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20.1	 �The Clinical Problem

Obesity has more than doubled since 1980, with nearly 2 billion overweight (39%) 
and 600 million obese (13%) adults worldwide [1]. In England nearly a quarter and 
in the USA close to a third of all adults are obese [2, 3].

Our contemporary understanding of obesity focuses on our ancestors and the fact 
that fat was the energy store developed in times of plenty which could then be uti-
lised during times of famine. This theory suggests that genes predisposing to obe-
sity would confer survival benefits and such individuals would live long enough to 
reproduce which is often seen as nature’s ultimate aim. Whilst adaptive variations in 
weight in the animal kingdom continue to serve their pro-survival purpose, we are 
observing a worrying trend in weight gain often associated with diseases that 
shorten the lifespan of the affected individual or at the very least don’t confer any 
survival benefits. Susceptible individuals are no longer exposed to periods of famine 
and are instead able to access easily high energy foods without expending much 
energy [4, 5]. Hunting and gathering food has been replaced by as little effort as a 
simple click of a button on the computer or a short drive to the nearest supermarket. 
In the hibernating mammal, short-term obesity and insulin resistance help direct 
glucose to the brain to keep the animal alive; however obesity has inflicted the mod-
ern man with chronic illnesses with significant associated cardiovascular morbidity 
and mortality, often requiring treatments such as polypharmacy or surgery in the 
extreme cases [6].

A clue to the complexity of obesity-related disorders is that whilst the presence 
of obesity is thought to be detrimental to health, simple and intuitive measurements 
such as BMI, waist circumference and waist-to-hip ratio do not improve cardiovas-
cular disease risk prediction substantially when information such as blood pressure, 
lipid profile and a history of diabetes are available [7]. This highlights the fact that 
there is more to obesity than the shape or size of the individual and there may well 
be obese individuals whose cardiovascular risk profile is not particularly adverse. 
This cohort of individuals has been labelled as the ‘metabolically healthy obese’. A 
better understanding of the physiology of these individuals will no doubt help guide 
future therapies to potentially transform those with MetS into ‘metabolically 
healthy’ individuals without resorting to drastic measure to achieve significant 
weight loss. Nonetheless, obesity and metabolic syndrome remain strong predictors 
of future cardiovascular events. In those with disproportionately high WC for a 
given BMI, assessment of further cardiometabolic risk factors is encouraged [8], 
thus highlighting the specific properties of individual fat depots and providing clues 
that certain depots convey a worse risk profile.

Hypertension affects nearly one third of the US population [9], and in England it 
was reported in over 45% of those in the obese group, compared with around 30% of 
the overweight and 15% of those in the normal weight category [2]. Globally over a 
billion people have raised blood pressure, that is, 24% of the adult male and 20% of 
adult female population in 2015 [10]. The Framingham Heart Study identifies obesity 
as a contributory factor in 60–70% of essential hypertension [11], and obese individu-
als have a 3.5-fold increase in the likelihood of developing hypertension [12].
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The co-occurrence of obesity and hypertension has prompted the scientific com-
munity to further investigate the pathophysiology of obesity-related hypertension as 
well as its links to diabetes. Contemporary hypotheses have described prediabetes 
as a disease of the microvasculature under the influence of its surrounding perivas-
cular adipose tissue (PVAT).

There are many mechanisms via which obesity can lead to hypertension. In the 
acute phase, both bolus oral ingestion and the intravenous infusion of fat by normo-
tensive obese individuals result in a significant rise in systolic blood pressure, atten-
uated endothelial function, increased oxidative stress markers and activation of the 
sympathetic nervous system [13].

Genetic causes of obesity are rare, and the majority of cases are a consequence 
of indulgence in readily available and calorie-rich foods which provide significant 
proportion of the recommended daily allowance of salt and fat. High-salt diets 
accelerate the development of hypertension in diet-induced obese rats without rais-
ing the ceiling of the systolic blood pressure beyond that observed in diet-induced 
obese rats fed a low-salt diet [14]. This effect may be a consequence of the increase 
in oxidative stress levels in the vasculature as evidenced by significantly higher 
superoxide levels within aortic rings of high-fat and high-salt diet fed animals.

There are numerous facilitators of obesity-related hypertension. These include 
the renin-angiotensin-aldosterone system (RAAS), the overactive sympathetic ner-
vous system, metabolic dysregulation including hyperinsulinaemia, adipokine 
imbalance, and PVAT damage. There is currently no direct evidence to suggest that 
a loss of PVAT vasorelaxant function leads to systemic hypertension in man, but we 
have reported a correlation between the loss of PVAT vasorelaxant effect and a rise 
in BP in a murine model of obesity [15] and believe that such a correlation might 
also exist in man.

20.2	 �Fat Depots

This chapter reviews the role of perivascular adipose tissue in MetS, but it is vital to 
point out that the distribution of fat around the body determines not only the obese 
phenotype but also its consequences. Intra-abdominal and visceral fat depots have 
been linked with an adverse cardiometabolic profile and mortality associated with 
obesity [16, 17]. The total amount of internal fat rises with increasing subcutaneous 
adiposity, but even individuals classed as thin may have more visceral fat than some 
obese individuals. Fat accumulation in some fat depots seems to be more favour-
able. Increased gluteofemoral fat mass negatively correlates with levels of inflam-
matory cytokines and is positively linked to raised concentrations of adipokines 
resulting in decreased metabolic and cardiovascular risk [18]. In human experi-
ments, this is the fat depot that is most easily accessible and studied in ex  vivo 
protocols.

Adipose tissue depots have unique inflammatory profiles. Perivascular adipose 
tissue from murine aortic arch expresses lower levels of adipocyte-associated genes 
compared with subcutaneous and visceral fat [19]. Visceral adipose tissue exhibits 
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a more inflammatory profile with a higher macrophage content than subcutaneous 
fat [20]. This may somewhat explain the stronger link between central obesity and 
hypertension than between BMI and raised blood pressure [21].

Epicardial adipose tissue thickness correlates well with waist circumference, vis-
ceral adipose tissue mass, fasting insulin and diastolic blood pressure [22, 23] and has 
been shown to be significantly greater in patients with MetS than those without [24].

PVAT surrounding human coronary vessels is made up of smaller, more irregu-
larly shaped adipocytes as compared with visceral and subcutaneous fat depots. 
Coronary PVAT secretes lower levels of adiponectin and higher levels of cytokines 
such as IL-8 and IL-6 as compared with subcutaneous and visceral adipocytes [19]. 
Exposure to IL-6 has been linked with a reduction in adiponectin production by 
human adipocytes [25]. Interestingly, there is a high level of macrophage infiltration 
and lower adiponectin mRNA levels in the epicardial fat tissue of patients with 
coronary artery disease [26]. Coronary PVAT contains higher levels of monocyte 
chemotactic protein-1 (MCP-1) as compared with visceral and subcutaneous tissue 
[19, 27–29]. Lower levels of adiponectin in epicardial tissue have also been associ-
ated with hypertension [30, 31] and increased risk of myocardial infarction [32].

In this chapter we will focus mainly on PVAT as the fat depot of interest.

20.3	 �Perivascular Adipose Tissue

Adipocytes surround almost every blood vessel in the body. They are biological active 
cells that produce and secrete a number of molecules called adipokines with meta-
bolic and vasoactive properties. In the adult man, these are predominantly white adi-
pocytes and form the perivascular adipose tissue or PVAT.  In 2005, Yudkin et  al. 
proposed that PVAT might be the link between obesity and the development of diabe-
tes and MetS as a consequence of an adverse effect on the microvasculature [33]. In 
health, PVAT could produce adipokines that influence metabolism and the control of 
local microvessel tone. They suggested that the loss of these adipokines would result 
in a change in vessel function and development of insulin resistance. The effect of 
circulating insulin on NO-mediated vasodilatation is of paramount importance in 
modulating the postprandial increase in nutritive flow, and the authors postulated that 
this could be challenged by the paracrine action of adipokines released from local fat 
stores in obesity. They further highlighted the role inflammation may play and that 
higher concentrations of TNF-α in obesity could disrupt the crosstalk between fat and 
blood vessels. Only recently we have been able to provide the evidence in support of 
the Yudkin hypothesis, but we are far from identifying definitive therapeutic strategies 
to treat prediabetes and pre-hypertension before the onset of MetS.

The effect of PVAT on its surrounding vasculature is not only dependent on the 
properties of the adipocytes but also the presence of a variety of cells coexisting 
within PVAT.  In chronic inflammatory conditions such as obesity, there is an 
increase in numbers of inflammatory cells including macrophages and eosinophils 
within PVAT which distorts the properties of ‘healthy PVAT’ and leads to a less 
favourable profile.
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At first glance, a simple review of the vast literature on the properties of PVAT 
can appear somewhat confusing or contradictory. There are reports of both vasore-
laxant and pro-contractile properties which can bemuse the casual reader. We know 
now that PVAT can behave differently, depending on the specific species and vascu-
lar beds being studied. The distinctive properties of PVAT also depend on the agents 
used to the tissue. In health, PVAT from both human and murine mesenteric vessel 
beds exerts a vasorelaxant effect. That is to say that in a simple organ bath or myog-
raphy experiment, in the presence of PVAT, the adjacent small vessel constricts 
significantly less than a skeletonised vessel when stimulated with a vasoconstrictor 
agent. In obesity this effect is not observed.

There is evidence to suggest that the vasorelaxant property is due to a number of 
molecules being secreted from PVAT as well as a degree of contribution from the 
‘sponging effect’ of PVAT forming a physical barrier and obstructing the flow of the 
provocative agents from reaching the vessel. We have shown previously that dam-
age to the PVAT vasorelaxant property directly correlates with BP elevation in a 
murine model of obesity [15]. This is a significant finding as it is the first evidence 
of a correlation between PVAT function and blood pressure. Quantifying PVAT 
vasorelaxant effect is a novel endeavour. In brief, animals were fed a high-fat diet to 
establish an environmental model of obesity. Vessel segments from their mesenteric 
beds were assessed, and the degree of contraction of their adjacent skeletonised ves-
sel was quantified as a ratio of the degree of contraction of the PVAT-intact segment 
of the same vessel to KPSS (potassium-rich physiological saline solution). We 
reported a correlation between this derived figure and systemic BP. This means that 
as the animals gained weight and lost their PVAT vasorelaxant effect, there was an 
attendant elevation in blood pressure. This remains the most convincing evidence of 
a link between weight gain and PVAT function correlating with a rise in BP.

20.4	 �PVAT as a Vasorelaxant Organ

We have already discussed that healthy PVAT exerts a vasorelaxant effect on adjacent 
microvasculature when subject to vasoconstrictors [34]. This is true in the majority of 
vascular beds. A number of mechanisms have been proposed to describe this phenom-
enon with just as many outstanding questions requiring further investigation.

Experimental protocols have identified both endothelium-dependent and endo-
thelium-independent [35] mechanisms, and a number of molecules have been impli-
cated which will be discussed briefly in this chapter.

White and brown adipocytes have similar yet distinguishably different secretion 
profiles [36], but the vasorelaxant property of PVAT has been documented in both 
white and brown tissues [37, 38].

Adiponectin is the most abundant adipokine with a significant vasorelaxant 
effect on small arteries and is able to reverse endothelial dysfunction in diet-induced 
obese rats via the AMPK-eNOS pathway [39]. Adiponectin levels are low in hyper-
tension and improve with antihypertensive treatment [40]. Adiponectin secreted 
from murine PVAT modulates the tone of the adjoining microvessel segment by 
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functioning as an adipose-derived relaxant factor or ADRF [41]. Further data from 
our group demonstrated that adiponectin receptor type 1 blockade abolishes PVAT 
vasorelaxant effect on adjacent small arteries obtained from healthy biopsies [42], 
thus clearly demonstrating that adiponectin is an ADRF in man. Recently we have 
reviewed in detail the properties of this adipokine and its role as an ADRF [43].

Adiponectin directly stimulates the production of nitric oxide in endothelial cells 
using the phosphatidylinositol 3-kinase-dependent pathways involving phosphory-
lation of eNOS at Ser1179 by AMPK. This vasodilator action of adiponectin may in 
part explain the effects of adiponectin in augmenting the metabolic actions of insu-
lin in vivo [44].

Serum levels of the adipocyte-derived proteins adiponectin and leptin correlate with 
insulin resistance (HOMA-IR) and BMI. Levels of expression of MCP-1 and TNF-
alpha in visceral adipose tissue are also higher in those with BMI ≥25. Inflammation 
plays a major role in diabetes, and a growing body of evidence is pointing to obesity-
induced PVAT damage as a precursor to the development of diabetes in obesity. In 
obesity, adipocytes outgrow their blood supply and exist in a state of chronic low-grade 
hypoxia. We have shown previously that there is increased staining for TNF-alpha 
receptor in obese compared with lean PVAT [42] and that following bariatric surgery, 
there is a significant reduction in staining for the TNF-alpha cytokine in the PVAT 
which correlates with a reduction in adipocyte size following weight loss [45]. It has 
been shown that TNF-alpha in visceral adipose tissue correlates with HOMA-IR [46] 
and those with type 2 diabetes have higher circulating levels of TNF-alpha [47].

Treatment with TNF-alpha leads to a reduction in adiponectin mRNA levels in 
3T3-L1 adipocytes, and this can be partially recovered by treatment with a c-Jun 
N-terminal kinase (JNK) inhibitor or the PPAR-gamma agonist rosiglitazone [48].

Decreased total and HMW adiponectin and increased IL-6 and TNF-alpha levels 
are characteristic of patients with metabolic syndrome and type 2 diabetes [47, 49]. 
Adiponectin itself can reduce inflammation. The mRNA expression of TNF-alpha, 
IL-6 and ICAM-1 is elevated in db/db mice, and adiponectin treatment decreases 
these expressions in the aorta. Adiponectin may contribute to an increase in nitric 
oxide bioavailability by decreasing superoxide production as well as by inhibiting 
inflammation and adhesion molecules in the aorta in type 2 diabetic mice [50].

Nacci et al. have used streptozotocin (STZ)-induced diabetic mice and investi-
gated whether treatment with the TNF-alpha blocking antibody infliximab can nor-
malise the expression of adiponectin and adiponectin receptors in different fat 
depots and if this effect correlates with improved endothelial activity and vasodila-
tor function. The STZ mice were studied at 1 and 2 weeks after diabetes onset and 
compared to age-matched infliximab-treated diabetic (I-STZ) and control animals 
(CTRL). In STZ mice, activation of pro-inflammatory JNK signalling was faster in 
PVAT than in visceral (VAT), epididymal (EAT) and subcutaneous (SAT) adipose 
depots and associated with reduced adiponectin synthesis and dysregulated 
AdipoR1/R2 levels. Compared with controls, activation of JNK in aortic endothelial 
cells and mesenteric arteries was associated with reduced expression/phosphoryla-
tion of eNOS and impaired ACh-mediated vasodilation. Infliximab treatment abro-
gated JNK activation, ameliorated adiponectin protein expression and normalised 
expression of both AdipoR1 and AdipoR2 in PVAT, concomitantly improving eNOS 
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expression and vessel relaxation in mesenteric arteries. These data highlight the 
early susceptibility of PVAT to activation of pro-inflammatory JNK signalling and 
its potential importance in early vascular changes of T1DM [51].

PVAT secretes a number of other adipokines with vasorelaxant properties in 
addition to adiponectin; these include angiotensin 1–7 (Ang 1–7), nitric oxide (NO), 
leptin, hydrogen sulphide and palmitic acid methyl ester (PAME).

Angiotensin 1–7 stimulates the release of endothelial NO, activating Ca-dependent 
potassium channels in arteries [37] and voltage-dependent potassium channels in 
veins [52]. In keeping with this, Angiotensin 1–7 receptor antagonists attenuate 
PVAT vasorelaxant function [53]. Ang 1–7 is also able to function via AT2 and Mas 
receptors to reduce the nerve-stimulated overflow of noradrenaline [54]. This may 
prove to be of paramount importance as sympathetic nerve over-activity contributes 
to pathophysiology of obesity-related hypertension, and we shall discuss this fur-
ther in this chapter. An oral preparation of Ang 1–7 has been produced [55], and 
assessment of its in  vivo effect on vessel tone may provide another therapeutic 
opportunity in treating obesity-related hypertension.

Healthy white adipose tissue [56] and PVAT [57] produce nitric oxide (NO). 
Insulin [58] and leptin [59] stimulate NO production in adipocytes, and it follows 
that the increased levels of insulin and leptin in obesity should enhance NO concen-
trations in PVAT. In early diet-induced obesity, there is enhanced NO bioavailability 
in mesenteric PVAT of rats [57], but factors such as elevated superoxide levels in 
chronic obesity lead to a diminution of NO bioavailability in obese PVAT [15].

Leptin is another molecule secreted from white adipocytes, and its plasma levels 
are elevated in obesity. Its central actions include its effects on the hypothalamus 
resulting in appetite suppression as well as an increase in the activity of the sympa-
thetic nervous system [60]. Leptin also has a direct endothelial NO-dependent vaso-
relaxant effect in health. Leptin-deficient ob/ob mice are severely obese, but remain 
normotensive [61]. Leptin stimulates endothelial NO release in the vasculature; thus 
an acute rise in leptin concentrations does not significantly affect blood pressure 
despite elevated SNS activity. In obesity, leptin levels are chronically elevated and 
confounded by endothelial dysfunction and a reduction in NO bioavailability [62]; 
therefore its vasopressor effects become more prominent.

Hydrogen sulphide functions via KCNQ [63], whilst palmitic acid methyl ester 
(PAME) functions via Kv channels, independent of nitric oxide and endothelium 
[64], and its release is Ca-dependent. These two molecules have been more recent 
additions to the list of ADRFs. There is a reduction in the release of PAME from 
PVAT of 20-week-old SHR as compared with pre-hypertensive SHR and normoten-
sive Wistar-Kyoto rats. Exogenously applied PAME has a reduced vasorelaxant 
effect on de-endothelialised aortic rings of SHR as compared with its significant 
vasorelaxant effect on pre-constricted vessels from pre-hypertensive SHR and nor-
motensive rats [64]. Clearly PAME plays a role in pre-hypertension and is worthy 
of further clinical investigation in this context.

It has become apparent that there is more than one PVAT-derived molecule that 
satisfies the criteria for ADRF. We have shown that adiponectin is the ADRF from 
human subcutaneous PVAT [42], but other ADRFs may well play a significant role 
in human PVAT.
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20.5	 �PVAT as a Pro-contractile Tissue

In obesity, the vasorelaxant function of PVAT is attenuated or lost completely.
A number of explanations and theories exist as to the cause of this loss of func-

tion. Amongst the most likely are the effects of oxidative stress and inflammation, as 
well as adipokine dysregulation and increased sympathetic nervous system action.

We have shown previously that incubation of healthy PVAT with the inflamma-
tory cytokines TNF-alpha and IL-6 leads to a significant attenuation of PVAT vaso-
relaxant properties similar to that observed in obesity [42]. In keeping with the 
complexity of PVAT studies, we have reported that there is no homogenous effect 
from the presence of different white blood cells within the PVAT. In particular, we 
have studied both macrophages and eosinophils within PVAT. Macrophages secrete 
a number of inflammatory cytokines including TNF-α and free radicals such as the 
superoxide anion. We used experimental hypoxia in tissue baths to approximate obe-
sity-induced PVAT damage and observed that macrophage recruitment and activa-
tion in adipose tissue is an essential step resulting in the loss of PVAT vasorelaxant 
function [65]. On the contrary, mice deficient of eosinophils lack the PVAT vasore-
laxant effect, and eosinophil reconstitution did lead to enhanced adiponectin and 
PVAT-derived NO bioavailability leading to the restoration of PVAT vasorelaxant 
function [66]. As previously mentioned, fat depots seem to have specific characteris-
tics, and the PVAT surrounding rat thoracic aorta expresses brown adipose tissue 
genes and appears to resist inflammation and macrophage infiltration in diet-induced 
obesity [67], so it is possible that in obesity, not all fat depots are affected equally.

The paramount role of macrophages in PVAT damage cannot be overstated; thus 
macrophage recruitment into PVAT tissue has been studied in some detail. Monocyte 
chemotactic protein-1 (MCP-1) levels are increased in adipose tissue and in plasma of 
genetically obese and diet-induced obese mice [68], as well in obese humans [69]. 
Moreover, insulin increases the secretion of MCP-1 from insulin-resistant 3T3-L1 
adipocytes and in ob/ob mice [70]; in this way the hyperinsulinaemic state in obesity 
leads to PVAT macrophage recruitment and subsequent release of cytokines which 
attenuate its vasorelaxant function. Fractalkine or CX3CL1 is a protein secreted from 
adipocytes that promotes monocyte adhesion to human adipocytes [71]. Fractalkine 
levels are increased in diabetes as well as in obesity [72]. There is also direct evidence 
for involvement of fractalkine in hypertension. The expression of CX3CL1 receptor 
gene in blood leukocytes from patients with arterial hypertension has been shown to 
be significantly increased [73]. This protein may well play a significant facilitator role 
in the process of initiation of the macrophage-induced loss of PVAT vasorelaxant 
function and is worthy of further consideration from a therapeutic target viewpoint.

Chemerin is another adipokine that plays a potentially significant role in the loss 
of PVAT vasorelaxant function by behaving as a possible link between obesity, BMI 
[74], PVAT, diabetes [75] and hypertension both in adults and children [76, 77].

Adipose tissue explants from obese patients exhibit significantly higher chemerin 
secretion compared with lean controls, and higher chemerin release is associated 
with insulin resistance and insulin-induced antilipolysis. Chemerin stimulates vas-
cular smooth muscle cell proliferation and migration via a ROS-dependent 
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signalling pathway, and at least in theory, this vascular remodelling can contribute 
to raising blood pressure [78]. Moreover, chemerin evokes direct vasoconstriction, 
as well as enhancing agonist-induced contractions in human and rat vessels through 
Gi proteins, resulting in the activation of L-type Ca2+ channels, as well as Src, and 
Rho kinase [79]. Levels of chemerin correlate well with clinical parameters too. Its 
plasma concentration is raised in obesity, insulin resistance and inflammatory con-
ditions, and levels positively correlate with increases in BMI and abdominal vis-
ceral fat accumulation [80]. It has been linked with increasing BP in mice, and 
importantly, its levels fall with loss of adipocyte mass following exercise or bariatric 
surgery [81].

We have discussed chemerin’s role in the vasculature, but it also plays a role in 
disrupting glucose homeostasis. Chemerin induces insulin resistance in human skel-
etal muscle cells at the level of insulin receptor substrate 1, Akt and glycogen syn-
thase kinase 3 phosphorylation and glucose uptake, and ERK inhibition prevents 
chemerin-induced insulin resistance [74]. Following weight loss, the significant 
decrease in chemerin levels in 3 months after bariatric surgery is associated with a 
decrease in HOMA-IR and blood glucose [82].

From an inflammatory perspective, chemerin induces ICAM-1 and E-selectin 
expression in endothelial cells [83]. Given that it plays a role in monocytes recruit-
ment, insulin resistance and vasoconstriction and its levels correlate with weight 
gain and drop following weight loss, chemerin is one of the major adipokines that 
could be targeted in therapeutic strategies to treat MetS.

No doubt further PVAT-derived pro-contractile entities will be described much 
the same way as there is now a list of candidates for PVAT-derived vasorelaxant 
factors.

20.6	 �The RAAS Within PVAT

In obesity, there are raised circulating levels of the components of the renin-angio-
tensin-aldosterone system (RAAS). Adipocytes have an intrinsic RAAS system 
including ACE and angiotensin type 1 and type 2 receptors, and they secrete angio-
tensinogen, the levels of which are raised in obesity [84]. The source of the adipo-
cyte renin activity remains controversial and unclear [85].The raised circulating 
aldosterone levels in obesity correlate with the degree of visceral adiposity and 
waist-to-hip ratio [86–88]. In the context of obesity-related hypertension, the 
raised aldosterone concentrations have a twofold effect: they contribute to increased 
blood volume by increasing sodium reabsorption and lead to the generation of 
reactive oxygen species (ROS). Aldosterone activates NADPH oxidase, thus 
increasing ROS levels leading to oxidative posttranslational changes to guanylyl 
cyclase rendering it NO-insensitive [89]. ROS can also reduce NO bioavailability 
by forming molecules such as peroxynitrite, thus contributing to endothelial dys-
function. ROS can also stimulate the mineralocorticoid receptor (MR) [90], thereby 
theoretically contributing to further elevations in ROS levels, forming a vicious 
circle. At the endothelial level, aldosterone decreases glucose-6-phosphate 
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dehydrogenase (G6PD) activity. G6PD is a cytosolic enzyme and the main source 
of intracellular NADPH which functions to limit ROS activity [91]. There are two 
aldosterone receptor antagonists in clinical use: spironolactone is a nonselective 
aldosterone receptor antagonist, whereas eplerenone is a selective aldosterone 
receptor antagonist which has a lower degree of cross-reactivity with sex-steroid 
hormones and a longer half-life than spironolactone [92]. Spironolactone increases 
the expression of G6PD and its activity, as well as raising NADPH levels leading 
to a reduction in ROS generation in aortas of aldosterone-treated mice [91]. 
Aldosterone increases the expression of TNF-α from macrophages within PVAT, 
and we have reviewed the role of macrophages and TNF-alpha in PVAT damage. 
Eplerenone leads to a reduction of ROS generation and increased levels of adipo-
nectin in obese and diabetic mice [93].

It is not clear to what extent the blood pressure reduction is a result of blood 
volume and cardiac output reduction secondary to reduced sodium reabsorption, or 
due to a reduction in sympathetic activity through the direct CNS effect of aldoste-
rone [94, 95]. Certainly, a reduction in ROS generation within PVAT would partly 
restore the favourable vasorelaxant profile lost, in part, following hypoxia-induced 
inflammatory damage in obesity.

The ROS-induced PVAT damage in obesity would suggest that antioxidants 
and free radical scavengers could be therapeutic agents to reverse this damage 
and possibly lower blood pressure in obesity. We’ve shown in ex vivo experi-
ments that SOD and catalase can restore the PVAT vasorelaxant property in both 
human and murine models of obesity [15, 45]. A 3-week administration of des-
methyltirilazad (lazaroid), a potent antioxidant, significantly ameliorates blood 
pressure in SHR rats [96].

We have shown also that MR blockade using eplerenone is able to reduce mac-
rophage activation and rescue aldosterone-induced and hypoxia-induced PVAT 
damage [65]. Intuitively, it has been proposed that prevention of ROS generation 
using NADPH oxidase inhibitors may be a better way of tackling oxidative stress 
than scavenging the free radicals once they have been generated, although clinical 
studies need to assess the feasibility of this theory [97].

Vessel stiffness is another important contributing factor in the pathophysiology 
of obesity-related hypertension. The association of vessel stiffness is strongest for 
waist circumference and visceral adiposity, rather than global obesity as measured 
by BMI [98]. Obesity is a complex multifaceted disorder, and dysregulation of any 
number of factors can affect vascular stiffness. The adipokine leptin has been linked 
with impairment of arterial distensibility, and its raised levels in obesity may well 
be a contributing factor in arterial stiffness [99].

Inflammation, oxidative stress and monocyte recruitment all play their part in 
initiating endothelial dysfunction in obesity. There is also disruption to the fine 
balance between the vasoconstrictor action of endothelin-1 and the vasodilator 
effect of NO in endothelial cells. In health, insulin activates phosphoinositide 
3-kinase leading to increased NO production secondary to eNOS phosphorylation 
[100]. Postprandial physiological surge in insulin concentrations leads to dilatation 
of precapillary arterioles, thus improving blood flow and delivery of nutrients to 
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tissues, a process known as nutritive flow [33]. In obesity, NO-mediated vasorelax-
ation is impaired, leading to vasoconstriction via unopposed endothelin-1 action 
[33, 100]. Reduced endothelial nitric oxide bioavailability in obesity is a signifi-
cant consequence of the reactions between free radicals and NO. Reactive oxygen 
species such as the superoxide anion react with nitric oxide to produce peroxyni-
trite and deplete endothelial NO levels. The role of nitric oxide in vessel tone 
modulation and its fate in inflammatory diseases have been extensively reviewed 
by Jin and Loscalzo [101]. We now know that PVAT is a source of NO which con-
tributes to the PVAT vasorelaxant function, but in obesity, the generation of ROS 
depletes this vital source of NO; the microvessel is faced with reduced NO bio-
availability from both outside the vessel, the PVAT, and inside, the endothelium.

There is a close correlation between obesity, obstructive sleep apnoea (OSA) and 
hypertension. There is a dose-response relationship between sleep-disordered 
breathing and hypertension, independent of confounding factors [102]. Almost half 
of all hypertensive patients suffer from sleep apnoea, and half of all sleep apnoea 
patients are hypertensive [86]. Whilst fat deposition around the upper airway in 
obesity is thought to be the most significant contributor to the development of OSA 
in obesity, there are a number of potential mechanisms linking OSA with hyperten-
sion, including endothelial dysfunction, CNS stimulation, oxidative stress and 
inflammation [103]. The most significant factor is thought to be the elevated oxida-
tive stress levels initiated by intermittent hypoxia, coupled with hyperleptinaemia 
[104] with its direct stimulatory effects on the sympathetic nervous system. The 
elevated levels of aldosterone in OSA also correlate with severity of OSA. Once 
again, this highlights the significance of ROS and aldosterone generation, both of 
which are generated by hypoxic and inflamed adipocytes.

20.7	 �Sympathetic Nerves Within PVAT

PVAT is innervated by nerves from the sympathetic nervous system. Obesity has a 
differential effect on local SNS activity. Hypertensive obese individuals show an 
increased sympathetic activity in both cardiac and renal nerves [105].There is also 
evidence of central stimulation of the SNS by reactive oxygen species, the levels of 
which are raised in obesity. Animal studies suggest that NADPH oxidase-dependent 
oxidative stress in the brain may be a cause of increased sympathetic tone leading to 
hypertension in high-fat fed animals [106].

The heightened sympathetic state in obesity and presence of nerve endings 
within PVAT have led to further evaluation of the effects of SNS on PVAT using 
electric field stimulation (EFS) protocols. Work by Gao et al. has shown that super-
oxide generated by NADPH oxidase in response to electric field stimulation 
enhances the contractile response of adjacent small arteries [107]. It has been shown 
that candesartan (angiotensin II type 1 receptor antagonist) reduces this PVAT-
mediated potentiation of EFS-induced contractile response, thus providing another 
potential explanation for the increased vascular resistance in obesity where there are 
both increased sympathetic nerve activity and increased angiotensin II levels [108].
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Circulating adiponectin levels also increase by nearly 70% post gastric bypass and 
by around 36% post gastric banding procedures. The greatest increase is after the loss 
of 35% of the original body weight, with a strong correlation between percentage 
increase in adiponectin levels and percentage decrease in BMI [109]. This is not true 
of weight loss by other surgical means. After liposuction, despite a 10% weight reduc-
tion, no improvements in adiponectin or insulin resistance have been noted [110]. This 
is likely due to the differing qualities of adipose tissue depots with visceral fat exhibit-
ing a more inflammatory profile as compared with subcutaneous adipose tissue [111].

Weight loss or bariatric surgery remains the most reliable means to achieve and 
maintain significant weight loss. Bariatric surgery has also been shown to improve 
the inflammatory profile of obese individuals [112]. In subcutaneous adipose tissue, 
the expression of IL-6 and TNF-α mRNA decreases significantly, and expression of 
adiponectin and its receptors increases after dramatic weight loss post surgery [113]. 
The significant degree of weight loss, together with improvements in adipokine and 
inflammatory cytokine profile, as well as resolution or improvement in diabetes sta-
tus [114] makes this an invaluable procedure in those suffering from morbid obesity 
and its sequelae. We have reported that 6 months following significant weight loss 
post bariatric surgery, PVAT regains its vasorelaxant function, despite the individuals 
still weighing in the obese category. This shows that there is more to weight loss than 
purely loss of mass, and other factors such as the reduced adipocyte size and a reduc-
tion in PVAT inflammation as a consequence of a more balanced oxygen supply may 
be the fundamental trigger leading to our observation [45].

Vitamin D is a perfect example to highlight the need for tissue-specific or tissue-
targeted therapies, given that it can suppress renin transcription, and transgenic ani-
mals devoid of vitamin D receptor develop hypertension, but they remain lean with 
smaller adipocytes on a high-fat diet. Overexpression of the receptors on adipocytes 
leads to a suppression of lipolysis, thermogenesis and resultant obesity [115, 116]. 
This is a perfect example of the challenges facing researchers trying to identify a 
molecule that can treat one condition without causing detrimental off-target effects. 
The (re)search continues.

�Conclusion

Perivascular adipose tissue plays a crucial role in modulating vessel tone and 
blood glucose homeostasis. In obesity, PVAT is damaged and dysfunctional. 
Rescuing the damaged PVAT and restoring the healthy PVAT phenotype before 
the onset of hypertension and diabetes should be the focus of future studies.
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