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Abstract: Cardiovascular diseases (CVDs) and type 2 diabetes mellitus (T2DM) are two of the four 

major chronic non-communicable diseases (NCDs), representing the leading cause of death 

worldwide. Several studies demonstrate that endothelial dysfunction (ED) plays a central role in 

the pathogenesis of these chronic diseases. Although it is well known that systemic chronic 

inflammation and oxidative stress are primarily involved in the development of ED, recent studies 

have shown that perivascular adipose tissue (PVAT) is implicated in its pathogenesis, also 

contributing to the progression of atherosclerosis and to insulin resistance (IR). In this review we 

describe the relationship between PVAT and ED, and we also analyse the role of PVAT in the 

pathogenesis of CVDs and T2DM, further assessing its potential therapeutic target with the aim of 

restoring normal ED and reducing global cardiovascular risk. 

Keywords: non-communicable diseases (NCDs); perivascular adipose tissue (PVAT); endothelial 

dysfunction (ED); cardiovascular diseases (CVDs); insulin resistance (IR); type 2 diabetes mellitus 

(T2DM) 

 

1. Introduction 

Non-communicable diseases (NCDs) are chronic medical conditions characterized by long 

duration and slow progression [1–3], resulting from a combination of genetic, physiological, 

environmental and behavioural factors [3]. They represent the leading cause of death worldwide [4], 

being responsible of 90% of deaths and 85% of disability in European countries [5].  

The four major NCDs are cardiovascular diseases (CVDs), cancer, chronic respiratory diseases 

and diabetes [4,5]. According to data reported by the World Health Organization (WHO) in 2016, 

CVDs account for about 44% of deaths related to NCDs [4], representing the leading cause of 

morbidity and mortality among these chronic diseases [4,6,7], whereas diabetes accounts for about 

4% of all NCDs deaths [4].  

Several risk factors contribute to the pathogenesis of NCDs, the most common of which is 

obesity, which is itself particularly linked to the increased risk of CVDs and type 2 diabetes mellitus 

(T2DM) [5].  

As it is well known, obesity is per se associated with an altered endothelium-dependent vascular 

reactivity, even in metabolically healthy obesity, but the presence of metabolic abnormalities 

contributes to enhance worsening of the endothelial dysfunction (ED) [8,9], which represents the 

common feature of CVDs and T2DM [10]. ED is defined as the lack of the vasoprotective homeostatic 

function of the endothelium [10–12], and is characterized by vasoconstriction and by pro-thrombotic 

and pro-inflammatory state [12,13]. 
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Although the first description of ED has been made in the mid-1980s [10,13] and subsequent 

researches proved that systemic oxidative stress is the major mechanism involved in its pathogenesis 

[13–15], recent studies have shown that perivascular adipose tissue (PVAT) also contributes to the 

development of ED [16,17] by producing a variety of bioactive molecules, like adipokines, involved 

in the regulation of vascular tone and local inflammation [16,18], thus promoting the development 

and progression of atherosclerosis and CVDs [19,20]. Moreover, some of these adipokines affect 

insulin sensitivity, contributing to the pathogenesis of T2DM and also to the worsening of ED in this 

chronic disease [18,19,21]. 

In this review, we describe the relationship between PVAT and ED, and we analyse the role of 

PVAT in the pathogenesis of CVDs and T2DM, further evaluating PVAT as a potential therapeutic 

target with the aim of restoring normal endothelial function and reducing global cardiovascular risk. 

2. Endothelial dysfunction (ED)  

The endothelium, a continuous inner monolayer of blood vessels, was initially described as a 

selectively permeable membrane, separating the vascular and the interstitial compartments and 

regulating the transport of fluids and macromolecules between these two different sections [14,22–

24], but it is currently known that it plays a central role in the modulation of vascular homeostasis 

[25,26], by producing and releasing a wide range of vasoactive substances, implicated in both 

vasodilation and vasoconstriction [24–26]. Moreover, endothelial cells secrete a variety of molecules 

involved in the regulation of blood coagulation, platelet function, inflammation and smooth muscle 

cells proliferation [24,26]. 

The key mediator in the maintenance of vascular homeostasis by modulating vascular tone and 

inhibiting inflammation, thrombosis and cellular proliferation is nitric oxide (NO) [26,27], a soluble 

gas synthetized from L-arginina by the endothelial nitric oxide synthase (eNOS) enzyme, 

constitutively expressed in the endothelial cells [27]. 

The reduced bioavailability of NO, observed in the presence of risk factors such as smoking, 

aging, hypertension, hyperglycaemia, hypercholesterolemia and obesity [12,23,28], induces the 

development of ED [23,29], in whose pathogenesis oxidative stress, which is characterized by a higher 

production and decreased degradation of reactive oxygen species (ROS), plays a critical role [13,30] 

by mediating the endothelial production of cytokines, which in turn contribute to the development 

and progression of atherosclerotic lesions secondary to the endothelial activation [15,26,31]. 

Although endothelium has been described as the main regulator of vascular homeostasis, recent 

studies showed that also the perivascular adipose tissue (PVAT) is an active component of the 

vasculature [32,33], being involved in the maintenance of vascular function and contributing to the 

prevention of vascular inflammation and atherosclerosis in healthy condition [34,35]. 

3. Perivascular adipose tissue (PVAT) 

Perivascular adipose tissue (PVAT) refers to adipose tissue surrounding blood vessels, with the 

exception of capillaries and pulmonary and cerebral vasculature, and it is composed of adipocytes, 

which are predominant, nerves and stromal cells [36]. 

Although until recently it was seen as a simply connective tissue providing mechanical support 

to adjacent structures [36,37], it is now considered a metabolically active tissue, with specific 

properties and secretory patterns depending on its localization, involved in the modulation of 

vascular homeostasis and endothelial function and in the development of insulin resistance (IR) 

[35,36,38]. 

3.1. PVAT modulation of endothelial dysfunction 

PVAT is tightly associated with the blood vessel wall [39,40], directly in contact with the 

adventitia [38,41], and this close interaction promotes the crosstalk between PVAT and all the cellular 

components of the vascular wall [40], including endothelial cells, on which PVAT exerts its effects in 

endocrine, autocrine and paracrine manner by secreting a wide range of bioactive molecules like 
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vasoregulators, including PVAT-derived relaxing factors (PVRFs) and PVAT-derived contracting 

factors (PVCFs), adipokines, including adiponectin and leptin, chemokines and cytokines, ROS and 

angiotensin peptides [32,37–39]. 

The role of PVAT in the modulation of vascular homeostasis was first described by Soltis and 

Cassis after observing a significant decrease to norepinephrine response of the intact aortic ring in 

vitro, and suggesting that PVAT contributes to the removal of catecholamines [42]. However, 

subsequent studies showed that the vasodilatory effect of PVAT was independent of adrenergic 

neuronal reuptake of catecholamines and was mediated by a transferable substance, called adipocyte-

derived relaxing factor (ADRF), that is released in a Ca+-dependent manner and acts by activating 

ATP-dependent K+ channels of the vascular smooth muscle cells (VSMCs) [43–45]. As the chemical 

nature of ADRF is still unknown and there might be more than one single molecule responsible for 

this effect [44,46], the term PVAT-derived relaxing factors (PVRFs) was coined to identify several 

bioactive molecules involved in the PVAT-induced vasodilation [32,46]. 

In addition to ADRF, other possible PVRFs are NO, hydrogen sulphide (H2S), hydrogen 

peroxide (H2O2), angiotensin 1-7 (Ang1-7) and palmitic acid methyl ester (PAME) [41,46,47]. 

Once reached the endothelial layer of blood vessels, these molecules modulate vascular tone 

through an endothelium-dependent mechanism, mediated by the release of endothelial NO which in 

turn induces the activation of K+ channels leading to vasodilation, or through an endothelium-

independent mechanism [48–51]. 

PVAT-induced vasodilation can also be directly mediated by PVAT-derived NO [50]. Indeed, 

similarly to the endothelial cells, also adipocytes express eNOS enzyme which induce the production 

of vasoactive NO and consequently the modulation of vasodilation, by acting on VSMCs, and the 

endothelial protection, by inhibiting platelet aggregation and leukocyte adhesion [48]. However, in 

addition to PVRFs, PVAT also produces PVCFs, including superoxide anion, catecholamines, 

prostaglandins, angiotensin II and resistin, which contribute to counteract the effects of PVRFs 

primarily reducing NO bioavailability and thus inducing vasoconstriction and ED [41,52]. 

As previously described, besides PVRFs and PVCFs, PVAT secretes a wide range of 

adipocytokines, including adipokines and cytokines, involved in the regulation of vascular tone and 

in the maintenance of the metabolic homeostasis [52]. Among the adipokines, adiponectin is the most 

abundant molecule produced and released by PVAT [50], and plays a critical role in the modulation 

of vascular tone through the activation of its receptor, particularly of the adiponectin receptor 1 

(Adpo1), widely expressed on endothelial cells and VSMCs [53]. Upon adiponectin binding to the 

Adipo1 receptor of the endothelial cells, the adaptor protein APPL1 is recruited to the receptor site, 

leading to the phosphorylation of AMP-activated protein kinase (AMPK) and then to the activation 

of the eNOS, promoting NO production [53,54]. As well as adiponectin, leptin contributes to vascular 

homeostasis through the enhanced NO production by eNOS activation in endothelial cells [55,56]. 

As mentioned above, PVAT also secretes cytokines, such as tumor necrosis factor-α (TNF-α) and 

interleukin-6 (IL-6), which reduce NO bioavailability contributing to ED [52]. Indeed, PVAT-derived 

TNF-α primarily interferes with endothelial function through enhancing ROS production, via 

activation of nicotinamide dinucleotide phosphate oxidase (NADPH oxidase), leading to NO 

breakdown and to reduced NO production as the result of eNOS uncoupling [57–59]. Moreover, 

PVAT-derived TNF-α directly activates the c-Jun N-terminal kinase pathway contributing to the 

increased production of the endothelin-1 (ET-1), which in turn promotes ROS production and 

consequently ED [57]. Similarly to TNF-α, also IL-6 promotes ED by inhibiting eNOS expression and 

activity [60,61], leading to a decreased NO bioavailability [62].  

Thus, under physiological condition, PVAT exerts a protective effect on endothelial function 

contributing to maintain the balance between PVAT-derived anti-contractile/anti-inflammatory and 

pro-contractile/pro-inflammatory bioactive molecules and ensuring a greater production of 

adiponectin and NO than TNF-α and IL-6, finally preventing the development of CVDs [63]. 
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3.2. PVAT regulation of insulin sensitivity 

Insulin is an endocrine peptide hormone involved in glucose homeostasis by binding its specific 

receptors expressed on target tissues such as skeletal muscle [64], which is responsible for most of the 

insulin-mediated glucose uptake in the post prandial state [65], and which also promotes glycogen 

synthesis [64].  

Apart from its role in inducing myocellular signalling cascade leading to the translocation of 

glucose transporter 4 (GLUT4) to the plasma membrane, resulting in glucose uptake [64], insulin 

enhances glucose disposal in the skeletal muscle also by binding its receptors expressed on the 

endothelial cells of the skeletal muscle microvasculature thus inducing vasodilation and 

consequently an increased total blood flow to the muscle [66]. Insulin mediated vasodilation on the 

skeletal muscle microvasculature depends on the activation of phosphatidyl inositol 3-kinase (PI3-K) 

pathway which induces eNOS, increasing NO production [67] and consequently promoting muscle 

microvascular dilation, and thus improving muscle glucose uptake [66,67]. 

As for other vessels, also skeletal microvasculature is surrounded by PVAT [38], involved in the 

modulation of muscle insulin-sensitivity by releasing adipocytokines, which play a critical role in the 

regulation of insulin-mediated vasodilation [21,68,69]. 

Among these adipocytokines, adiponectin is widely known to be an insulin sensitizer [70], acting 

on the skeletal muscle cells by binding Adipo1 receptor and thus activating an intracellular signalling 

cascade, leading to GLUT4 membrane translocation and glucose uptake [70,71]. Furthermore, 

adiponectin modulates muscle microvascular recruitment and insulin delivery to skeletal muscle [71] 

through the direct activation of AMPK-eNOS pathway and the indirect phosphorylation of the 

protein kinase B (PKB or Akt), which is involved in most of the metabolic actions of insulin [67,72], 

leading to microvasculature NO-mediated vasodilation and to an increased muscle glucose disposal 

[70,73,74]. 

Taking into account that PVAT secretes a copious amount of adiponectin and that adiponectin 

modulates skeletal muscle microvascular perfusion and glucose uptake, it has been demonstrated 

that adiponectin derived from PVAT surrounding muscle microvasculature regulates insulin-

induced vasodilation through the activation of AMPK pathway in the microvessels wall [75,76], 

emphasizing the close interaction between PVAT and muscle microvasculature, and then the pivotal 

role of PVAT in ensuring glucose homeostasis and insulin sensitivity. 

Furthermore, PVAT is able to release Ang1-7, which acts not only as an endothelium-dependent 

relaxing factor, as previously described, but also as an insulin sensitizer, by binding and activating 

the G-protein-coupled receptor Mas, thus inducing the phosphorylation of the insulin receptor 

substrate-1 (IRS-1) and consequently the activation of Akt pathway, which mediates insulin 

metabolic action [77]. Importantly, by activating Mas in the skeletal muscle microvasculature, Ang1-

7 also increases the endothelial surface area available for glucose exchange leading to an increased 

muscle glucose disposal and enhanced metabolic action of insulin [78,79]. Thus, similarly to 

adiponectin, PVAT-derived Ang1-7 could be involved in the regulation of glucose metabolism 

improving insulin sensitivity. 

4. Dysfunctional PVAT and its implication in CVDs and T2DM 

Under physiological conditions PVAT exerts its protective role on vascular and glucose 

homeostasis by releasing a wide range of bioactive molecules with anti-contractile and anti-

inflammatory effects and by secreting adipocytokines involved in the regulation of insulin sensitivity, 

thus preventing the development of atherosclerosis and IR [16,19,80,81]. In contrast, under 

pathological conditions, such as obesity, PVAT becomes dysfunctional, contributing to the 

development of ED, the hallmark of atherosclerosis and CVDs, and of IR, the hallmark of T2DM 

[32,82,83]. 
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4.1. Dysfunctional PVAT in the pathogenesis of atherosclerosis 

The development of PVAT dysfunction in obesity is related to the “obesity triad”, characterized 

by hypoxia, oxidative stress and inflammation [84]. Hypoxia seems to be a direct consequence of 

adipocyte hypertrophy, which in turn is responsible for a higher distance between adipocytes and 

blood vessels leading to reduced oxygen diffusion within tissues and to enhanced production of ROS 

and inflammatory cytokines [39,85,86]. ROS, such as superoxide anion and H2O2, primarily derived 

from Nox family of NADPH oxidase and eNOS uncoupling, contribute to the development of ED by 

reducing the bioavailability of NO [87,88]. Moreover, superoxide anion stimulates endothelial 

production of ET-1 [89], which in turn reduces NO bioavailability by an up-regulation of caveolin-1 

expression, leading to eNOS inhibition, or by increasing NO degradation, dependent on eNOS 

uncoupling [90]. In addition, ROS may induce the expression of TNF-α [84,91], which is also secreted 

in large amount by dysfunctional PVAT [81]. TNF-α contributes to the development of ED by 

stimulating ROS production through the activation of NADPH oxidase [58,91], by inducing the up-

regulation of the c-Jun N-terminal kinase pathway (JNK) unbalancing ET1/NO system in favour of 

ET-1 [57] and by reducing adiponectin release [92], leading to a reduced endothelial NO 

bioavailability [57,58,91]. At last, PVAT dysfunction is also characterized by hyperleptinemia, which 

leads to endothelial leptin resistance with a loss of balance between ET-1/NO system contributing to 

decreased NO bioavailability in the vasculature [84,93]. 

Thus, taking together, these data suggest that dysfunctional PVAT, similar to dysfunctional 

endothelium, is characterized by a decreased secretion of protective factors, like adiponectin and NO, 

by an increased production of ROS and by the development of a low grade of inflammation, which 

contributes to a detrimental release of adipokines and cytokines, such as IL-6 and TNF-α [87,94]. Such 

changes in the secretory pattern of dysfunctional PVAT contribute to the development of ED, which 

in turn leads to the development of atherosclerotic lesion by increasing the endothelial expression of 

adhesion molecules, like monocyte chemoattractant protein-1 (MCP-1), vascular cell adhesion 

molecule-1 (VCAM-1) and intracellular adhesion molecule-1 (ICAM-1), involved in the adherence 

and migration of monocytes into subendothelial layer of the intima where they become macrophages 

and secrete pro-inflammatory cytokines inducing low-density lipoprotein (LDL)-oxidation leading 

to the development and progression of atherosclerotic plaque [10,31,82,95], and thus contributing to 

the pathogenesis of CVDs [19,95]. 

4.2. Dysfunctional PVAT inducing insulin resistance 

Similarly to its contribution to the pathogenesis of CVDs, as previously described, PVAT 

dysfunction is tightly related to the development of vascular IR [16,19], characterized by the loss of 

insulin-mediated NO production and consequently by impaired skeletal muscle perfusion 

contributing to a decreased glucose disposal [96]. Indeed, the enhanced production of pro-

inflammatory cytokines, particularly of TNF-α, that inactivates the Akt/PI3-K/eNOS signalling 

pathway by increasing the enzyme phosphatase and tensin homologue (PTEN) phosphorylation [97] 

and by activating JNK pathway which induces an increased ET-1 production [98], leads to a 

decreased glucose uptake by impairing insulin-mediated vasodilation and reducing GLUT-4 

translocation in skeletal muscle [18,21,76,82,99].  

Furthermore, it has been shown that PVAT-derived adiponectin modulates insulin-dependent 

muscle perfusion and glucose uptake [83]. Thus, the decreased release of adiponectin by 

dysfunctional PVAT contributes to the development of vascular IR by impairing of insulin-

dependent Akt signalling pathway [75].  

Accordingly, these data suggest that PVAT play a central role in the pathogenesis of T2DM by 

regulating muscle perfusion, insulin sensitivity and glucose disposal. 

5. PVAT: new therapeutic target? 

Dysfunctional PVAT is common in obesity and contributes to the development of ED and IR, 

which represent the hallmark of CVDs and T2DM respectively, as described above. Thus, given the 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 October 2023                   doi:10.20944/preprints202310.0014.v1

https://doi.org/10.20944/preprints202310.0014.v1


 6 

 

association between PVAT dysfunction and the occurrence of cardiometabolic diseases, restoring 

PVAT function could contribute to reduce the onset and the progression of these diseases, mainly in 

obesity.  

Several studies have been shown that weight loss leads to restore PVAT function in obesity 

[100,101]. Particularly, in a previous study was demonstrated that PVAT function was restored six 

months after bariatric surgery, leading to improvement in local adiponectin and NO bioavailability 

[100]. However, bariatric surgery is not always the first line treatment for obesity, thus subsequent 

studies analyse the effects of caloric restriction and physical activity on PVAT function in obese mice 

and demonstrate that diet-induced sustained weight loss and exercise also contribute to improve 

PVAT function by reducing PVAT inflammation and increasing PVAT-adiponectin availability and 

PVAT-eNOS activity [101,102], suggesting that restoring PVAT function is associated with 

improvement in insulin sensitivity and endothelial function. Although further investigations are 

need to confirm these results in human obesity, we can speculate that PVAT could be a new 

therapeutic target and restoring its function could improve cardiometabolic risk. According with this 

hypothesis, several studies have analysed the effects of some drugs, such as statins and antidiabetic 

agents, on PVAT function. 

5.1. Statins 

Despite their beneficial effects in reducing cardiovascular risk through the inhibition of 

hydroxyl-methyl-glutaryl coenzyme A reductase (HMG-CoA-reductase) which induces LDL 

reduction [103], it has been described that statins have several pleiotropic effects, some of which are 

responsible of the endothelial modulation of the Akt pathway and caveolin-1 expression, leading to 

an increased NO production and thus improving ED [104,105], without affecting IR [106,107]. 

Consistent with these data, it could be hypothesized that statins may mediate PVAT secretion of 

bioactive molecules involved in the regulation of vascular homeostasis. Accordingly, some studies 

have been demonstrated that atorvastatin could restore PVAT function in rat model by increasing 

the release of PVRFs [108], like H2S [109]]. To date, further investigations are needed to prove the 

effects of statins in human PVAT. 

5.2. Antidiabetic drugs 

Similarly to statins, in addition to their glucose-lowering effects, new antidiabetic drugs, 

especially GLP-1 receptor agonists (GLP-1 RAs) and sodium-glucose cotransporter-2 (SGLT-2) 

inhibitors, directly reduce cardiovascular risk [110,111], by improving endothelial cell function and 

reducing inflammation and oxidative stress, and thereby preventing the development and 

progression of atherosclerosis [112–114]. 

Since PVAT appears to play a central role in the development of atherosclerosis, by contributing 

to the onset of ED, as previously mentioned, several studies have evaluated the effects of GLP-1 RAs 

and SGLT-2 inhibitors on dysfunctional PVAT. In this context, it has been demonstrated that the GLP-

1 RA liraglutide reduces PVAT inflammation through the inhibition of nuclear factor (NF)-κ B 

signalling pathway in rat models [115] and improves ED through the activation of PVAT-

AMPK/eNOS pathway and through the enhancement of PVAT-derived adiponectin bioavalability in 

mice [116]. In view of these findings, it may be speculated that GLP-1 RAs contribute to restore the 

bioavailability of adiponectin and NO in PVAT, leading to reduce cardiovascular risk. 

Furthermore, treating apolipoprotein E-deficient (ApoE-/-) mice with the SGLT-2 inhibitor 

empagliflozin was associated with a decreased expression of pro-inflammatory cytokines, including 

adhesion molecules, and with a reduced activity of NADPH oxidase in PVAT [117]. Therefore, as 

well as in animal models, also in humans empagliflozin could prevent ED and atherosclerosis by 

reducing PVAT inflammation and oxidative stress, but further studies are needed. 
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6. Discussion 

PVAT is a metabolically active endocrine/paracrine organ involved in the regulation of vascular 

homeostasis and impact on the insulin sensitivity. The loss of balance between anti-contractile/anti-

inflammatory and pro-contractile/pro-inflammatory adipocytokines, as observed in obesity, 

characterizes PVAT dysfunction, which contributes to the pathogenesis of both CVDs and T2DM. 

Therefore, restoring PVAT function could improve cardiometabolic risk, leading to a decreased onset 

of ED and IR. Although caloric restriction and physical activity contribute to restore PVAT function, 

several studies have investigated the role of statins and antidiabetic drugs on dysfunctional PVAT in 

animal models, showing that they could modulate several intracellular signalling pathway and 

regulate PVAT secretion of adipocytokines, thus contributing to prevent ED and atherosclerosis. As 

regard to their effects on insulin-mediated vasodilation, which also depends on PVAT function, the 

literature evidences are scarce. 

In conclusion, dysfunctional PVAT could be a new therapeutic target for treatment and 

prevention of CVDs and potentially of T2DM. 
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