell growth could be medi-
ated, at least in part, by the IGF-1 receptors [59]. In addition, 
the myocardium in the insulin-resistant individual shows 
the presence of mononuclear cell infiltration all along the 
conduction system making the myocardium in the insulin-
resistant hypertensive patient an ideal substrate for cardiac 
arrhythmia and sudden death.

6.2  Atherosclerosis

Several epidemiological studies have underlined the role of 
insulin resistance, hyperinsulinemia in the development of 
atherosclerosis, and in the pathogenesis of its clinical conse-
quences. Several mechanisms have been proposed as respon-
sible for these phenomena. These include both direct effects 
on the arterial wall and indirect actions on lipid and glucose 
metabolism. Considerable evidence exists that demonstrate 
that endothelium as a physiological target of insulin and, 
consequently, a potential link between insulin resistance and 
atherosclerosis. In the endothelium, the stimulation of IRs 
activates insulin signaling via the PI3-K pathway, leading to 
NO production. The production of NO by endothelial cells, 
stimulated by insulin or insulin-like growth factor, leads 
to a host of anti-inflammatory and antithrombotic effects, 
which are antiatherogenic. The anti-inflammatory effects 
of NO include the decreases of expression of vascular cell 
adhesion molecule-1, intracellular adhesion molecule-1, and 
E-selectin and reduced secretion of the proinflammatory 
cytokines monocyte chemoattractant protein–1 and tumor 
necrosis factor-α (TNF-α). Interestingly, the insulin-induced 
antithrombotic effects depends on gene expression regula-
tion, which decreases the platelet adhesion by increasing 
prostacyclin production [60]. Of note, the gene encoding for 
coagulation factor II thrombin receptor, which is involved 
in the enhanced risk of coronary artery diseases in patients 
with hypertension [61], and it has been recently proposed 
as a marker of clinical conditions characterized by insulin 
resistance like metabolic syndromes, obesity, T2D, hepatic 
steatosis, and atherosclerosis [62].

Atherosclerotic process is regulated by inflammatory 
mechanisms [63–65]. Notably, insulin resistance has been 
recognized as a chronic, low-level, inflammatory state [66]. 
Although several mechanisms may contribute to the patho-
genesis of hypertension, the NO system appears to play a 

major role. NO is an important messenger molecule that 
plays a critical role in a wide variety of physiological func-
tions, including immune modulation, vascular relaxation, 
neuronal transmission, and cytotoxicity. Interestingly, the 
polymorphism of the promoter of the inducible nitric oxide 
synthase (iNOS) gene, NOS2A, revealed a positive associa-
tion with essential hypertension [67]. This aspect is linked 
to insulin resistance because insulin stimulation of glucose 
uptake in skeletal muscle and adipose tissue is a NO-depend-
ent phenomenon. Moreover, iNOS has been shown to be 
crucial for the development of insulin resistance [68]. The 
role that inflammation plays in atherosclerosis is amplified 
by the renin-angiotensin system via its effects on adhesion 
molecules, growth factors, and chemoattractant molecules, 
which modulate the migration of inflammatory cells into the 
subendothelial space. Clinical and experimental data have 
increased our knowledge on the effects of the Ang II. In 
particular, it has been documented that Ang II stimulates the 
production of ROS through its AT1 receptor [69], resulting 
in a proinflammatory modulator.

The low grade of inflammation is a common feature of 
atherosclerosis and insulin resistance. The two major deter-
minants of this state are the pro-inflammatory cytokines, 
TNF-α and interleukin-6 (IL-6). The available experimental 
data indicate that TNF-α is involved in the pathophysiology 
of hypertension. In particular, in vitro, TNF-α stimulates the 
production of endothelin-1 and angiotensinogen. Moreover, 
in SHR, TNF-α synthesis and secretion and fat angiotensino-
gen mRNA are increased in response to lipopolysaccharide 
(LPS) stimulation in comparison with non-hypertensive con-
trol rats [70]. At molecular level, TNF-α blocks the action 
of insulin in cultured cells [71], though the serine phospho-
rylation of IRS-1, decreasing the tyrosine kinase activity 
of the insulin receptor [72]. The key role of TNF-α in the 
pathogenesis of hypertension has been also documented in 
humans. In particular, the TNF-α gene locus seems to be 
involved in insulin resistance-associated hypertension [73]. 
A positive correlation has been found between serum TNF-α 
concentration and both SBP and insulin resistance [74]. 
Up-regulation of TNF-α secretion has also been observed 
in peripheral blood monocytes from hypertensive patients 
[75]. TNF-α also determines endothelial dysfunction linked 
to insulin resistance [76]. Neutralization of TNF-α in obese 
fa/fa rats by administration of a sTNFR-IgG chimeric protein 
substantially improved insulin sensitivity and restored the 
tyrosine kinase activity in fat and muscle [77]. In contrast, 
treatment of T2D or obese human subjects with an antibody 
specific for TNF had no effect on insulin sensitivity [78].

IL-6 is a multifunctional cytokine produced by many dif-
ferent cell types, including immune cells, endothelial cells, 
fibroblasts, myocytes, and adipose tissue, which mediates 
inflammatory as well as stress-induced responses. It has 
been documented that BP was a significant and independent 
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predictor of circulating IL-6 concentrations in women but 
not in men [79]. A polymorphism in the promoter of the 
IL-6 gene has also shown divergent associations with BP 
[80]. IL-6 stimulates the central nervous system and the 
sympathetic nervous system, which may result in hyperten-
sion [81]. However, other mechanisms cannot be excluded. 
IL-6 might increase in parallel to the modification of the 
redox state of the vascular wall in chronic hypertension, as 
occurs in some animal models of hypertension [82]. IL-6 is 
a well-characterized acute inducer of fibrinogen, which is a 
determinant of blood viscosity. Finally, IL-6 might increase 
BP enhancing the expression of angiotensinogen, leading 
to higher concentration of Ang II. Interestingly, leptin, a 
cytokine-like molecule increasingly recognized to regulate 
several inflammatory pathways acting on a receptor of the 
IL-6 family seems also to be associated with hypertension. 
The leptin signal, via central leptin receptors, is believed to 
interact with the central sympathetic nervous system [83]. 
Infusion of leptin leads to increases in BP [84]. Transgenic 
mice overexpressing leptin had elevated BP, which is nor-
malized by adrenergic and ganglionic blockade [85].

6.3  Renal Disease

Diabetes, hypertension and insulin resistance/hyperinsuline-
mia, which frequently coexist, are the leading cause CKD 
which often evolves in end-stage renal disease (ESRD). 
Hypertension is believed to contribute to CKD by increas-
ing glomerular capillary pressure, proteinuria, endothelial 
dysfunction, and sclerosis, leading to nephron damage [86]. 
Insulin resistance is associated with activation of both renin-
angiotensin system and sympathetic nervous system activi-
ties, contributing to increased renal sodium reabsorption, 
associated fluid retention and hypertension [87]. Moreover, 
this state is accompanied by the increased endothelial cells 
proliferation and intrarenal lipid and hyaluronate deposi-
tion in the matrix and inner medulla [88]. These deposi-
tions increase intrarenal pressure and volume in the tightly 
encapsulated kidney, leading to parenchymal prolapse and 
urine outflow obstruction, which result in slow tubular flow 
and subsequently increased sodium reabsorption, especially 
in the loop of Henle. This leads to inappropriately small 
natriuretic response to saline load at mean and glomerular 
pressure, often referred to as “impaired pressure natriuresis”. 
These functional and structural changes provoke compen-
satory lowered renal vascular resistance, elevated kidney 
plasma flow, glomerular hyperfiltration, and stimulation 
of renin angiotensin system, despite volume expansion. In 
addition, these changes in combination with the raise in BP 
levels associated with the insulin-resistant state increase 
the tubular reabsorption and maintain sodium balance. The 
persistence of these compensatory responses, increasing 
glomerular wall stress, precipitate gradual nephron loss, 

glomerulosclerosis and eventually end-stage renal disease. 
Glomerulosclerosis in the insulin-resistant kidney is pecu-
liar and characterized by lower rate of nephrotic syndrome, 
fewer lesions of segmental sclerosis and a greater glomeru-
lar size compared with the idiopathic variety. In summary, 
persistence of insulin resistance and suboptimal control of 
associated hemodynamic and metabolic abnormalities cause 
renal injury with functional as well as structural nephron 
loss contributing to elevated BP, which in turn leads to fur-
ther renal injury, thereby setting off a vicious circle of events 
leading to further elevated BP and renal injury.

Microalbuminuria is now established as a modifiable pre-
dictor of CV morbidity and mortality [52, 89] and is consid-
ered a manifestation hypertension-induced TOD. Despite its 
strong association with CV risk, the exact pathogenic mech-
anisms that link microalbuminuria to CV diseases remains 
unknown. Evidence has been garnered that microalbuminu-
ria is a marker of generalized endothelial dysfunction and 
consequently a risk factor for CV diseases. In particular, 
this abnormality has been characterized by the presence of 
transmembrane leakiness [90]. In addition, microalbuminu-
ria has also been associated with alterations in hemodynamic 
and vascular responses. In general, microalbuminuria can be 
considered as an early marker of generalized hypertension-
evoked TOD (Fig. 4) in the continuum of CV disease.

7  Conclusions

Epidemiological data show that hypertension is a risk factor 
for the development of T2D.The combination of hyperten-
sion and T2D increases CV risk and requires a strict control 
of both BP and glycaemia [91]. Insulin resistanceis involved 
in the pathogenesis and progression of hypertension as well 
as T2D.The low-grade of inflammation induced by insu-
lin resistance is the principal mechanism that accounts for 
development of endothelial dysfunction, hypertension-
induced TOD, and metabolic abnormalities [92] (Fig. 5). 
Altogether these data encourage the adoption of a holistic 
strategy to prevent the development of insulin resistance. In 
particular, it is well known that hypocaloric diet, and regular 
exercise training improve insulin sensitivity [93]. Both are 
recommended for primary and secondary CV prevention. It 
is noteworthy that consistent body of evidence supports the 
notion that exercise training is able to modify the epigenet-
ics changes that are involved in the development of insulin 
resistance [24].

The dysregulation of renin-angiotensin system plays a 
pivotal role in the development of insulin resistance; thus, 
the prevention of incident T2D in patients with hyperten-
sion requires the inhibition of RAS with AT1 antagonist 
or ACE inhibitors [94]. Finally, in the last decades the 
beneficial effects on the CV system of different classes of 
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glucose-lowering agents have been reported. In particular, 
Glucagon-like peptide-1 receptor agonists (GLP-1RAs) 
stimulate insulin release and supress glucagon synthesis. 
There is growing body of evidence that the GLP-1RAs 
improve CV outcomes in type 2 diabetes. In fact, they 
are recommended as first- and second-choice agents in 
diabetic patients at high CV risk or with overt atheroscle-
rosis, independently from achievement of glycemic control 
[95, 96].

In conclusion, the prevention of the insulin resistance-
induced continuum of CV disease requires an integrated 
approach which involves non pharmacologic and pharma-
cologic therapies.
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Fig. 4  Relationship between 
microalbuminuria and insulin 
resistance in the continuum of 
cardiovascular disease. Micro-
albuminuria, is clinical marker 
of activation of the insulin 
resistance-dependent patho-
genic mechanisms involved in 
the genesis and progression of 
hypertension and hypertension-
induced target organ damage

Fig. 5  Insulin resistance is a 
time-dependent organ and tissue 
specific phenomenon. Insulin 
resistance contributes to the 
dysregulation of peripheral 
vascular resistance, resulting in 
an increase of blood pressure. 
In arterial hypertension, insulin 
resistance participates to the 
development of target organ 
damage. The persistence of 
insulin resistance induces the 
metabolic abnormalities that 
account for development of 
type 2 diabetes. The increased 
caloric intake and the sedentary 
habit are the principal environ-
mental factors that account for 
the development and progres-
sion of insulin resistance
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