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Abstract
Insulin resistance is a hallmark of obesity, the cardiorenal metabolic syndrome and type 2 diabetes
mellitus (T2DM). The progression of insulin resistance increases the risk for cardiovascular
disease (CVD). The significance of insulin resistance is underscored by the alarming rise in the
prevalence of obesity and its associated comorbidities in the Unites States and worldwide over the
last 40-50 years. The incidence of obesity is also on the rise in adolescents. Furthermore,
premenopausal women have lower CVD risk compared to men, but this protection is lost in the
setting of obesity and insulin resistance. Although systemic and cardiovascular insulin resistance
are associated with impaired insulin metabolic signaling and cardiovascular dysfunction, the
mechanisms underlying insulin resistance and cardiovascular dysfunction remain poorly
understood. Recent studies show that insulin resistance in obesity and diabetes is linked to a
metabolic inflammatory response, a state of systemic and tissue specific chronic low grade
inflammation. Evidence is also emerging that there is polarization of macrophages and
lymphocytes towards a pro-inflammatory phenotype that contribute to progression of insulin
resistance in obesity, cardiorenal metabolic syndrome and diabetes. In this review, we provide
new insights into factors, such as, the renin-angiotensin-aldosterone system, sympathetic
activation and incretin modulators (e.g., DPP-4) and immune responses that mediate this
inflammatory state in obesity and other conditions characterized by insulin resistance.
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1. Introduction
The prevalence of obesity and diabetes is increasing by alarming proportions in the United
States and worldwide. Two-thirds of American adults are overweight or obese and 40% of
overweight/obese individuals are diabetic. The prevalence of obesity has also increased
considerably around the globe and more than 20% of the world population is overweight,
while nearly 300 million are obese [1-4]. In addition, childhood-adolescent overweight and
obesity, as well as obesity in premenopausal women are also emerging as major global
public health concerns [5-6]. Driving forces for overweight and obesity include increasing
sedentary lifestyles and consumption of a Western Diet (WD) high in fat, fructose and salt
and their interaction with genetic factors and epigenetic processes [7-9]. The prevalence of
hypertension in type 2 diabetes mellitus (T2DM) is increased 3-fold, and the coexistence of
hypertension in diabetic patients greatly enhances the development of cardiovascular disease
(CVD) and chronic kidney disease (CKD) [10]. It is estimated that 37% of the adult
population has prehypertension and 40% of these people will progress to hypertension
within a two year time frame [11]. Moreover, childhood obesity is associated with increased
arterial stiffness as determined by pulse wave velocity [12]. Prehypertension is increasingly
recognized as a risk factor for CVD. This is supported by studies demonstrating the
association of increased diastolic dysfunction in a prehypertension state in genetic or diet-
induced rodent models of obesity [13-15].

2. Central role of insulin resistance in the progression of cardiorenal
metabolic syndrome

Overweight and obesity are associated with development of the cardiorenal metabolic
syndrome which is a constellation of risk factors, such as insulin resistance, dyslipidemia,
and high blood pressure that predispose affected individuals to well-characterized medical
conditions such as diabetes, CVD and CKD [4, 5, 7]. Insulin resistance is one common
underlying mechanism that contributes to the progression of CVD and renal injury in obesity
and diabetes. Insulin resistance is also associated with vascular stiffness, which is an
independent risk factor for CVD [12,16,17]. Although aging is associated with increased
vascular stiffness, obesity and diabetes are associated with accelerated vascular stiffness [16,
17]. Insulin resistance is also associated with a metabolic (obesity) cardiomyopathy
characterized by diastolic dysfunction independent of hypertension and hyperglycemia [18,
19]. The association of insulin resistance with cardiac dysfunction may also occur in
diabetes independent of coronary heart disease or hypertension (diabetic or metabolic
cardiomyopathy) [19, 20]. Insulin resistance is also the underlying pathophysiologic factor
contributing to the development of hypertension [10]. Moreover, parental hypertension and
insulin resistance may also contribute to elevations in blood pressure and insulin resistance
in both male and female offspring [21, 22]. These findings suggest that that progression of
insulin resistance has profound effects on cardiovascular dysfunction in obesity and
diabetes.
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3. Impairment of insulin signaling and CVD
Serine phosphorylation of insulin receptor substrate

Insulin signaling occurs through activation of the phosphatidylinsositol 3 kinase (PI3-K)/
protein kinase B (Akt) signaling pathway linked to metabolic insulin signaling and
extracellular regulated kinases ½ (ERK1/2) signaling with growth factor-like responses [4].
The major converging point contributing to insulin resistance is the docking protein insulin
receptor substrate (IRS). The phosphorylation of serine residues of IRS by several kinases
including protein Kinase C, C-Jun kinase (JNK), mammalian target of rapamycin (mTOR)
and ribosomal p70 S6 kinase (S6K) is the major mechanism for regulation of IRS function
[4, 18-20]. Phosphorylation of serine residues on IRS-1 attenuates IRS-1 tyrosine
phosphorylation, association with p85 subunit of PI3-K, and triggers proteasome –dependent
degradation. Proteasome degradation of IRS-1 can also occur by suppression of a cytokine
signaling 3(SOC3-3) mediated mechanism that is independent of phosphorylation of
IRS-1[4].

Impaired insulin metabolic signaling results in impaired glucose uptake, endothelial
dysfunction, reduced coronary flow, impaired angiogenesis, cardiac lipotoxicity, and
metabolic inflexibility, all of which contribute to cardiac diastolic function. Progression of
insulin resistance and endothelial dysfunction also contribute to enhanced vascular stiffness,
development of hypertension and atherosclerosis [4,10,16,18].

4. Cardiovascular insulin resistance at the cross roads of metabolism,
immune and inflammatory response
Adipose tissue dysfunction, systemic immune and inflammatory responses and insulin
resistance (Fig.1)

Although mechanisms and mediators of systemic insulin resistance are not clearly
understood, recent studies link over-nutrition to a low grade systemic inflammatory response
and this inflammatory response is distinct from an acute inflammatory response [23, 24].
Chronic over-nutrition results in white adipose tissue (WAT) immune and inflammatory
responses that contribute significantly to low grade inflammation and this condition has
been often referred to as metabolic inflammation or metaflammation [23, 24]. Although
mechanisms underlying this inflammatory response are not well understood, endoplasmic
reticular stress is one of the cellular stress events that activates inflammatory signaling
pathways including activation of JNK, mTOR and S6K [23, 24]. These serine kinases not
only mediate adipose tissue dysfunction but also phosphorylate serine residues of IRS-1,
thereby mediating insulin resistance in adipose tissue. In addition to increased release of free
fatty acids (FFAs), dysregulated adipocyte function results in increased secretion of
cytokines, such as tumor necrosis factor alpha (TNF-α), interleukin 6 (IL-6) and resistin and
decreased secretion of adiponectin [4, 25]. TNF-α and IL-6 cause systemic insulin resistance
through activation of mitogen activated protein kinases, protein kinase C (PKC), mTOR/
S6K and SOCS-3 mediated proteasome degradation [4]. Resistin induces insulin resistance,
whereas adiponectin improves insulin metabolic signaling and endothelial function [4, 26].
In addition to adipose tissue dysfunction, activation of Toll-like receptor 4 (TLR-4) and
perhaps other TLRs by excess nutrients such as saturated fatty acid, gut derived
lipopolysaccharide (LPS), uric acid and/or intestinal dysbiosis contribute significantly to
hepatic and systemic inflammatory response [27,28].

Inappropriate activation of renin angiotensin aldosterone system (RAAS)
Inappropriate activation of RAAS is an important hormonal factor causing cardiovascular
and renal injury in obesity and diabetes [29]. In this respect, adipose tissue expresses most of
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the components of the RAAS, including angiotensinogen, angiotensin II (Ang II) and
angiotensin II type 1 receptor (AT1R) and increased expression and secretion of
angiotensinogen by adipose tissue is seen in obesity [10,29,30]. A recent study utilizing
adipocyte specific angiotensinogen knockout mice showed that increased secretion of
angiotensinogen from adipose tissue in high-fat fed mice contributes to the development of
hypertension in obesity [30]. High levels of plasma aldosterone have also been demonstrated
in obesity [31]. Moreover, lipid soluble factors derived from adipose tissue stimulate adrenal
aldosterone secretion [31,32]. Ang II- and aldosterone-mediated insulin resistance occur, in
part, through activation of NADPH oxidase, generation of reactive oxygen species (ROS)
and activation of redox-sensitive kinases [4, 26]. Ang II and aldosterone also cause insulin
resistance indirectly through innate and acquired immune and inflammatory mediated
oxidative stress [33, 34]. The impact of the RAAS on innate immunity is supported by the
observation that Ang II infusion in rats triggers immune and inflammatory responses by the
recruitment of helper T cells to cardiovascular tissues [33]. The effects of Ang II are blunted
in Rag1−/− mice, which have absolute deficiency of T and B lymphocytes [33, 34].

Increased sympathetic nervous system (SNS) activation
Accumulating evidence suggests that the sympathetic nervous system (SNS) links central
nervous system and immune systems [35,36]. Spleen and lymph nodes are highly innervated
by the SNS and T cell activation is modulated by norepinephrine [35]. The role of increased
SNS activity in insulin resistance and resistant hypertension is increasingly recognized
[4,10]. Although enhanced activation of SNS is another component of insulin resistance, it is
often related to activation of RAAS [4,26]. The RAAS system causes sustained sympathetic
over-activity by modulating central neurons in the subfornical organ of the forebrain [35,
37]. This is supported by modulation of lymphocyte proliferation and spleen cytokine
secretion by central administration of Ang II and suppression of Ang II effects by
sympathetic denervation of the spleen [38]. In addition, Ang II also has a presynaptic
potentiating effect on sympathetic neurotransmission in humans [39]. Administration of a
low dose of Ang II that has a minimal or no effect on blood pressure, markedly increases
blood pressure caused by central sympathetic outflow which is induced by specific deletion
of superoxide dismutase (SOD)3 from the circumventricular organs (CVO) [40]. These
manipulations are associated with modulation of peripheral T cell immune responses [35,
36] suggesting central regulation of systemic immune and inflammatory responses through
brain Ang II signaling and resultant increased sympathetic nervous system outflow (Fig 1).

Local immune and inflammatory response and insulin resistance within cardiovascular
tissue

Although systemic insulin resistance has been extensively studied in obesity, the importance
of insulin resistance in the myocardium and its effect on cardiac dysfunction has also been
demonstrated by using isolated perfused-heart preparations, cultured cardiomyocytes and
positron emission tomography (PET) in human and animal hearts [4,18,41]. Moreover,
insulin resistance develops in the heart of C57BL/6 mice as early as ten days after high-fat
feeding, before the onset of insulin resistance in the skeletal muscle and liver which occur
after three weeks of high-fat feeding [42]. Although several studies have shown that obesity
is associated with systemic inflammatory response and insulin resistance [43], very little is
known about the role of an inflammatory response in regulation of insulin resistance in the
heart and vasculature in obesity and diabetes. In this respect, high-fat feeding has been
shown to increase macrophage infiltration and cytokine production accompanied by
impaired glucose utilization in the heart [44]. Elevated levels of nutrients such as plasma
amino acids and fatty acids are known to contribute to cardiovascular insulin resistance
[4,43]. However, a recent study demonstrated that accumulation of fat within
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cardiomyocytes can cause infiltration of macrophages leading to cardiac dysfunction in a
model of lipotoxic cardiomyopathy [45].

Impaired insulin stimulated uptake of glucose and impaired vasodilatation have been shown
to be early manifestations in insulin resistant models of obesity [4,18,19]. In this respect,
increased activation of RAAS and enhanced oxidative stress within cardiovascular tissue in
obesity is an important mediator of insulin resistance [26]. Ang II infusion and aldosterone
induce inflammatory responses and oxidative stress in the heart [26, 46]. We have recently
examined the signaling pathways by which enhanced tissue RAS contributes to insulin
resistance in cardiovascular tissue [47]. Ang II increases serine phosphorylation of IRS-1
and inhibits insulin-stimulated phosphorylation of endothelial nitric oxide synthase (eNOS)
through activation of S6K signaling pathway. An inhibitor of rapamycin (mTOR) attenuates
Ang II-stimulated phosphorylation of p70S6K and IRS-1 and blocks the ability of Ang II to
impair insulin-stimulated phosphorylation of eNOS and nitric oxide (NO) dependent-
arteriole vasodilation. These results suggest that activation of mTOR/p70S6K by Ang II in
vascular endothelium may contribute to the impairment of insulin-stimulated vasodilation
through phosphorylation of IRS-1 and provide a biochemical basis to the insulin resistance
in the development of vascular cell dysfunction [47].

Perivascular adipose tissue immune and inflammatory response and vascular dysfunction
Recent studies demonstrate the role of perivascular adipose tissue dysfunction in
cardiovascular inflammation, oxidative stress and insulin resistance [48]. Perivascular tissue
and vascular adventitia communicate with each other. Production of vasoactive factors and
cytokines by perivascular fat has been shown to modulate vascular function by modulating
oxidative stress, vascular relaxation and vascular stiffness [48,49]. In lean mice and people,
perivascular fat exerts protective vasoregulatory action, and this protective effect of
perivascular fat is lost in the setting of obesity [49]. Significant infiltration of macrophages
and T cells has been demonstrated in perivascular adipose tissue in obesity and this was
accompanied by endothelial dysfunction [49,50]. Decreased secretion of adiponectin and
increased production of cytokines from dysfunctional adipose tissue may significantly
contribute to vascular inflammation, insulin resistance, vascular stiffness and impaired
relaxation [50,51]. Moreover, increased production of vascular Ang II by perivascular fat
causes vascular inflammation and impairment of vascular function either directly or through
modulation of endothelin or aldosterone effects [49-51].

Immune and inflammatory mediated renal damage and hypertension
Hypertension and albuminuria in several animal models of renal injury and are associated
with dysregulation of innate and adaptive immunity in the kidney [33, 34 52]. Furthermore,
immunosuppressive therapies using either adoptive transfer of immune cells or
immunosuppressant drugs prevent renal injury and hypertension induced either by Ang II
infusion or high salt in Dahl salt sensitive rats [33, 34, 35, 52, 53]. These studies highlight
the importance of dysfunctional immunomodulation in the development of hypertension and
renal disease in response to a WD (high in fructose and fat) and increased salt intake (Fig 1).

5. Mechanisms of maladaptive immune and inflammatory responses
leading to cardiovascular insulin resistance: Immune cell polarization and
cytokine imbalance

Accumulating evidence suggests the role of immune and inflammatory responses in the
heart and vasculature in obesity and diabetes. Although initial studies were directed towards
innate immunity, recent studies demonstrate a pivotal role played by adaptive immunity
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involving effector and regulatory T cells (Tregs) and associated macrophage polarization to
a more inflammatory phenotype (Fig 1). Macrophage infiltration into adipose and cardiac
tissue is associated with systemic and cardiac insulin resistance [23], however, recent studies
show the role of different subsets of macrophages [25,54]. There are two major phenotypes
of macrophage activation in tissues, in response to various immune and inflammatory
responses [24,54,55]. Classical M1 activation is stimulated by TLR ligands and interferon
gamma (IFN-γ) and characterized by the expression of high levels of pro-inflammatory
cytokines, high production of reactive nitrogen and oxygen intermediates, promotion of a
Th1 response, and strong microbicidal activity. The population of pro-inflammatory M1
macrophages is significantly increased in adipose tissue from obese mice fed high fat
[54,55]. These pro-inflammatory macrophages secrete pro-inflammatory cytokines, such as
TNF-α, and cause insulin resistance, thereby linking M1 macrophage polarization and
insulin resistance. In contrast to M1 pro-inflammatory macrophage activation, alternative
M2 activation is stimulated by IL-4/IL-13 [24,53,55]. M2 macrophages are characterized by
expression of YM1, arginase-1 and IL-10. M2 macrophages are considered to be anti-
inflammatory and are involved in promotion of normal tissue remodeling and
immunoregulatory functions [24, 53-55].

Adaptive immunity and an imbalance of effector T cells and regulatory T cell responses
In addition to macrophages, T cells also accumulate in adipose tissues in obesity with a
distinct pattern of inflammatory T cell and macrophage polarization [24, 53,55-57]. T helper
Th1 cells (Th) and cytotoxic CD8+ T cells contribute to increased tissue M1 macrophage
infiltration and insulin resistance and oxidative stress [54-57]. Tregs are a unique population
of T-cells which play a crucial role in the maintenance of self-tolerance and suppression of
potentially inflammatory T-cells [57]. The expression of forkhead/winged helix transcription
factor 3 (FoxP3) is considered to be an essential factor for the proper development,
maintenance, and function of CD+CD25+Tregs [55-57], one type of regulatory T cell.
Chronic low-grade inflammation in obesity and impaired insulin sensitivity has been
associated with fewer Tregs in adipose tissue, and reversal of insulin sensitivity following
restoration has been demonstrated [55-57]. The mechanisms by which Tregs protect against
insulin resistance are thought to be mediated, at least in part, by direct cell to cell
interactions as well as through the secretion of soluble anti-inflammatory cytokines
including Interleukin 10 (IL-10) and transforming growth factor beta (TGF-β) [54-57]. IL-10
has been shown to improve impaired insulin signaling caused by pro-inflammatory
cytokines [58]. IL-10 prevents the development of IL-6 or lipid induced insulin resistance
when administered in vivo [59]. Moreover, IL-10 inhibits NADPH oxidase and suppresses
oxidative stress [60]. Since NADPH oxidase mediated oxidative stress has been shown to
cause activation of serine kinases that phosphorylate insulin receptor substrate and blunt
insulin metabolic signaling, these results imply that IL-10 plays an important role in
modulation of cardiovascular insulin resistance [58-60]. In contrast to Tregs, T helper 17
cells (Th -17 cells) secrete IL-17 and they can be cytotoxic as well as protective [33,52, 61].
Th17 cells are elevated in obese and T2DM patients as well as obese mice [62]. Ang II
infusion increases IL-17 levels and a decrease in IL-17 levels by Ang II receptor antagonism
ameliorates Ang II induced insulin resistance [61]. In addition, cytotoxic CD8+ cells
secreting IL-17 have also been shown to play a role in renal and vascular injury in
hypertension [33, 37, 52, 61].

Inflammasome, dysfunctional immunity and insulin resistance in obesity and diabetes
Accumulating evidence suggests that inflammasome activation, through IL-1β activation,
may contribute to insulin resistance and T2DM [63]. This response is seen after exposure to
pathogens or activation of danger associated signals [63,64]. In obesity, the levels of
palmitate and ceramide are elevated and these lipids activate inflammasomes [64]. Insulin
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sensitivity improves when mice deficient in central inflammasome molecules are fed high-
fat diet and this improvement is accompanied by suppression of immune and inflammatory
responses [64, 65].

6. Sex differences in modulation of immune function and cardiovascular
insulin sensitivity
Enhanced insulin sensitivity in premenopausal women and loss of insulin sensitivity and
increased CVD risk induced by obesity and sedentary life style

Although, non-diabetic and non-obese premenopausal women exhibit less incidence of CVD
compared to age matched men, non-diabetic and diabetic obese women display increased
risk for cardiac dysfunction [66-68]. Population based studies have documented higher
ventricular and peripheral arterial stiffness in women, as a potential factor contributing to
increased incidence of diastolic dysfunction in obese females even before the appearance of
other CVD risk factors [69]. Left ventricular mass correlates positively with glucose
intolerance and insulin resistance, especially in obese women [70]. Similar to obesity, a
sedentary lifestyle in females predisposes to diastolic dysfunction. We recently reported
impaired diastolic dysfunction in female rats with low aerobic capacity and this was
associated with increased arterial and ventricular stiffness [13]. The sex-related differences
in CVD incidence and severity are, in part, due to action of steroid hormones [71]. In the
Framingham study, aldosterone levels were higher in women and higher aldosterone levels
were associated with left ventricular wall thickness in females, but not in males [72].

Role of estrogen receptor alpha and GPR30 signaling in immune cells and inflammatory
response

Estrogen is normally protective against CVD and estrogen receptor alpha and GPR-30 have
been shown to exert an anti-inflammatory effect modulating T cell immune response
[73,74]. In addition, a recent study demonstrated the role of estrogen receptor alpha-
mediated signaling in macrophages contributing to enhanced insulin sensitivity [75]. The
role of immune and inflammatory cell responses in mediating the cardioprotective effects of
estrogens has been suggested by studies on viral-induced myocarditis. In coxsackievirus B3
(CVB3) induced myocarditis, immune activation of macrophages and T cells were more
marked in male BALB/c mice compared to female mice [76]. This was accompanied by
inhibition of Treg response. The immune mechanisms underlying abrogation of protective
responses elicited by estrogen on insulin sensitivity or CVD risk in obese and diabetic
females remains to be determined.

7. Targeting maladaptive immune and inflammatory responses leading to
insulin resistance

In addition to diet and exercise, current therapeutic strategies for the prevention and
management of progression of insulin resistance and hypertension and progression to
cardiovascular and renal disease are not very effective. Therefore, therapeutic interventions
targeting maladaptive immune and inflammatory responses leading to insulin resistance are
intriguing. In this regard, drugs targeting immune inflammatory responses, such as
recombinant human IL-1 receptor antagonists or non-acetylated salicylates such as sodium
salicylate demonstrate improvement in insulin sensitivity [24, 77]. Drugs showing pleotropic
effects modulating immune and inflammatory responses in addition to their classic effects,
such as Ang II receptor blockers (ARBs), dipetidyl peptidase 4 (DPP-4) inhibitors and
xanthine oxidase inhibitors may also prove effective [78-80]. Furthermore, targeting
immune and inflammatory responses through adoptive transfer of immune cells and stem
cells [81-82] or examining the immune modulatory effects of renal denervation [10] open up
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new avenues for immune mediated therapy for cardiovascular insulin resistance (Fig 1).
Finally, accumulating evidence suggests the role of dysbiosis in metabolic dysregulation and
insulin resistance [83] and manipulating gut microbiome is an attractive therapy for obesity
and diabetes associated cardiovascular insulin resistance.

DPP-4 inhibitors
Glucagon like peptide-1 (GLP-1) and glucose-dependent insulinotrophic peptide (GIP) are
gut derived hormones. They enhance glucose-stimulated insulin secretion and suppressing
glucagon release thereby modulating both post-prandial and long-term glucose homeostasis
[79,84, 85]. They are rapidly degraded by exopeptidase, DPP-4, which circulates in the
plasma and limits the half-life of these hormones to about two minutes. Augmentation of
GLP-1 utilizing GLP-1 analogs or DPP-4 inhibitors improves cardiovascular outcomes [84]
whereas mice with genetic deletion of the GLP-1 receptor (GLP-1R) exhibit left ventricular
hypertrophy and diastolic and systolic dysfunction [85]. We have recently shown blood
pressure lowering and improvement in diastolic dysfunction by DPP-4 inhibition in an
insulin resistant obese rat model [86] suggesting cardiovascular effects of DPP-4 inhibitors
beyond glycemic control [85,86].

Because of the wide spread expression of the DPP-4 enzyme in CD4 and CD8+immune
cells, the role of DPP-4 inhibitors in modulation of innate and adaptive immunity is an area
of emerging importance [79]. In this regard, decreased accumulation of M1 macrophages
and increased levels of M2 macrophages seen in adipose tissue or atherosclerotic lesions
following DPP-4 inhibitor treatment [87, 88] is intriguing. These observations raise the
possibility that observed improvements may occur because of attenuated DPP-4 mediated
polarization of macrophages (decreases in M1 inflammatory macrophages). Since DPP-4
activity is markedly increased in obesity in humans and animal models [89, 90], inhibition
of DPP-4 offers a novel approach for suppression of low-grade inflammation and associated
tissue insulin resistance. Moreover, recent studies demonstrating Tregs promote M2
polarization [57] and GLP-1 enhances Treg function [91] raises the possibility that
improvement of Treg function with DPP-4 inhibitor therapy may improve cardiac and
vascular insulin metabolic signaling and associated cardiovascular insulin resistance and
renal damage (Fig 1).

ARBs
Although AT1R antagonists are used for the management of hypertension, mounting
evidence suggests the beneficial effects of ARBs are also due to their anti-inflammatory
effects [78]. The effects of ARBs may also be contributed by lowering of uric acid or up
regulation of PPAR gamma [92]. Recent studies showing increased GLP-1 by ARBs are
suggestive of DPP-4 modulatory effects of ARBs [93].

Xanthine oxidase inhibitors
Obesity epidemics in the United States have paralleled the substantially increased
consumption of high-fructose corn syrup (HFCS) which has increased dramatically in the
past three decades [10-12]. High fructose (60%) only diet has also been shown to elevate
plasma uric acid levels [94]. Soluble uric acid increases Ang II in the vasculature and renin
expression in small animal models. Moreover, increased levels of renin are seen in humans
with hyperuricemia [80]. Moreover, uric acid promotes inflammation [80,95]. Allopurinol
treatment has been shown to suppress cardiac oxidative stress, vascular inflammation, renal
inflammation, and hypertension in the setting of obesity or diabetes [80]. Therefore,
combining allopurinol with ARB or DPP-4 inhibitor treatment may be beneficial in
suppressing immune inflammatory responses and insulin resistance (Fig 1).

Aroor et al. Page 8

Metabolism. Author manuscript; available in PMC 2014 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Renal denervation
The role of SNS activation is supported by studies on renal denervation as a therapeutic
strategy for management of resistant hypertension [10,96]. Renal denervation comprises
selective reduction of renal sympathetic afferent and efferent signaling that is accomplished
by low-dose frequency energy to the renal artery endothelial surface [97]. This procedure is
also associated with significant improvement of insulin sensitivity, and reductions in
proteinuria in addition to sustained blood pressure lowering effects [98].

Tregs
Because of the critical importance of an appropriate balance between protective (Treg
related) immunity and inflammatory related T helper cells, therapeutic targeting of Tregs is
assuming a potential therapeutic importance. The beneficial effects of Tregs in lowering
blood pressure and improving cardiac and renal dysfunction and inflammation has been
demonstrated in Ang II and aldosterone infused models of cardiovascular and renal injury
[33,34,37,52,53]. The improvement in insulin sensitivity and suppression of renal injury by
adoptive transfer of Tregs in an animal model of diabetic nephropathy suggests the
importance of targeting immune and inflammatory response in cardiovascular and renal
insulin resistance [99]. Recently, the beneficial effects of stem cells targeting Tregs have
been reported [81-82] and if successful provide an alternative approach to immune cell
therapy for insulin resistance and hypertension (Fig 1).

Gut microbiome
The effects of altered gut microbiome and their effects on pattern recognition receptors, low
grade inflammation and metabolic dysregulation and insulin resistance are increasingly
recognized [27,28]. The beneficial effects of prebiotics on immune and inflammatory
response and insulin resistance [83] offers novel approaches targeting progression of insulin
resistance and CVD and CKD risk associated with cardiorenal metabolic syndrome.

8. Conclusion
In conclusion, maladaptive immune and inflammatory responses are central to over-
nutrition-associated cardiovascular insulin resistance. Skewing of macrophage polarization
and T cell polarization resulting in cytokine imbalance is one of the important underlying
mechanisms in mediating cardiovascular insulin resistance. Inappropriate activation of
RAAS, SNS and DPP-4 significantly contribute to this maladaptive immune and
inflammatory response and progression of insulin resistance in obesity and diabetes. Drugs
targeting these interactions offer promising therapy for the integrated control of glycemia
and cardiovascular and renal outcomes of insulin resistance. Elevated uric acid and its link
with cardiovascular dysfunction, activation of RAAS and immune dysfunction point to
targeting uric acid metabolism as an attractive therapeutic modality. Renal denervation is an
emerging therapeutic modality for resistant hypertension and SNS modulation of immune
function may underlie the beneficial effects of insulin resistance, cardiovascular damage and
renal injury. Therefore, studies directed toward understanding molecular and cellular
mechanisms underlying maladaptive immune and inflammatory responses provide new
insights to immune mediated drug targeting for insulin resistance and cardiovascular
dysfunction (Fig 1).

9. Strengths and weaknesses
Immune regulation of insulin resistance and hypertension is the significant strength for the
development of immune modulation therapy for the prevention and treatment of
cardiovascular insulin resistance and hypertension. Drugs modulating polarization of
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macrophages and T regulatory cells are particularly intriguing. Indeed drugs such as DPP-4
inhibitors that affect immune cell polarization are promising in this regard. Moreover, drugs
that show encouraging results in the improvement of insulin resistance or renal injury by
drugs such as Ang II receptor blockers also modulate innate and adaptive immunity.
Similarly, uric acid induced immune cell activation and inflammatory response is associated
with high fructose diet and suppression of hyperuricemia by either allopurinol or olmesartan
further strengthen the immune modulation as a therapeutic strategy. However, exaggerated
and prolonged suppression of immune response or predominant modulation of selective
macrophage or T cell polarization response may have deleterious effects either on
suppression of immune response or immunological tolerance. Although renal denervation
may modulate immune response and improvement in insulin resistance and cardiovascular
dysfunction, long term studies on the effects of renal denervation are not well known at
present. Therefore, these weaknesses should be addressed by developing drugs to tilt the
imbalance of immune cell polarization and the proinflammatory response toward normal
thereby improving cardiovascular insulin resistance in obesity and diabetes.
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Abbreviations

WD Western Diet

T2DM type 2 diabetes mellitus

CVD cardiovascular disease

CKD chronic kidney disease

PI3-K phosphatidylinsositol 3 kinase

Akt protein kinase B

ERK1/2 extracellular regulated kinases ½

IRS insulin receptor substrate

JNK C-Jun kinase

mTOR mammalian target of rapamycin

S6K p70 S6 kinase

SOC3-3 cytokine signaling 3

WAT white adipose tissue

FFAs free fatty acids

TNF-α tumor necrosis factor alpha

IL-6 interleukin 6

PKC protein kinase C

TLR-4 Toll-like receptor 4
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LPS lipopolysaccharide

RAAS renin angiotensin aldosterone system

Ang II angiotensin II

AT1R angiotensin II type 1 receptor

ROS reactive oxygen species

SNS sympathetic nervous system

SOD3 superoxide dismutase

CVO circumventricular organs

PET positron emission tomography

eNOS endothelial nitric oxide synthase

NO nitric oxide

Tregs regulatory T cells

IFN-γ interferon gamma

FoxP3 forkhead/winged helix transcription factor 3

IL-10 Interleukin 10

TGF-β transforming growth factor beta

CVB3 coxsackievirus B3

ARBs Ang II receptor blockers

DPP-4 dipetidyl peptidase 4

GLP-1 glucagon like peptide-1

GIP glucose-dependent insulinotrophic peptide

GLP-1R GLP-1 receptor

HFCS high-fructose corn syrup
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Fig.1. Model for maladaptive immune and inflammatory responses leading to cardiovascular
insulin resistance
Environmental factors (sedentary life style, western diet), gender, genetic and epigenetic
factors contribute to insulin resistance/ hyperinsulinemia, hyperuricemia, inappropriate
activation of RAAS-SNS activation, increased DPP-4 activity and dysfunctional immune
function and chronic low grade inflammation. These maladaptive immune and inflammatory
responses lead to systemic and cardiovascular insulin resistance.
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