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Summary

Adipose tissue expresses cytokines which inhibit insulin signalling pathways 

in liver and muscle. Obesity also results in impairment of endothelium-

dependent vasodilatation to insulin. We propose a vasoregulatory role for 

local deposits of fat around the origin of arterioles supplying skeletal muscle. 

Isolated first order arterioles from rat cremaster muscle are under dual 

regulation by insulin, which activates both endothelin-1 mediated 

vasoconstriction and nitric oxide mediated vasodilatation. In obese rat 

arterioles, insulin-stimulated nitric oxide synthesis is impaired, resulting in 

unopposed vasoconstriction. We propose this to be the consequence of 

production of the adipocytokine tumour necrosis factor-α from the cuff of fat 

seen surrounding the origin of the arteriole in obese rats - a depot to which 

we ascribe a specialist vasoregulatory role.  We suggest that this cytokine 

accesses the nutritive vascular tree to inhibit insulin-mediated capillary 

recruitment - a mechanism we term ‘vasocrine’ signalling. We also suggest a 

homology between this vasoactive periarteriolar fat and both periarterial and 

visceral fat, which may explain relationships between visceral fat, insulin 

resistance and vascular disease.

(169 words)



Introduction

Obesity is accompanied by resistance to insulin action in skeletal muscle, 

liver and blood vessels. Insulin resistance in muscle may represent a 

mechanism to protect muscle from excessive postprandial glucose uptake in 

conditions of calorie excess.  We have suggested that low-grade 

inflammation, consequent upon the production of proinflammatory cytokines 

by adipose tissue, may underlie relationships between insulin resistance and 

vascular disease (1). We now propose that depots of fat around both large 

and small vessels may be an important source of these cytokines, and that 

periarteriolar fat plays a physiological role in regulating distribution of blood 

flow, through outside-to-inside cellular cross talk and through regional 

vascular signalling - mechanisms we term ‘vasocrine.’  Moreover, perivascular 

fat may contribute both to insulin resistance and to macrovascular disease.

Fat and Insulin Resistance - a Circulating Signal?

 Obesity decreases insulin action in liver and muscle. It is also associated 

with impaired endothelium-dependent vasodilatation, in a variety of vascular 

beds and in response to a variety of vasodilators, including insulin (2). But 

‘How does the liver/muscle/endothelium know you’re fat?’  Traditional thinking 

has been that adipocytes generate insulin resistance by producing non-

esterified fatty acids (NEFAs) which inhibit carbohydrate metabolism via 

substrate competition and impaired insulin signalling (3). The endothelial nitric 

oxide synthase (eNOS) molecule is inhibited by fatty acids (4), so NEFA may 

also provide the signal to endothelium. But other potential adipocyte signals 

are relevant. Mice with a GLUT-4 knockout located specifically to adipose 



tissue show insulin resistance in liver and skeletal muscle in vivo, but not in 

vitro (5) despite lower circulating NEFA concentrations - implying the 

existence of other fat-derived insulin resistance signals. Overweight subjects 

have increased levels of circulating adipocytokines, such as tumour necrosis 

factor-α (TNF-α) and interleukin-6, which may provide a pathway linking 

obesity to insulin resistance in liver, muscle and vessels (1).

Fat and Insulin Resistance - a Local Signal?

An alternative explanation has been proposed to explain hepatic and muscle 

insulin resistance in obesity - that of ectopic fat.  Accumulation of 

hepatocellular fat is associated with hepatic insulin resistance (6).  In skeletal 

muscle, insulin resistance occurs with accumulation of intramyocellular 

triglyceride (7). These findings raise the possibility that prolonged exposure of 

liver and muscle to an ‘insulin resistant milieu’ somehow generates sufficient 

intrahepatic and intramyocellular fat to produce insulin resistance in these 

target organs, perhaps through local NEFA generation, or through increased 

cytokine expression, without any ongoing circulating adipose-derived signal. 

We propose that increased adipose mass may also generate cytokine signals 

to blood vessels through the medium of perivascular fat, also ‘ectopic’ 

although within adipocytes. We suggest that the organism’s perivascular 

adipocytes act as an integrated organ responsible for paracrine and 

‘vasocrine’ signalling, which in turn contributes to skeletal muscle insulin 

resistance.



The Anatomy and Physiology of Skeletal Muscle Blood Supply

Substantal data from rats (8), and more limited human studies (9,10), have 

shown insulin to have a marked and rapid effect to increase nutritive blood 

flow to skeletal muscle and skin, an effect shared, in muscle, with exercise. 

We propose that this action of insulin helps to coordinate postprandial 

delivery of substrate and hormone to insulin-sensitive tissues.  Insulin’s ability 

to recruit capillaries is likely to depend on its action in dilating precapillary 

arterioles (11). In-vitro studies we have performed in larger (so-called first 

order) arterioles from rat cremaster muscle, however, demonstrate a dual 

effect of insulin on arteriolar endothelium.  In vessels from healthy rats, insulin 

has no net effect on vessel diameter, because of a balance between 

stimulation of two pathways - nitric oxide (NO)-mediated vasodilatation and 

endothelin-1 (ET-1)-mediated vasoconstriction. Insulin stimulates eNOS 

activation, the signalling pathway being through insulin receptor substrate-1 

(IRS-1), phosphoinositol-3-kinase (PI3-K) and Akt (12,13).  However, if this 

pathway is inhibited, the arteriole constricts, a response mediated, through 

the extracellular signal-related kinase-1/2 (ERK-1/2) pathway, by endothelin-1 

(ET-1) (13).  In the cremaster muscle arteriole from a Zucker fatty rat, our 

findings show that insulin induces vasoconstriction, because of unopposed 

action of ET-1. These observations imply a dual insulin signalling mechanism 

- one pathway stimulating nitric oxide (NO) synthesis, the other endothelin-1 

release. In obesity, the ET-1 pathway dominates, insulin resistance in these 

arterioles being limited to the IRS-1/PI3-K/Akt pathway. We propose that this 

dual mechanism allows for local regulation of insulin action.



The rat cremaster muscle is virtually two-dimensional, allowing observation of 

structural/functional relationships. The morphology of the muscle differs 

between lean and obese animals, with the presence of a well-circumscribed 

depot of fat around the origin of the vessel in the obese Zucker rat (Figure 1). 

This suggests an elegant regulatory mechanism. We propose that, in 

situations of chronic calorie excess or inactivity, an organism protects its 

muscle from substrate over-supply by creating a local fat pad at the vessel 

origin with specialist vasoregulatory function. Adipocytokines from these 

pads, such as TNF-α, inhibit the PI3-K signalling pathway of eNOS activation 

and NO production (14). In vivo, insulin-induced vasodilatation and nutritive 

capillary recruitment are inhibited by TNF-α (15).  These vasoregulatory fat 

depots, then, have the capacity locally to modulate the systemic vasodilating 

effects of insulin, instead producing vasoconstriction. 

We also suggest a novel mechanism to enhance the signalling function of 

TNF-α. The effects of insulin to stimulate, and of TNF-α  to inhibit, nutritive 

flow is likely to reside in recruitment or drop-out of muscle capillary networks, 

consequent upon vasodilatation or constriction in smaller, precapillary 

arterioles (11). We hypothesise that increased endothelial permeability, 

consequent upon the cytokine’s action, allows its diffusion into the lumen, 

where high concentrations may exceed the capacity of circulating binding 

proteins. This might then produce inhibition of insulin-mediated vasodilatation 

throughout the nutritive vascular tree, down to and including the precapillary 

arterioles. This could explain the observations reported above, made on 

arterioles downstream of the fat pad  and themselves free of fat (Figure 1). As 



these high cytokine concentrations are limited to action on vascular 

endothelium, and are unlikely to access the systemic circulation, we term this 

a ‘vasocrine’ signal. Nitric oxide may be another molecule acting in regional 

vascular beds through similar vasocrine mechanisms (16). 

Periarteriolar Fat - Vasoregulatory Function?

We hypothesise, then, that the arterial tree has evolved a sophisticated 

control mechanism to regulate postprandial substrate partition during 

conditions of calorie balance and excess. This mechanism depends on the 

contractile properties of vascular medial smooth muscle cells, which are 

under dual regulation by insulin.  One such mechanism is the synthesis of a 

vasodilator, NO, the production of which, as elegantly shown by Furchgott 

(17), requires healthy endothelial cells. We now propose that this mechanism 

is regionally modulated by adipocytokines secreted from another, adventitial, 

layer of cells, acting in paracrine and vasocrine fashion to alter insulin-

mediated NO/endothelin-1 balance (Figure 2).  In lean animals, insulin 

induces postprandial increases in nutritive flow. However with continued 

calorie excess, inactivity and obesity, vasoregulatory periarteriolar fat 

accumulates, resulting in diminished insulin-induced vasodilatation or even 

vasoconstriction (18), exacerbating muscle insulin resistance and so 

protecting it from excess substrate delivery.

Functionally, two distinct vascular circuits exist in muscle: a nutritive route 

supplying nutrients, oxygen and hormones to myocytes, and a non-nutritive 

one, which may pass through functional shunt vessels in muscle connective 



tissue (19).  Our hypothesis applies only to nutritive vessels, because insulin-

induced vasoconstriction of non-nutritive vessels would increase nutritive flow 

and thus insulin sensitivity.  We propose that nutritive vessels differ 

functionally from non-nutritive ones in response to insulin (dilatation versus no 

effect or constriction as the normal response), so that adipocytokines which 

inhibit insulin-induced vasodilatation will act preferentially on nutritive vessels. 

Perivascular fat - What Might It Do?

Perivascular fat is distributed widely throughout the arterial circulation.  We 

speculate that depots around the heart and the major branches of the aorta 

share homology with the vasoregulatory depots around nutritional arterioles. 

In conditions of inactivity and calorie excess, these depots enlarge, with 

potential adverse consequences - including epicardial fat (coronary arteries), 

perirenal fat (renal arteries) and pelvic fat (ilio-femoral vessels).  These 

depots may have originated during development with a physiological role in 

regulating blood flow distribution, but may become harmful in excess. 

Overproduction of adipocytokines and outside-to-inside signalling (20), may 

lead to inflammation and atherosclerosis, perhaps to coronary calcification 

and, in renal arteries, to microalbuminuria.  Finally, an epidemiological 

relationship has been noted between epicardial and visceral fat mass (21). 

Several studies have noted a higher rate of production of adipocytokines from 

visceral than from subcutaneous fat (22), suggesting a vasoregulatory 

phenotype analogous to periarteriolar fat. Visceral fat, measured as waist 

and, perhaps, neck circumference, may, then, simply provide an easily 

measured index of the body’s periarterial and periarteriolar fat.  



Testing the Hypothesis

Elegance and symmetry do not, on their own, constitute proof. The rat 

cremaster muscle provides a valuable model to test the putative 

vasoregulatory role of periarteriolar fat. The study of vessels from obese rats, 

with the fat depot in situ or previously removed, and in vessels from lean 

animals exposed to perfusate from obese vessels, would provide tests of the 

vasocrine hypothesis. Inhibitors of the major insulin signalling pathways and 

monoclonal antibodies to cytokines would provide delineation of the signalling 

molecules and pathways. Additional studies, in other species and vascular 

beds, might require tissue-specific knock-outs of signalling molecules, and 

interventions physically to separate blood vessels from perivascular fat. Such 

interventions would be expected to influence vascular responsiveness, 

peripheral insulin action, and in the longer term, atherogenesis.

Conclusions

We propose that periarteriolar fat represents a physiological mechanism to 

regulate distribution of postprandial blood flow within, and perhaps between, 

organs. This regulation requires a series of locally and regionally acting 

molecules to modulate the systemic actions of insulin on NO-mediated 

vasodilatation.  However with nutritional excess and indolence, physiology 

turns to pathology - insulin resistance, microinflammation and 

macroangiopathy. These proposals remain to be tested. 
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Figure 1a: Isolated cremaster muscle from Zucker fatty rat

  1b: Enlargement of origin of arteriole
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Figure 2: Vasocrine signalling from perivascular fat

Adipocytokines secreted from perivascular adipocytes inhibit the PI3-kinase 
pathway of insulin signalling, leaving unopposed vasoconstrictor effects of 
endothelin-1. High concentrations of tumour necrosis factor-α access the 
vascular lumen, resulting in inhibition of endothelial PI3-kinase pathway 
insulin signalling in downstream vessels. Reduced insulin-mediated 
enhancement of muscle nutritive blood flow will contribute to insulin 
resistance.  EC - endothelial cell; VSMC - vascular smooth muscle cell; eNOS 
- endothelial nitric oxide synthase; NO - nitric oxide; PI3-K - phosphoinositol-
3-kinase; TNF-α - tumour necrosis factor-α; IL-6 - interleukin-6; NEFA - non-
esterified fatty acids; ERK - extracellular signal-related kinase; ET-1 - 



endothelin-1


