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Chapter 1 
General introduction and outline of the thesis 
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Overweight, obesity and adipose tissue are often discussed in 
both biomedical research, as well in popular media. Both overweight 
and obesity are primarily characterised by an excess of adipose tissue. 
For 2012, the biomedical search engine PubMed retrieves 5114 articles 
with the search term “adipose tissue”.1 This interest is probably caused 
by the current continuous rise of overweight and obesity in almost all 
countries.2 However, for a long time, adipose tissue was a scarcely 
studied field in human physiology and anatomy. The first publication in 
Pubmed describing adipose tissue is a case report from 1847.3 The 
second was published more than 50 years later in 1898,4 and not until 
1948 were there more than ten articles published in one year.1 Since 
then, the number of publications has grown considerably, and more 
quickly than the total amount of publications in the life sciences. It has 
long been known that not all adipose tissue depots had similar 
detrimental effects on health. Central located adipose tissue has a more 
harmful effect on cardiovascular risk and diabetes than peripheral 
adipose tissue.5 This suggests that these adipose tissue depots are not 
equal, and behave differently. Indeed, we currently know that the 
location of adipose tissue affects it’s biology. New adipose tissue depots 
may therefore behave differently than both central and peripheral 
adipose tissue altogether. Nevertheless, no direct relation between the 
behavior of the adipose tissue depots and their resulting diseases was 
described, and adipose tissue distribution was mostly regarded as a risk 
marker. Therefore, until 1994 adipose tissue was regarded as a tissue 
merely serving energy storage.6 However, only since Friedman and 
colleagues identified leptin as a hormone released from adipose tissue,7 
the appreciation of adipose tissue itself as a putative regulatory factor 
in the pathophysiology of diabetes, cardiovascular disease, cancer, 
osteoarthritis, sleep apnea, infertility and many more diseases has risen 
considerably.8 Since then, many adipose tissue derived hormones, other 
than leptin, have been identified. Together the adipose tissue derived 
hormones are called ‘adipokines’.  

 
One of the reasons for the long-lasting lack of interest in adipose 

tissue may be due to the circumstances during which the first 
authoritive anatomical textbooks were written. In the mid-19th century, 
when the first edition of the currently still used, and highly influential 
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‘Anatomy: Descriptive and Surgical’ by Henry Gray and other 
anatomical textbooks were written, the dissected models were primarily 
the bodies from poor people, whose families were unable to pay for a 
burial. As there was a large shortage of human bodies for dissection at 
medical schools, schools started accepting corpses from poor relatives 
of deceased people in exchange for a burial, as well as collecting 
unclaimed bodies from prisons and poorhouses, a practice which at that 
time was legal.9 During this time, in the wake of the Crimean war, food 
prices were rising which led to bread riots in London, where Gray 
worked and lived. The poor suffered most from this, and mainly poor 
people ended up at the dissection tables. Adipose tissue was therefore 
barely present in the bodies studied by the anatomists. In fact, Gray 
specified in ‘Anatomy: Descriptive and Surgical’ that bodies to be 
chosen for dissection had to be “free from fat”. Therefore, adipose 
tissue was not pictured in great detail in the first anatomy books.10 
Today, however, nutrient excess has become a larger problem than 
food shortage in developed countries.2  

1

 
  Nutrient excess and obesity have several physiological 
consequences. For example, obesity is associated with an increased 
cardiovascular risk, as well as a decreased ability of the body to take up 
glucose. Because these traits cluster in obesity, together with other 
disturbances, they are called the metabolic syndrome. It has been 
hypothesized that this clustering is explained by microvascular 
dysfunction.11 In the body, blood is pumped into the aorta by the heart, 
and subsequently flows into the arteries that branch off of the aorta. 
From here on, the vasculature divides even further into smaller arteries, 
resistance arteries and arterioles. Resistance arteries and arterioles 
control the bloodflow into the capillaries, the smallest blood vessels in 
the body, where exchange of nutrients and waste products between 
blood vessels and interstitium occurs. After the blood has passed the 
capillaries, it is collected in venules, which drain into veins by which the 
blood is carried back to the heart. The resistance arteries, arterioles, 
capillaries and venules collectively form the microcirculation. 
’Microvascular dysfunction’ is an ill defined term, with multiple 
definitions; these definitions range from structural rarefaction 
(‘disappearance’ of microvessels) to increased expression of 

 11 



inflammatory proteins on the endothelial layer in the microcirculation, 
and leakage of proteins through the endothelium. In this thesis 
however, ‘microvascular dysfunction’ is defined as an impaired 
vasodilation of the resistance arteries and arterioles, which leads to 
decreased capillary blood volume. How does microvascular dysfunction 
develop, or in other words, how do the microvessels know the body is 
fat? Despite the identification of numerous adipokines, the hormones 
produced by adipose tissue, systemic plasma concentrations of these 
adipokines, have generally been insufficient to explain the link between 
adiposity and decreased microvascular function, insulin sensitivity or 
cardiovascular disease, although experimental evidence favors the 
involvement of adipokines.12, 13 In this thesis we hypothesize that local 
depots of perivascular adipose tissue (PVAT) in the microcirculation 
might send adipokines directly to the microvessels, thereby controlling 
insulin-induced microvascular vasodilation, and thus microvascular 
blood volume in skeletal muscle under different plasma insulin levels.14 
Several observations have led to this hypothesis. First, it has been 
observed that insulin’s ability to cause vasodilation in the 
microcirculation is associated with insulin sensitivity.15, 16 Second, 
adipokines are produced in microvascular beds.17 Third, arteries with 
perivascular adipose tissue (PVAT) develop endothelial dysfunction 
during a high fat diet, whereas arteries without PVAT do not.18 Through 
the stimulation or inhibition of vasodilation and –constriction, PVAT 
could therefore modulate increases in blood volume in the microvessels, 
so-called ‘microvascular recruitment’, with this latter being a 
determinant of insulin sensitivity and cardiovascular risk.15, 19 Since 
publication of this hypothesis in 2005, interest in PVAT has risen 
exponentially (Figure). Nevertheless, these articles mainly describe 
PVAT abutting the large vessels, and microvascular PVAT has still 
received little attention. Therefore, little is still known about the 
contribution of PVAT to microvascular dysfunction in obesity. The 
importance of PVAT to the microcirculation, especially in skeletal 
muscle, is highlighted by the fact that, together, skeletal muscles form 
one of the largest organs, and are responsible for the major part of 
insulin-induced glucose uptake. This glucose uptake is partly 
determined by transport to the tissue, and thus microvascular blood 
volume, the recruitment of this microvascular blood volume being 
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disturbed in obesity.15 The central question to this thesis is if, and if so 
under which circumstances, PVAT influences insulin’s effect on 
microvascular recruitment.  

1
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Figure. The amount of articles published in Pubmed per year 
The figure displays the number of articles retrieved by PubMed1 with the search query 
“perivascular adipose tissue”, per year. *The hypothesis paper about PVAT is reference 
14. 

  
  The central question is divided in a several subquestions: 
-Is insulin-induced microvascular recruitment a shared trait between 
the microcirculation in skin and skeletal muscle? 
-Is the degree of insulin-induced microvascular recruitment related to 
whole body insulin mediated glucose uptake? 
-Does perivascular adipose tissue regulate insulin-induced 
microvascular responses and if so, what mechanisms contribute? 
-How does the phenotype of PVAT change during nutrient excess, and is 
this reflected by the changes in microvascular vasoreactivity? 
-What mechanism is responsible for the changing phenotype of PVAT 
during nutrient excess? 
-Does perivascular adipose tissue explain the altered microvascular 
responses to insulin in-vivo in obesity? 
 
  These issues will be addressed in the forthcoming chapters. 
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  Chapter 2 gives an overview of current knowledge in the field of 
microvascular function, with respect to cardiovascular disease and 
insulin sensitivity in particular, as well as the current knowledge about 
PVAT. In chapter 3a, the relation between insulin-induced changes of 
microvascular blood volume and insulin-induced glucose uptake is 
studied in healthy human volunteers with a broad range of BMIs using 
hyperinsulinemic euglycemic clamps and contrast-enhanced ultrasound 
(CEU) along with capillary videomicroscopy. Chapter 3b describes the 
relation between skeletal muscle perfusion at baseline and blood 
pressure in this same group. In chapter 4, the effect of PVAT from the 
muscle microcirculation is studied ex-vivo for the first time. Putative 
mechanisms are studied in this chapter, making use of different mouse 
models, focussing particularly on inflammation but also other 
responsible mediators such as adiponectin and AMPK. The contribution 
of AMPK to the regulation of microvascular tone by insulin in mice, rats 
and human microvascular endothelial cells is further detailed in 
chapter 5. In chapter 6, the effects of a two-week diet-intervention 
on both PVAT-function and endothelial function are tested in mice with 
hyperinsulinemic euglycemic clamps, CEU, bone-marrow 
transplantations and pressure myography. In chapter 7 human 
microvascular PVAT is studied in a group of healthy lean women and a 
group of healthy obese women. Here, we used a combination of 
hyperinsulinemic euglycemic clamps, CEU, skeletal muscle biopsies, 
pressure myography of biopsy-obtained skeletal muscle arterioles and 
histology. Chapter 8 is the general discussion for this thesis, where an 
integrated view of the physiology and pathophysiology of PVAT will be 
presented. In addition, directions for future research will be discussed. 
In chapter 9, a short summary and conclusion will be presented. 
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Abstract 
Obesity is associated with insulin resistance, hypertension and 

cardiovascular disease, but the mechanisms underlying these 
associations are incompletely understood. Microvascular dysfunction 
may play an important role in the pathogenesis of both insulin 
resistance and hypertension in obesity. Adipose tissue-derived 
substances (adipokines) and especially inflammatory products of 
adipose tissue control insulin sensitivity and vascular function. In the 
past few years, adipose tissue associated with the vasculature, or 
perivascular adipose tissue (PVAT), has been shown to produce a 
variety of adipokines that contribute to regulation of vascular tone and 
local inflammation. This introduction describes our current 
understanding of the mechanisms linking PVAT to vascular function, 
inflammation and insulin resistance. Furthermore, we will discuss 
mechanisms controlling the quantity of and adipokines secreted by 
PVAT.  
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 The global epidemic of obesity is paralleled by a catastrophic 
increase in the prevalence of cardiometabolic diseases. Obesity has 
been implicated in the rising prevalence of the metabolic syndrome, a 
cluster of risk factors including hypertension, insulin resistance and 
dyslipidemia, which confers an increased risk for type 2 diabetes and 
cardiovascular disease (CVD).1 Although this is well recognized, the 
underlying mechanisms are poorly understood. The importance of 
understanding these mechanisms is stressed by the burden of diabetes 
and hypertension on the health care system, in The Netherlands alone, 
costs for the care for diabetes patients is approximately €4.5 billion, 
and €6 billion is lost on reduced labor productivity.2 In The Netherlands, 
the prevalence of diabetes is approximately 4.8%, with 87.000 new 
patients each year, a number that increases annually.3 Life-expectancy 
in people with type 2 diabetes is reduced by approximately 10 years, 
due to the increased cardiovascular risk associated with the disease. 
Hypertension is present in over 30% of all adults in The Netherlands. 
The prevalence of obesity (BMI >30 kg/m2) is approximately 13%, 
whereas the prevalence of overweight (BMI 25-30 kg/m2) is 38%.4 

2

Obesity-associated microvascular dysfunction is hypothesized to 
explain part of the clustering of cardiovascular risk factors, through 
reduced perfusion of tissues and increased peripheral resistance, 
predisposing obese subjects to CVD.5, 6 Microvascular dysfunction can 
include a range of conditions, from reduced antithrombotic effects to 
increased expression of inflammatory markers or reduced capillary 
density, but in the context of this thesis microvascular dysfunction is 
refers to a reduced ability of the vessels in the microcirculation to 
increase their diameter in response to various stimuli. 

The microcirculation is generally taken to include vessels of less 
than ~150 m in diameter; that is, the smallest arteries, arterioles, 
capillaries, and venules. A primary function of the microcirculation is to 
optimize nutrient and oxygen supply within the tissue in response to 
variations in demand. Adequate perfusion via the microcirculatory 
network is essential for the integrity of tissue and organ function. In 
addition, it is at the level of the microcirculation that a substantial 
proportion of the drop in hydrostatic pressure occurs. The 
microcirculation is therefore extremely important in determining overall 
peripheral vascular resistance and arterial blood pressure. 
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 Microvascular dysfunction, by affecting both flow resistance and 
tissue perfusion, is not only important in the development of obesity-
related target-organ damage in the eye and kidney, as well as in the 
development of hypertension and insulin resistance.6-9 

We will discuss the role of microvascular dysfunction as an 
explanation for the associations among obesity, hypertension and 
impaired insulin-induced glucose disposal. Subsequently, we will 
examine communicative pathways from adipose tissue to the 
microcirculation and hypothesize how perivascular adipose tissue 
(PVAT) could play a major role in the development of microvascular 
dysfunction. 
 
Microvascular dysfunction in obesity, hypertension and insulin 
resistance 

Obesity, hypertension and insulin resistance are characterized by 
microvascular dysfunction.9-12 Dysfunction of the microvasculature at 
the level of both resistance vessels and the nutritive capillary beds 
develops progressively along with an increase in adiposity, even in 
children.13-15 Impaired microvascular endothelium-dependent 
vasodilation occurs in response to various vasodilators, including 
insulin.14, 16, 17 Obese individuals demonstrate diminished capillary 
density,14 which is inversely associated with visceral adiposity as 
measured with MRI and truncal subcutaneous adipose tissue using 
skinfold measurements.13 In hypertension, the mechanisms regulating 
vasomotor tone are abnormal, leading to enhanced vasoconstriction or 
reduced vasodilator responses to various vasodilators, including 
insulin.9, 18, 19 Moreover, there are anatomic alterations in the structure 
of individual precapillary resistance vessels, such as an increase in their 
wall-to-lumen ratio. Finally, there are changes at the level of the 
microvascular network involving a reduction in the number of arterioles 
or capillaries within vascular beds of various tissues (e.g. muscle and 
skin), so called vascular rarefaction.9, 18, 20 Similar defects in 
microvascular function and structure are associated with insulin 
resistance, defined as decreased sensitivity and/or responsiveness to 
metabolic actions of insulin that promote glucose disposal. Capillary 
rarefaction is associated with insulin resistance.21 In non-diabetic obese 
subjects as well as non-diabetic, overweight hypertensive patients, 
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endothelium-dependent vasodilation and capillary recruitment to 
reactive hyperemia are inversely associated with insulin sensitivity.14, 17, 

20 Even in healthy, normotensive non-obese subjects a direct 
relationship between insulin sensitivity and microvascular function can 
be discerned.6 2

Taken together, microvascular dysfunction at the level of both 
resistance vessels and the nutritive capillary beds has been established 
in obesity, hypertension and insulin resistance. Importantly, 
microvascular abnormalities that lead to impaired tissue perfusion in 
obesity, hypertension and insulin resistance appear to represent a 
generalized condition that affects multiple tissues and organs. Not only 
peripheral microvascular function in skin and muscle, but also coronary, 
retinal and renal microvascular function is affected.9, 22, 23 Consequently, 
impaired tissue perfusion seems involved in target-organ damage and 
complications that involve several vascular beds (e.g. retinopathy, 
lacunar stroke, microalbuminuria and heart failure).9 Microvascular 
dysfunction has been shown to be a predictor of insulin resistance and 
of cardiovascular events, perhaps because of common defects in 
endothelial actions.5, 9, 22 The overall Framingham risk score is inversely 
correlated with skin capillary recruitment,24 maximal skin capillary 
density,25 and coronary flow reserve.26 Epidemiological27-30 and 
experimental7, 8, 11 data also suggest that obesity-related microvascular 
dysfunction may contribute to the development of cardiometabolic risk 
factors such as hypertension and insulin resistance. 
 
Hypertension as a result of microvascular dysfunction 
Peripheral vascular resistance is increased proportionally to the increase 
in diastolic blood pressure in most forms of experimental and clinical 
hypertension.9 This increase in peripheral vascular resistance is likely to 
reflect changes in the microcirculation. In several tissues both 
microvascular endothelium-dependent vasodilation and capillary density 
have been found to correlate inversely with blood pressure in 
hypertensive and normotensive subjects.6, 14, 19, 20 Whereas it has been 
known for many years that increased wall-to-lumen ratio and 
microvascular rarefaction can be secondary to sustained elevation of 
blood pressure,9 there is also evidence that abnormalities in the 
microcirculation precede high blood pressure, and thus may be a causal 
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component of hypertension. Microvascular rarefaction can already be 
demonstrated in subjects with mild intermittent hypertension and in 
normotensive subjects with a genetic predisposition to high blood 
pressure, in a similar magnitude as the rarefaction observed in patients 
with established hypertension,31, 32. Moreover, in hypertensive subjects, 
capillary rarefaction in muscle has been shown to predict the increase in 
mean arterial pressure over two decades.33 More recently, a smaller 
retinal arteriolar diameter has been shown to predict the occurrence 
and development of hypertension in a prospective, population-based 
study of normotensive middle-aged persons.27, 29 Other, indirect 
evidence comes from studies demonstrating that inhibitors of 
angiogenesis and especially inhibitors of VEGF/VEGFR-2 signaling cause 
arterial hypertension, which is paralleled in severity by microvascular 
rarefaction and reversible upon discontinuation of the angiogenesis 
inhibitor.34, 35 In addition, calculations by mathematical modeling of in 
vivo microvascular networks predict an exponential relationship 
between capillary and arteriolar number and vascular resistance.34, 36 
Total vessel rarefaction up to 42% (within the range observed in 
hypertensive humans) can increase tissue vascular resistance by 
21%.37 In a microvascular network maturation model, rarefaction of 
vessels below a critical diameter was shown to be important in 
determining the mature network structure and its response to 
hypertension.38 It was shown that there was a network density 
threshold below which resistance to flow dramatically increased. In 
addition, simulating hypertension in a mature and already compromised 
network leads to further rarefaction.39 

Our understanding of the role of obesity-associated 
microvascular abnormalities in the development of hypertension has 
been enhanced by studies in the obese Zucker rat, in which a defective 
leptin receptor gene causes excessive food intake and leads to obesity, 
hypertension, and type 2 diabetes. The obese Zucker rat shows 
microvascular remodeling and rarefaction in skeletal muscle before any 
elevation of blood pressure has occurred, and rarefaction still occurs if 
the increase in blood pressure is prevented by treatment with 
hydralazine, a direct-acting smooth muscle relaxant.40 Rarefaction in 
this situation is therefore not a consequence of hypertension. Thus, it 
seems likely that microvascular abnormalities in obesity can both result 
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from, and contribute to, hypertension, and a “vicious cycle” may exist in 
which the microcirculation maintains or even amplifies an initial 
increase in blood pressure.41 However, according to the Borst-Guyton 
concept, chronic hypertension can occur only if renal function is 
abnormal with a shift in the renal pressure-natriuresis relationship.42 In 
the absence of the latter, increased peripheral resistance only 
temporarily raises blood pressure, to be followed by an increase in renal 
sodium excretion restoring blood pressure towards normal. Importantly 
therefore, subtle renal microvascular disease43 as well as a reduced 
number of nephrons44 may reconcile the Borst-Guyton concept with the 
putative role of vessel rarefaction in the etiology of high blood 
pressure.42, 45 This may also explain the observed salt sensitivity of 
blood pressure in insulin resistant subjects.46 In agreement with a 
central role for generalized microvascular dysfunction as a link between 
salt sensitivity, insulin resistance and hypertension recent data suggest 
an association between salt sensitivity and microvascular dysfunction 
independent of hypertensive status. More importantly, microvascular 
function, at least statistically, largely explained associations of salt 
sensitivity with both insulin resistance and elevated blood pressure.45  

2

In summary, microvascular dysfunction, by affecting peripheral 
vascular resistance and renal function, may initiate the pathogenic 
sequence and subsequently maintain or amplify the initial increase in 
blood pressure. It may also explain salt-sensitivity of blood pressure 
associated with insulin resistance. 
  
Insulin resistance as a result of microvascular dysfunction 
Recent evidence indicates that insulin delivery to the skeletal muscle 
interstitium is the rate limiting step in insulin-stimulated glucose uptake 
by skeletal muscle, and is much slower in obese insulin-resistant 
subjects than in normal subjects.7 Interestingly, insulin acts on the 
vasculature at different levels which may potentially regulate its own 
delivery to muscle interstitium7, 8, 11: (A) relaxation of resistance 
arteries/arterioles to increase total blood flow; (B) relaxation of pre-
capillary arterioles to increase the microvascular exchange surface 
perfused within skeletal muscle (microvascular/capillary recruitment); 
(C) transendothelial transport of insulin.  
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Insulin’s effect on total blood flow 
Insulin increases total blood flow and blood volume in skeletal 

muscle.8, 47 Mainly because the ability of insulin to dilate skeletal muscle 
vasculature is impaired in a wide range of insulin-resistant states (e.g. 
obesity, hypertension, type 2 diabetes), Baron et al.47 introduced the 
concept that insulin’s vasodilator and metabolic actions (i.e. glucose 
disposal) are functionally coupled. However, despite the compelling 
nature of these findings, the concept that insulin might control its own 
access and that of other substances, particularly glucose, has been 
challenged.48 In experiments with lower doses of insulin and shorter 
time courses of insulin infusion, it was shown that insulin-induced 
changes in total blood flow appear to have time kinetics and a dose 
dependence on insulin different from those for the effect on glucose 
uptake. In addition, studies in which glucose uptake has been measured 
during hyperinsulinemia and studies that manipulated total limb blood 
flow with different vasodilators have shown that total limb blood flow 
could be increased in either normal or insulin-resistant individuals, yet 
there was no increase in insulin-induced glucose uptake.7, 8, 11 Induction 
of endothelial dysfunction with subsequent impairment of insulin-
induced increases in total limb blood flow also does not decrease 
insulin-induced glucose uptake.49 These discrepant findings have been 
ascribed to the fact that various vasoactive agents may change total 
flow but have distinct effects on the distribution of perfusion within the 
microcirculation. In addition, it should be appreciated that increasing 
total blood flow will have little or no impact on total glucose uptake by 
the tissue in the absence of an appreciable arterial–venous 
concentration gradient, as is the case in insulin resistance states.7 
However, expansion of the endothelial surface area available for 
exchange of insulin, glucose or other nutrients through the recruitment 
of additional microvasculature within muscle can enhance nutrient 
delivery to the tissue, even under circumstances where the extraction 
ratio is small, provided there is a demonstrable intravascular–interstitial 
gradient.7, 50  

 
Insulin-induced microvascular/capillary recruitment 

Clark et al.8 have introduced the concept that distribution of 
blood flow in nutritive compared to non-nutritive vessels, independent 
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of total muscle flow, may affect insulin-induced glucose uptake. By 
elegant studies in rats, applying different techniques to measure 
capillary recruitment (1-methylxanthine metabolism) and microvascular 
blood volume and perfusion (Contrast Enhanced Ultrasound, CEU) 
(figure 1) and laser Doppler flowmetry, they could demonstrate that 
insulin mediates changes in muscle microvascular perfusion consistent 
with capillary recruitment.8, 51 This capillary recruitment is associated 
with changes in skeletal muscle glucose uptake independently of 
changes in total blood flow, requires lower insulin concentrations than 
necessary for changes in total blood flow, and precedes muscle glucose 
disposal.8, 50 Moreover, insulin-induced capillary recruitment is impaired 
in obese Zucker rats.52 Other indirect evidence also supports the 
concept that the in vivo effect of insulin is determined, at least in part, 
by insulin’s own effect to reach metabolically active tissues by changing 
total or local blood flow distribution patterns. For example, lean mice 
with a reduced capillary density exhibit muscle insulin resistance.53 
Recently, the effects of systemic insulin infusion on transport and 
distribution kinetics of the extracellular marker [14C]inulin were studied 
in an animal model that allowed access to hindlimb lymph, a surrogate 
for interstitial fluid.54 Insulin, at physiological concentrations, augments 
the access of the labeled inulin to insulin-sensitive tissues. In addition, 
access of macromolecules to insulin-sensitive tissues is impaired during 
diet-induced insulin resistance.55 The presented data suggest that 
insulin redirects blood flow from non-nutritive vessels to nutritive 
capillary beds, resulting in an increased and more homogeneous overall 
capillary perfusion termed “functional capillary recruitment”. The latter 
would enhance the access of insulin and glucose to a greater mass of 
muscle for metabolism. Consistent with such a mechanism in humans, 
insulin increases microvascular blood volume as measured with CEU or 
positron emission tomography, and concomitantly enhances the 
distribution volume of glucose in human muscle.7, 8, 56 Subsequently, 
capillary recruitment was reported in the forearm of healthy humans 
following a mixed meal and was found to closely follow the time-
dependent rise in plasma insulin.57 In addition, insulin-induced 
microvascular recruitment in the forearm was shown to be impaired in 
obese women when they were exposed to a physiological insulin 
clamp,58 and after a mixed meal.59 By directly visualizing capillaries in 
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human skin, it has been demonstrated that systemic hyperinsulinemia 
is capable of increasing the number of perfused capillaries.6, 14 
Comparable to insulin-induced microvascular recruitment in the 
forearm,58 the action of insulin on capillary recruitment is impaired in 
obese subjects.14, 60  
 

 
Figure 1. Contrast enhanced ultrasound 
Measurement of microvascular blood volume using CEU. Cross-section of the flexor 
muscles of the human forearm (A). After destruction of—steady state—contrast-
microbubbles in the region of interest with a high intensity ultrasound burst (B). After full 
replenishment of skeletal muscle microvasculature with microbubbles (C). Inflow-curve 
showing video-intensity reach plateau = microvascular blood volume (D). S.c.fat, 
subcutaneous fat; ROI, region of interest. 

 
Further insight into the complex relationships among 

vasodilation, blood flow velocity, and capillary recruitment was gained 
through measurement of the capillary permeability-surface (PS) for 
glucose and insulin. PS for a substance describes its capacity to reach 
the interstitial fluid. This depends on the permeability and the capillary 
surface area, of which the latter in turn partly depends on the amount 
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of perfused capillaries. A recent investigation employing direct 
measurements of muscle capillary permeability showed that PS for 
glucose increased after an oral glucose load, and a further increase was 
demonstrated during an insulin infusion.61 Importantly, the increase of 
PS was exerted without any concomitant change in total blood flow. It 
was concluded that the insulin-induced increase in PS seen after oral 
glucose is important for the glucose uptake rate in normal muscle.61 
Interestingly, the transcapillary delivery of insulin to the muscle 
interstitium and the onset of insulin action to stimulate glucose uptake 
were equally delayed among obese, insulin-resistant individuals.62 In a 
recent study, using the same technique, the metabolic and vascular 
effects of the nitric oxide vasodilator metacholine were investigated in a 
group of obese, insulin resistant and insulin sensitive individuals during 
glucose-stimulated physiological hyperinsulinemia.63 The results 
demonstrated that, in obesity, even in the absence of measurable 
increments in total forearm blood flow, capillary recruitment (i.e. 
PSglucose) and forearm glucose disposal increased in response to a 
glucose challenge, which effect was blunted in the insulin resistant 
individuals. Subsequently, it was demonstrated that in the obese, 
insulin-resistant subjects, an intrabrachial metacholine infusion 
attenuated the impairment of muscle microvascular recruitment and the 
kinetic defects in insulin action. To date, there is one study where the 
hypothesis that insulin increases delivery to muscle has been 
challenged.64 During hyperinsulinemic euglycemic clamps, transport 
parameters and distribution volumes of [14C]inulin (a polymer of D-
fructose of similar molecular size to insulin) were determined in healthy, 
non-obese subjects. The results suggest that, in contrast to earlier 
findings of the same group performed in a canine model,54, 55 
physiological hyperinsulinemia does not augment access of 
macromolecules to insulin-sensitive tissues in healthy humans. The 
study is somewhat hampered by the fact that microvascular perfusion 
was not assessed at the same time, in contrast to earlier mentioned 
studies.61-63  

2

Insulin’s effect on capillary recruitment are considered to be 
caused by insulin-induced effects on precapillary arteriolar tone and/or 
on arteriolar vasomotion.7, 8, 11  
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Insulin’s effect on transendothelial transport 
Finally, transendothelial transport (TET) is a third potential site 

for regulation of insulin delivery.7 Recent in vivo and in vitro findings 
suggest that insulin crosses the vascular endothelium via a trans-
cellular, receptor-mediated pathway, and emerging data indicate that 
insulin acts on the endothelium to facilitate its own TET.65 It is still 
unclear whether capillary recruitment and TET of insulin may be related 
or may function independently. Intriguingly, NO has recently been 
found to enhance the TET of insulin.66 Thereby, insulin reinforces its 
delivery through increased transport, exchange surface and the entry 
from the bloodstream to the interstitium. 
All together, these data illustrate the importance of the microcirculation 
in regulating nutrient and hormone access to muscle, and raise the 
possibility that any impairment in capillary recruitment may cause an 
impairment in glucose uptake by muscle. 
 
Impairment of insulin-induced microvascular recruitment – 
vascular insulin resistance 
Insulin resistance in skeletal muscle is characterized by the diminished 
ability of insulin to initiate intracellular PI3k-dependent signaling. 
However, insulin receptors and insulin signaling are not exclusively 
restricted to skeletal muscle, but can also be observed in vascular cells. 
Insulin directly targets the endothelial cell where it stimulates NO 
release from the vascular endothelium in a PI3K-dependent manner 
that involves the Akt-mediated phosphorylation of eNOS. Nitric oxide 
release from the endothelium in turn leads to vasodilation.67 
Additionally, insulin activates the mitogen-activated protein kinase 
pathway in endothelial cells, which enhances the generation of the 
vasoconstrictor ET-1 via ERK1/2 signaling.67, 68 In healthy subjects the 
vasodilator signal predominates, but if signaling from the insulin 
receptor to eNOS is inhibited pharmacologically or downregulated by 
insulin resistance, this can lead to impaired insulin-induced vasodilation 
or even insulin-stimulated vasoconstriction. In this manner, vascular 
insulin resistance may contribute to the development of hypertension 
and impaired overall insulin-stimulated glucose uptake.11, 69, 70  

In obese rats, the insulin-signaling pathways are impaired 
selectively: insulin-induced activation of PI3-kinase, Akt and eNOS is 
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impaired, but insulin-induced activation of ERK1/2 and ET-1 is intact.71, 

72 Recently, it has been demonstrated that impaired insulin signaling in 
endothelial cells, due to reduction of both IRS2 expression and insulin-
induced eNOS phosphorylation, caused attenuation of insulin-induced 
capillary recruitment and insulin delivery. This in turn reduced glucose 
uptake in skeletal muscle by approximately 40%.69 Moreover, 
restoration of insulin-induced eNOS phosphorylation in endothelial cells 
completely reversed the reduction in capillary recruitment and insulin 
delivery in tissue-specific knockout mice lacking Irs2 in endothelial cells 
and fed a high-fat diet. As a result, glucose uptake by skeletal muscle 
was restored in these mice. These results show that insulin signaling in 
endothelial cells plays a pivotal role in the regulation of glucose uptake 
by skeletal muscle. Notably, during obesity induced by high fat feeding, 
inflammation and insulin resistance developed in the vasculature well 
before these responses were detected in muscle, liver, or adipose 
tissue.73 Indeed, the diminished insulin-induced microvascular 
recruitment can exist independently from myocellular insulin-
resistance.74 These observations suggest that the vasculature is more 
susceptible than other tissues to the deleterious effects of nutrient 
overload and may play a pathophysiological role in inducing the insulin 
resistance of obesity. The contribution of insulin signaling to the 
regulation of blood pressure in different states of insulin resistance is 
less unequivocal.75  

2

In addition to cell culture models, insulin has also been shown to 
stimulate both ET-1 and NO activity at the level of the resistance 
vessels of forearm of healthy humans.76 Moreover, obese, hypertensive 
humans show an increased ET-1-dependent vasoconstrictor tone and 
decreased NO-dependent vasodilator tone at the level of the resistance 
arteries, as well as insulin-induced vasoconstriction77.78 Increased 
circulating levels of endothelin have been described in obesity and 
increased endogenous endothelin activity contribute to the impaired 
endothelium-dependent vasodilation that characterizes this state.79, 80 
Furthermore, increased endogenous endothelin action contributes to 
insulin resistance in skeletal muscle of obese humans, likely through 
both vascular and tissue effects.79, 81 However, endothelin-antagonism 
alone seems insufficient to normalize vascular insulin sensitivity in 
obese subjects, suggesting that endothelin alone does not account for 
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vascular insulin resistance in humans.82 On the other hand, 
metacholine, an NO vasodilator, seems to improve muscle capillary 
recruitment and forearm glucose uptake in response to physiological 
hyperinsulinemia in obese, insulin resistant individuals.63 

Taken together, shared insulin-signaling pathways in metabolic 
and vascular target tissues with complementary functions seem to 
provide a mechanism to couple the regulation of glucose with 
hemodynamic homeostasis. 
 
Perivascular adipose tissue 

The functions of adipose tissue depend on the quantity, location, 
consistency, and bioactive products of adipose tissue. It has been 
proposed that the blunted microvascular recruitment results from 
altered adipokine-secretion from adipose tissue, and perivascular 
adipose tissue specifically.83 
Here, we will consider the biology of adipose tissue, and more 
specifically perivascular adipose tissue (PVAT) which is at a very 
relevant location for regulation of tissue perfusion and blood pressure. 
It has previously been proposed that signaling from perivascular 
adipose tissue (PVAT) to the vasculature (“vasocrine” signaling) may 
reduce insulin-induced glucose disposal by reducing microvascular 
recruitment in response to various vasodilators and also be responsible 
for vascular diseases associated with obesity, such as atherosclerosis.83 
Indeed, in recent years, evidence has emerged suggesting that PVAT 
may indeed hold one of the keys to effective future treatment or 
prevention of both insulin resistance and cardiovascular disease in 
obesity. This introduction aims to summarize and evaluate this 
evidence. 

Eringa et al. have demonstrated that there is a cuff of adipose 
tissue around the origin of nutrient arterioles, isolated from cremaster 
muscles of obese Zucker rats.83, 84 This has led to the hypothesis that in 
states of obesity, PVAT may signal to the vessel wall, both locally 
(‘paracrine’) and downstream (‘vasocrine’), through outside-to-inside 
signaling.83 PVAT around nutrient arterioles may inhibit the effects of 
systemic insulin on local vasodilation, with consequent reduction of 
nutritive blood flow and insulin action. Recently, some evidence has 
been published in support of the hypothesis that obesity-related 
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changes in adipose tissue have direct effects on the vasoactive 
properties of PVAT.85 Small arteries with and without PVAT were taken 
from subcutaneous gluteal fat biopsy samples and studied with wire 
myography and immunohistochemistry. It was demonstrated that 
healthy adipose tissue around human small arteries secretes 
adiponectin, which influences vasodilation by increasing nitric oxide 
bioavailability. However, in PVAT from obese subjects with metabolic 
syndrome the loss of this dilator effect was accompanied by an increase 
in adipocyte area and immunohistochemical evidence of inflammation, 
with increased activity of TNF-α. In isolated resistance arteries of the 
rat cremaster muscle, adiponectin influences insulin signaling in the 
endothelium by activating AMPK and inhibiting insulin’s vasoconstrictor 
effects, leading to overall insulin-induced vasodilation.86 In concordance 
with these findings other preliminary data in mice suggest that PVAT 
controls insulin-induced vasodilation in muscle arterioles by secreting 
adiponectin. This mechanism is impaired in db/db mice, leading to 
impaired insulin-induced vasodilation. The possible origins and driving 
forces behind the deposition of PVAT are currently under investigation. 

2

Elevated FFA and TNF-α concentrations and decreased 
adiponectin concentrations are likely candidates to link (perivascular) 
adipose tissue with defects in microvascular function, at least in part, 
by influencing insulin signaling and thereby insulin’s vascular effects. 
Below we will discuss the rationale for the hypothesis that PVAT may 
cause microvascular dysfunction in obesity. 
 
Location, origin and cellular composition of perivascular adipose tissue 

Throughout the body, most arteries and veins with a diameter of 
>100 microns are surrounded by adipocytes. The term PVAT refers to 
adipose tissue around vessels, irrespective of location. Known locations 
of PVAT include the coronaries (comprising a component of epicardial 
adipose tissue),87 aorta (periaortic adipose tissue),88 and the 
microvascular beds of the mesentery,89 muscle,83 kidney,90 and adipose 
tissue.85 

PVAT consists of adipocytes, fibroblasts, stem cells,91 mast 
cells92, 93 and nerves.94 PVAT is initially formed during the embryological 
phase and remains in place throughout life. During times of nutrient 
abundance and obesity PVAT expands and undergoes an inflammatory 
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transformation. In the first phase, mainly in utero, PVAT is assumed to 
form from mesoderm in association with the developing blood vessels.95 
I will not further discuss this phase here, as the pathophysiological 
growth of PVAT associated with vascular dysfunction mainly occurs in 
adults.  

The volume of PVAT is associated with the quantity of intra-
abdominal adipose tissue.96, 97 The mechanisms involved in the 
expansion of PVAT involve differentiation of resident mesenchymal stem 
cells/preadipocytes as well as infiltration and differentiation of stem 
cells from bone marrow. The conversion of stem cells/preadipocytes to 
adipocytes can be triggered by activation of PPARγ,98 and can be 
inhibited by the Wnt signaling pathway and preadipocyte factor 1 (pref-
1).99 Interestingly, mast cells have recently been shown to control 
adipose tissue expansion as well as insulin sensitivity.100 This adipogenic 
effect of mast cells is likely to be mediated by PPARγ, as mast cells are 
a known source of the natural PPARγ activator 15d-PGJ2.101  

Infiltration of PVAT by immune cells such as macrophages and T 
lymphocytes has been demonstrated in periaortic adipose tissue in 
obesity and atherosclerosis.88, 102, 103 The accumulation of T lymphocytes 
may trigger further expansion of PVAT as T cells, like mast cells, 
stimulate adipogenesis by production of 15d-PGJ2 and activation of 
PPARγ.102 Macrophages do not affect the quantity of PVAT, but produce 
cytokines that alter the secretion of adipokines by PVAT. Accumulating 
evidence suggests that the products of PVAT, i.e. adipokines, contribute 
to regulation of vascular function. Both protective physiologic and 
pathologic properties of PVAT have been proposed. 
 
 
Obesity-related signaling and vascular insulin resistance caused 
by individual adipokines from perivascular adipose tissue 

Adipose tissue depots send signals to the surrounding tissues 
through adipokines, initially described as adipose tissue-derived 
cytokines, adipokines are now known as a large and diverse group of 
substances secreted by adipose tissue with endocrine or paracrine 
functions. These substances, comprising hormones, cytokines, 
chemokines and fatty acids, can be secreted by adipocytes, but also by 
macrophages, mast cells or other cells within adipose tissue. The rate of 
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secretion of various adipokines differs between PVAT and other adipose 
tissue depots, and may vary between PVAT at different sites in the 
vascular tree.85, 104, 105 Adipokines such as fatty acids, tumor necrosis 
factor alpha and adiponectin have been shown to affect insulin 
sensitivity, but also inflammatory responses, appetite, atherosclerosis 
and hemostasis.106  

2
 

Obesity-related microvascular dysfunction and insulin resistance 
may be caused by altered adipokine signaling from adipose tissue to 
blood vessels, which impairs the balance of NO- and ET-1 production in 
the microvascular endothelium. (Vascular) insulin resistance in obesity 
is manifested through complex, heterogeneous mechanisms that can 
involve increased fatty acid flux, microhypoxia in adipose tissue, ER 
stress, secretion of adipocyte-derived cytokines and chronic tissue 
inflammation.84, 107, 108 A discussion of all of these factors in detail is 
beyond the constraints of this introduction. We will focus largely on the 
interactive role of fatty acids, angiotensin II, tumor necrosis factor- α 
(TNF-α) and the adipokine adiponectin, but especially on the production 
of these substances by perivascular adipose tissue (PVAT), and its 
effects on the pathogenesis of microvascular insulin resistance. 
Perivascular adipose tissue is a source of adipokines, such as TNF-α and 
adiponectin and PVAT has recently been identified around coronary 
arteries.87, 105 This implies that adipokines are produced in the vicinity of 
the vascular endothelium and may mean that circulating levels of e.g. 
TNF-α underestimate the biologically relevant concentrations of this 
cytokine. In this context, a regulatory role for local production of 
adipokines by PVAT around arterioles in skeletal muscle, has been 
proposed (Figure 2).83, 84  
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Figure 2. Pictures of perivascular adipose tissue in the hindlimb of mice 
A. Picture of a lean C57Bl/6 mouse. 
B. Macroscopic picture of the gracilis muscle and the resistance artery with adjacent 

PVAT in a lean mouse. 
C. Microscopic picture of the resistance artery (A) feeding the gracilis muscle with the 

adjacent venule (V) and PVAT. 
D. Picure of an obese db/db mouse. 
E. Macroscopic picture of the gracilis muscle and the resistance artery with adjacent 

PVAT in a db/db mouse. 
F. Microscopic picture of the resistance artery feeding the gracilis muscle with the 

adjacent venule and PVAT. Compared to the lean situation (figure 2C) the amount of 
PVAT has increased dramatically. 

 
Vascular insulin resistance and Free Fatty Acids (FFA) 
  By use of magnetic resonance spectroscopy, FFA-induced insulin 
resistance in humans has been shown to result from a significant 
reduction in the intramyocellular glucose concentration, suggestive of 
glucose transport as the affected rate-limiting step.109 The current 
hypothesis, supported by data from protein kinase theta (PKC-θ) knock 
out mice, proposes that fatty acids upon entering the muscle cell 
activate PKC-θ. PKC-θ activates a serine kinase cascade leading to the 
phosphorylation and inactivation of IRS-1.110 Since the technique of 
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magnetic resonance spectroscopy can identify a gradient only from 
extracellular to intracellular glucose in muscle cells, it remains to be 
proven that this gradient is not present between the plasma and 
intracellular glucose and thus reflect this as the rate-limiting step of 
glucose delivery induced by fatty acids. Interestingly, studies suggest 
that glucose delivery contributes to sustaining the transmembrane 
glucose gradient and, therefore, is a determinant of glucose 
transport.111 This would be consistent with the finding in rats that FFA 
elevation concomitantly impairs insulin-induced muscle capillary 
recruitment and glucose uptake.112 In lean humans, FFA elevation has 
been shown to reduce whole body glucose uptake and to impair insulin-
induced capillary recruitment in skin60 and skeletal muscle,113 while in 
obese individuals FFA lowering has opposite effects.60 Moreover, 
changes in capillary recruitment statistically explained ~29% of the 
association between changes in FFA levels and insulin-induced glucose 
uptake.60  

2

Insulin signaling in endothelial cells is also impaired by elevated 
fatty acid concentrations through the same PKC-θ mechanism which 
may in turn negatively influence the balance between insulin-induced 
vasodilation and vasoconstriction, so being responsible for the FFA-
induced impaired capillary recruitment. In support of such a 
mechanism, PKC-θ has been shown to be present in the endothelium of 
muscle resistance arteries of both mice and humans and to be activated 
by physiological levels of insulin and pathophysiological levels of 
palmitic acid.114 By genetic and pharmacological inhibition of PKC-θ 
activity in mice, it was demonstrated that activation of PKC-θ by FFA 
leads to insulin-induced vasoconstriction by inhibiting insulin-induced 
Akt activation (resulting in a reduction of vasodilation), while still 
permitting insulin-induced ERK1/2 activation (resulting in enhanced ET-
1–dependent vasoconstriction) (Figure 3).114 These data are consistent 
with a role for FFA-induced microvascular dysfunction in the 
development of obesity-associated disorders.60 Like all adipose tissue 
depots, PVAT will also produce FFAs. Whether PVAT produces significant 
amounts of FFAs is to-date unknown. But production of FFAs by PVAT 
could perhaps clarify part of the controversy around FFAs in insulin 
resistance.115  
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Figure 3. Insulin signaling pathways affecting insulin-induced vasodilation and 
vasoconstriction, and proposed mediators from perivascular adipose tissue 
Effect on insulin signaling by TNF-α or FFA. Normal insulin signaling is mediated by either 
insulin receptor substrate, Akt, eNOS, and NO production leading to vasodilation or by 
ERK1⁄2 and ET-1 production leading to vasoconstriction. TNF-α and FFA affect the insulin 
signaling pathway by the activation of JNK or PKC-θ, leading to impaired Akt activation 
induced by TNF-α and FFA, and increase in ERK1⁄2 activation by FFA, both of which lead 
to insulin-mediated vasoconstriction in muscle resistance artery.  AMPKα2=5’-AMP-
activated protein kinase subunit α2, Ang II=angiotensin II, Ca++=divalent Calcium, 
eNOS=endothelial Nitric Oxide Synthase, ET-1=endothelin 1, FFA=Free Fatty Acids, 
IRS1/2=Insulin Receptor Substrate 1 and 2, JNK=c-Jun N-terminal Kinase, 
MAPK=Mitogen-activated protein kinase, NO=Nitric Oxide, PI3-k= Phosphoinositide 3-
kinase, TNF-α=Tumor Necrosis Factor α. 

 
Vascular insulin resistance and inflammation  

In parallel with the perturbations in fatty acid metabolism, 
adipocyte microhypoxia and ER stress precipitate a series of events that 
result in the recruitment of a specific population of pro-inflammatory, 
M1-like macrophages into adipose tissue.108 Activation of these 
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macrophages leads to the release of a variety of chemokines (which 
recruit additional macrophages) and pro-inflammatory cytokines by the 
adipocytes. In turn, these cytokines complement the profile of secreted 
circulating adipokines, and these combine to have endocrine or 
paracrine effects on the vasculature.84 In the past years, several 
adipokines have been shown to alter vascular tone and vessel wall 
inflammation. Adipokines that act directly on vascular endothelium 
include TNF-α, IL-6, leptin and adiponectin.84 Of the adipokines, TNF-α 
has been best characterized for its action to induce metabolic insulin 
resistance by activation of inflammatory pathways, with consequent 
inhibition of IRS-1 and Akt phosphorylation116 and AMP-kinase 
signalling.117 It thereby inhibits nitric oxide production in small vessels. 
In rats, TNF-α elevation concomitantly impairs insulin-induced muscle 
capillary recruitment and glucose uptake.118 Moreover, in isolated 
skeletal muscle resistance arteries, TNF-α impairs the vasodilatory, but 
not the vasoconstrictor effects of insulin through activation of c-Jun N-
terminal kinase (JNK) and impairment of insulin-induced activation of 
Akt (Figure 3).119 Tumor necrosis factor α’s selective inhibition of 
vasodilator effects results in insulin-induced vasoconstriction. JNK has 
been shown to regulate whole-body insulin sensitivity as well as insulin-
induced cell signalling.120 In cultured bovine Aortic Endothelial Cells, 
TNF-α induces insulin resistance in the phosphatidylinositol 3-
kinase/Akt/eNOS pathway and enhances ERK1/2 and AMPK 
phosphorylation.121 Recent interesting evidence suggests that insulin 
sensitivity is improved by treatment through neutralizing TNF-α with the 
monoclonal antibody, infliximab, in patients with ankylosing 
spondylitis,122 indicating that TNF-α is indeed an important adipokine 
that may be at least partially responsible for an insulin resistant state. 
Notably, compared to healthy controls, patients with ankylosing 
spondylitis had impaired microvascular endothelium-dependent 
vasodilation and capillary recruitment, which was normalized following 
anti-TNF-α treatment.123  

2

Morphological studies reveal substantial differences in 
inflammation between peripheral subcutaneous and intra-abdominal 
(visceral) fat depots.Truncal subcutaneous adipose tissue may share 
some of the characteristics of visceral fat. Intra-abdominal adipose 
tissue contains more monocytes and macrophages and expresses more 
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TNF-α than subcutaneous adipose tissue in obesity.124-126 In accord with 
this, increased visceral adipose tissue and trunk/extremity skinfold ratio 
were shown to be associated with an increased inflammation score, 
which combined information on concentrations of C-reactive protein, IL-
6, and TNF-α. Circulating TNF-α levels, however, are inconsistently 
associated with capillary recruitment.127,13 This may be explained by the 
fact that TNF-α may not be a good candidate as a systemic fat-derived 
signal, due to its low circulating concentration.125 That does however 
not rule out TNF-α as an important mediator for microvascular 
dysfunction, but its production may be closer to its site of action than 
previously thought. Therefore we hypothesize local production of TNF-α 
by PVAT exerts a paracrine effect on adjacent microvessels. 
Substantiating this claim is the observation that the amount of 
cytokines secreted by PVAT does not correlate with plasma cytokine 
concentrations,105 although the secreted adipokines do correlate with 
vascular function.97 A substantial number of studies has shown that 
PVAT is a source of, predominantly pro-inflammatory, cytokines and 
chemokines,87, 93, 128 Mazurek et al. found that epicardial PVAT from 42 
patients who underwent elective CABG surgery, excreted higher 
amounts of IL-1β, IL-6, IL-6sR and TNF-α than subcutaneous adipose 
tissue from these same patients.87 In another study, IL-6 and IL-8 
secretion, as well as MCP-1 release , by differentiated perivascular 
adipocytes was higher than that from subcutaneous and perirenal fat.105 
These findings illustrate the importance of adipose tissue location and 
that systemic concentrations of adipokines may not be representative of 
local concentrations in tissues. Furthermore, the inflammatory 
properties of epicardial adipose tissue were independent of obesity.87 
 Aside from cytokines, PVAT is also a source of chemokines such 
as IL-8, MCP-1 and RANTES.128, 129 These have been implicated in the 
initiation of vessel wall inflammation and concomitant production of 
cytokines. 
 
Adiponectin 

Adiponectin is an abundant protein in the human circulation that 
has been shown to increase insulin sensitivity and to improve vascular 
function, and concentrations of which are inversely associated with risk 
for type 2 diabetes.130, 131 Adiponectin expression is limited to adipose 
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tissue, but paradoxically, its levels are decreased in obesity. This has 
been proposed to be caused by inhibition of its release by TNF-α and IL-
6, as well as other inflammatory mediators.106 Contrarily, adiponectin 
inhibits the production of TNF-α and other cytokines. Although its 
molecular structure is very similar to that of TNF-α,106 the effects of 
adiponectin are largely opposite to those of TNF-α. Indeed, adiponectin 
has been described to favorably affect insulin-signaling pathways.132 
When infused in vivo in rats, adiponectin increases microvascular blood 
volume in skeletal muscle through stimulation of NO-production, 
stimulating insulin-induced glucose uptake.133 

2

Adiponectin occurs in a low-molecular-weight, middle-molecular-
weight and a high-molecular weight form in the circulation, but it is not 
fully clear yet which form carries the highest biological activity. It has 
been shown that PVAT in the heart134 and in adipose tissue produces 
adiponectin.85 In subjects with coronary artery disease, production of 
adiponectin is reduced in epicardial adipose tissue.135 The secretion of 
adiponectin by differentiated perivascular adipocytes, obtained from the 
coronaries of human organ donors, remained much lower during a 24-
day course when compared to subcutaneous and perirenal adipocytes, 
suggesting that PVAT would have a more inflammatory profile than 
other fat depots.105 Conversely, another study has reported similar 
content of adiponectin in homogenates of PVAT, subcutaneous and 
abdominal visceral adipose tissue.136 These observations raise the 
possibility of regulation of adiponectin secretion independently from 
synthesis. 
 
Vascular insulin resistance and angiotensin II (AngII).  

Another potential mechanism of crosstalk between adipose tissue 
and the microvasculature is the renin-angiotensin system (RAS). Obese 
individuals are characterized by increased activity of the RAS.137 
Adipocytes are rich sources of angiotensinogen, the precursor protein of 
angiotensin II (AngII), and possess all the enzymes necessary to 
produce AngII.138 These findings suggest the existence of a local renin-
angiotensin system in adipose tissue. Moreover, the amount of 
angiotensinogen mRNA in adipose tissue is 68% of that in the liver, 
supporting an important role for adipose angiotensinogen in AngII 
production.139  
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Angiotensin II causes vasoconstriction via the type 1 receptor 
(AT1R) and vasodilation through the type 2 receptor (AT2R). Both are 
expressed in muscle microvasculature140 and in vitro studies have 
repeatedly shown that angiotensin II (AngII) impairs vascular insulin 
signaling and reduces insulin-stimulated NO production via the AT1R.141-

143 AngII also increases the expression of interleukin 6 and TNF-α, as 
well as oxidative stress via the nuclear factor kappa B pathway, which 
may also impair insulin signaling. Therefore, insulin resistance and RAS 
activation could cooperatively facilitate microvascular vasoconstriction. 
This provides a plausible explanation for repeated clinical trial findings 
that AT1R blockade decreases blood pressure and improves insulin 
sensitivity in patients with insulin resistance.144-146 Surprisingly, acutely 
raising AngII systemically also improves muscle glucose disposal and 
this is thought to be secondary to the hemodynamic effects of AngII.147, 

148 Neither study, however, examined the microvascular changes. It has 
been hypothesized that these seemingly discordant findings may reflect 
the differential effects of AngII via AT1Rs and AT2Rs.140 Chai et al140 
demonstrated, that AngII, acting on both AT1R and AT2R, regulates 
basal skeletal muscle microvascular blood volume, glucose metabolism, 
and oxygenation in rats. Basal AT1R tone restricts muscle microvascular 
blood volume, and thus area available for glucose extraction, whereas 
basal AT2R activity increases muscle microvascular blood volume and 
glucose uptake via a NO-dependent mechanism. Interestingly, 
administration of the AT1R blocker losartan increased muscle 
microvascular blood volume by >3-fold and hindleg glucose extraction 
simultaneously increased by 2- to 3-fold. Human data examining the 
effects of AngII and AT1R blockers on microvascular function are 
scarce. Using the microdialysis technique, AngII has been shown to 
decrease local blood flow in a dose-dependent manner in skeletal 
muscle tissue.149 Recently, it has been demonstrated that acute infusion 
of AngII impairs insulin-induced microvascular recruitment, as assessed 
with capillary microscopy, but enhances insulin stimulated whole-body 
glucose disposal.150 Moreover, acute AT1R blockade with irbesartan, but 
not acute calcium channel blockade with felodipine, increased 
microvascular recruitment during hyperinsulinemia in mildly 
hypertensive individuals despite similar blood pressure reductions.151 
This beneficial effect of irbesartan on microvascular recruitment was 
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however not associated with increased insulin-induced glucose uptake. 
In contrast, 26-weeks treatment with the AT1R blocker valsartan 
improved whole body glucose uptake, but had no effect on capillary 
density in fasting conditions (i.e. fasting insulin levels).152 The latter 
study did not assess insulin-induced capillary recruitment. The human 
data, therefore are not unequivocal. It should be realized that there is 
cross talk between the RAS and insulin signaling at multiple levels and 
it remains possible that AngII may have simultaneous direct vascular 
and metabolic effects that may not necessarily be coupled.  

2

 
Perivascular adipose tissue (PVAT) has been shown to express all 

components of the renin-angiotensin system except renin,153 suggesting 
PVAT can induce microvascular dysfunction through inhibition of insulin-
induced vasoreactivity. Interestingly, angiotensin production by 
mesenteric adipose tissue was found to be higher than that in periaortic 
adipose tissue, showing regional differences in this system.153 
 
Leptin 

Leptin, the product of the ob gene discovered in 1994, is one of 
the best-known adipokines. Deficiency of leptin activity leads to severe 
insulin resistance and vascular dysfunction in mice and rats,52, 154 
showing that leptin controls metabolism and vascular function. Leptin 
has been shown to increase nitric oxide (NO) production in the presence 
of insulin.155 Circulating levels of leptin are increased in obesity, but 
resistance to leptin’s effects has been proposed to decrease leptin 
activity in obesity.  
Perivascular adipose tissue expresses leptin, although to a somewhat 
lower extent than subcutaneous and perirenal adipose tissue, and leptin 
secretion increases during diet-induced obesity.105, 156  
 
Adventitia-derived relaxing factor (ADRF) 

Perivascular adipose tissue around the aorta and mesenteric 
arteries of rats89, 157 has been shown to exert a direct relaxing effect on 
vascular smooth muscle, mediated by one or more adventitia-derived 
relaxing factors (ADRFs). One of these ADRFs has been identified as 
angiotensin 1-7,158 but others advocate it is either hydrogen sulphide,157 
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or adiponectin.85 It is not known yet whether ADRFs are expressed by 
human PVAT. 
 
Reactive oxygen species 

Production of reactive oxygen species (ROS) by PVAT has 
primarily been found in the larger arteries of rats and mice. ROS in 
PVAT are produced by NADPH oxidase in immune cells,129, 159, 160 which 
can be increased by angiotensin160 and by experimental obesity.159 
 
Vasoactive properties of perivascular adipose tissue 

Accumulating evidence suggests that the products of PVAT can 
regulate vascular function. Moreover, vascular function, specifically 
microvascular function such as tissue perfusion, contributes to the 
regulation of insulin sensitivity.8 Here, we will discuss the effect of PVAT 
on vascular function.  

No data have however been published directly linking insulin-
induced vasoreactivity, a contributor to insulin-induced glucose uptake, 
to the phenotypic characteristics of PVAT. It has nevertheless been 
hypothesized that PVAT does indeed influence insulin-induced 
vasoreactivity.83 Moreover, there are numerous studies that report on 
the important role PVAT has in vascular tone regulation. For example, 
adiponectin has been shown to be a potential regulator of microvascular 
tone, and it is likely that PVAT is an important production site for 
adiponectin; there is an increase in plasma adiponectin concentration 
over the cardiac muscle, indicating that adiponectin is locally produced 
and used, presumably by PVAT.134 The vasoactive properties of PVAT 
have been studied in the aorta and other large vessels, but also in the 
microcirculation.85  
 
Effect of PVAT on endothelium-dependent vasodilation 

The endothelium is an important modifier of vascular tone and 
recent evidence suggests PVAT alters the balance between 
endothelium-dependent vasodilator and vasoconstrictor substances 
such as NO and endothelin-1.161 PVAT could modify vascular reactivity 
by secreting adipokines, some of which are known to affect 
vasoreactivity.119 Because the profile of adipokines secreted by PVAT 
changes in obesity, vascular reactivity may be altered as a 
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consequence.105 The amount of PVAT surrounding the brachial artery is 
negatively associated with post-ischemic increase in forearm blood flow, 
a measure of microvascular dilation downstream, but not with 
vasodilation at the brachial artery, suggesting that PVAT mainly has an 
effect on the microcirculation through a vasocrine mechanism, or that 
PVAT quantity around the brachial artery is associated with the amount 
of PVAT in the microcirculation.97 Vascular dilation by glyceryl trinitrate 
administration was also not affected, precluding a direct effect of PVAT 
on smooth muscle in this study.97 The observation that PVAT does not 
have a local effect on endothelial function is contested by evidence from 
ex-vivo studies. In human internal thoracic arteries (ITA), PVAT inhibits 
the vasoconstrictor response to U 46619, a thromboxane 
A2/prostaglandin H2 receptor agonist. The concentration at which 50% 
of maximum constriction was achieved was the same for the ITA’s with 
and without PVAT, indicating that PVAT attenuates maximum 
contractility, but not sensitivity of the endothelial cell to U 46619. 
Endothelium independent vasodilation was not modified by PVAT. The 
anti-contractile factor secreted by PVAT is transferable and can be 
inactivated by heating.162 Anti-contractile properties of PVAT are not 
only seen in large arteries, but also in the microcirculation.85  

2

Perivascular adipose tissue around microvessels derived from 
subcutaneous gluteal fat of healthy lean subjects, also possesses 
anticontractile properties.85 When a microvessel is exposed to PVAT-
conditioned medium, it responds with relaxation, even in the absence of 
an exogenous agonist. These anti-contractile properties are abrogated 
when a microvessel is exposed to PVAT from metabolic syndrome 
patients, suggesting functional differences between PVAT from lean 
subjects and subjects with metabolic syndrome. Moreover, in response 
to norepinephrine, microvessels with PVAT from lean healthy subjects 
exhibit less vasoconstriction than microvessels without PVAT or PVAT 
from patients with metabolic syndrome. In a further set of experiments, 
the anti-contractile effects of PVAT were abolished by scavenging 
adiponectin with a soluble adiponectin-receptor 1 fragment. These 
results point to a crucial role of adiponectin, an anti-inflammatory 
adipokines in the anti-contractile function of PVAT. Furthermore, these 
anti-contractile properties of PVAT are attenuated under hypoxic 
conditions which are known to decrease adiponectin production.85, 163 
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When microvessels with PVAT from lean subjects are incubated with 
TNF-α, which is a pro-inflammatory adipokine, the anti-contractile effect 
is attenuated. However, in experiments with PVAT from patients with 
metabolic syndrome, blocking TNF-α with infliximab in experiments with 
PVAT from patients with metabolic syndrome, has no effect on 
microvascular tone.85 The authors speculated that in obesity, 
perivascular adipocytes increases in size, creating the hypoxic 
environment, which decreases adiponectin production, but 
acknowledged that other adipokines from the perivascular adipocytes 
probably have additional effects.85 A drawback of this study is that even 
though the microvessels used were harvested from humans, the 
microvessels and PVAT were from gluteal fat biopsies. Microvessels 
situated in a large depot of adipose tissue may respond differently to 
PVAT-derived adipokines than microvessels in other tissues such as 
muscle and heart, and the boundary between PVAT and subcutaneous 
adipose tissue may be poorly defined. Moreover, these are all acute 
experiments and chronic exposure to the factors secreted by PVAT 
could have different effects. 

The anti-contractile effects of PVAT are also seen with 
mesenteric arteries from lean New Zealand Black mice, where 
vasoconstriction in response to norepinephrine, endothelin and 
angiotensin II is acutely blunted. These anti-contractile properties are 
abolished in New Zealand Obese mice. Conversely, PVAT does not affect 
vasodilation in response to acetylcholine or bradykinin in either NZB or 
NZO mice.159  

PVAT itself could be a source of NO, as indicated by studies with 
DAF fluorescence, a marker of NO. After 8 weeks of a high fat diet, 
PVAT stimulated with leptin, preserves vascular reactivity.164 It should 
be noted that in this study, NOS inhibitors were not used in combination 
with DAF, and therefore DAF fluorescence may be caused by radicals 
other than NO. Leptin could be a stimulator of NO production, but 
epicardial PVAT from swine with a diet-induced metabolic syndrome 
secreted more leptin than epicardial PVAT in lean swine, and the 
increased production of leptin attenuated, rather than enhanced, 
endothelium-dependent vasodilation.156 Moreover endothelial function 
was restored by adding a leptin antagonist. In this study, the authors 
reported only on leptin secretion by PVAT, and not other adipokines. 
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Leptin concentration in the mesenteric arteries in Spontaneous 
Hypertensive Rats (SHR) is lower than in Wistar-Kyoto (WKY) rats, but 
leptin produced more vascular relaxation in SHR. Leptin-induced 
relaxation is not modulated by PVAT in both WKY and SHR.165 Taken 
together, leptin released by PVAT may cause vasodilation or 
vasoconstriction, depending on the location of PVAT. 

2
 

Remarkably, hyperglycemia potentiates the anti-contractile 
effect of periaortic PVAT on the endothelium in response to 
phenylephrine.166 In the presence, but not in absence of PVAT, acute 
hyperglycemia blunted phenylephrine-induced contraction of aortic 
rings, irrespective of the presence of endothelium. Aortic rings with 
intact PVAT and endothelium exhibited the least contraction in response 
to phenylephrine, and aortic rings stripped of both PVAT and 
endothelium showed the most contraction. Aortic rings stripped of 
either PVAT or endothelium had intermediary responses. These results 
hold true for control rats as well as streptozocin-induced diabetic (STZ) 
rats.166  

 
In conclusion, PVAT enhances endothelium-dependent vasodilation, 
probably through adiponectin or leptin. Contrarily, leptin may also 
enhance vascular constriction. The exact mechanisms through which 
PVAT modulates (micro-)vascular tone remain to be investigated. 
Moreover, there seems to be not only an endothelium-dependent effect 
of PVAT, but also a direct effect on smooth muscle function. 
 
Direct effect of perivascular adipose tissue on smooth muscle tone 

Vascular tone is regulated not only by the endothelium, but the 
smooth muscle cells, which like the endothelium can be directly affected 
by vasoactive substances as well. In rodent-models, PVAT of the aorta 
and mesenteric bed secretes a substance called Adipocyte Derived 
Relaxing Factor (ADRF) - also called PVRF (perivascular adipose tissue 
derived relaxing factor),167 which directly acts on smooth muscle cells. 
At present it is not fully clear if there is one or more ADRF and what the 
ADRF(s) are. The modulating effect of ADRF on vascular reactivity is 
mediated by potassium (Kv) channels in the smooth muscle cells. 
Galvez et. al. performed experiments on PVAT in Wistar Kyoto (WKY) 
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rats and Spontaneously Hypertensive Rats (SHR). In a perfused 
mesenteric bed, the perfusion pressure increase was greater in WKY 
than in SHR after potassium-channel blockade with 4-Aminopyridine (4-
AP). The more PVAT present, the larger was the response to 4-AP. The 
increase in perfusion pressure after potassium-channel blockade 
indicates that PVAT secretes a potassium-channel dependent anti-
contractile substance. Moreover, both SNP and ACh decrease perfusion 
pressure in the same magnitude in the perfused mesenteric bed of WKY 
and SHR, which points to a smooth-muscle cell effect, and not to 
endothelium-dependent relaxation. In isolated mesenteric arteries the 
vasoconstriction generated by serotonin is blunted by PVAT in both WKY 
as well as SHR,165 which also points to smooth muscle cell dependency. 
The anti-contractile effect of PVAT is greater in WKY, so that functional 
changes in PVAT may contribute to the higher arterial tone in SHR.168 In 
lipoatrophic mice, vascular constriction on phenylephrine was 
aggravated in aortic rings compared to wild-type mice, due to the 
absence of PVAT. Perfusion pressure in the mesenteric vascular bed was 
also increased in response to phenylephrine.169  
 

Serotonin increases perfusion pressure more in perfused 
mesenteric vascular beds of mice without than withPVAT. Adiponectin 
knockout mice PVAT retained anti-contractile properties, which suggests 
that adiponectin is not Adipocyte Derived Relaxing Factor.136 However, 
in experiments with human arteries, when adiponectin action is blocked 
through an adiponectin type 1 receptor fragment, the anticontractile 
properties of PVAT are completely attenuated.85 One of the ADRFs 
recently identified is angiotensin 1-7, which activates the Mas receptor, 
resulting in vasorelaxation.170 Whether angiotensin 1-7, or another 
ADRF, is secreted by human PVAT, and what its role is in vasoreactivity 
remains to be proven. 

Bariatric surgery restores the anticontractile effect of PVAT from 
subcutaneous adipose tissue on denuded resistance arteries to levels 
comparable with PVAT from healthy subjects, despite maintained 
obesity.171 This improvement is mediated by increased adiponectin 
secretion and lower oxidative stress.  
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In conclusion, PVAT has anti-contractile properties, and some, 
but not all studies find that this effect is mediated by the endothelium. 
Data on the functional change of PVAT in adiposity are not conclusive, 
but most studies find that these anti-contractile properties are lost in 
obesity.  2
 
The relation of perivascular adipose tissue with insulin 
sensitivity 
As mentioned above, vascular function and especially microvascular 
blood volume in muscle are related to insulin sensitivity. Since obesity 
is associated with insulin resistance, reduction of microvascular blood 
volume and altered properties of PVAT, it has been proposed that PVAT 
causes microvascular dysfunction and insulin resistance in obesity. 
Although there are at present no studies that prospectively link PVAT to 
diabetes, a number of studies provide indirect evidence for this 
hypothesis.  

First, several studies suggest that ectopic adipose tissue, 
especially within muscles, strongly relates to local insulin sensitivity. 
The amount of PVAT surrounding the brachial artery97 and of adipose 
tissue between muscles (intermuscular adipose tissue or IMAT)172 are 
inversely related to insulin-sensitivity. Even though IMAT accounts for 
only 3% of total thigh AT, it has the strongest correlation with insulin 
sensitivity in obese subjects and subjects with type 2 diabetes mellitus. 
After a 16-week weight-loss program, the IMAT compartment in the 
thigh decreased more markedly than subcutaneous fat and subfascial 
fat.173  

Second, vascular function, especially muscle perfusion, 
contributes to regulation of insulin-induced glucose disposal. Increased 
amounts of adipose tissue, as observed in obese subjects and rats, are 
accompanied by impairment of muscle perfusion. Impairment of muscle 
perfusion has been estimated to account for 30-50 percent of insulin 
resistance.7 

Third, we have found accumulation of PVAT around the arterioles 
that regulate muscle perfusion. Aside from intermuscular adipose tissue 
(between different muscles) and PVAT around the femoral artery, we 
have found that PVAT exists within muscles, i.e. intramuscular PVAT. 
This location is especially relevant given the increasing evidence for 
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regulation of muscle insulin sensitivity by microvascular perfusion in 
muscle.7, 174 By regulating endothelium-dependent vasodilation, insulin-
induced vasoreactivity and muscle perfusion, PVAT may control muscle 
glucose uptake and hence determine risk of future type 2 diabetes. 
Using selective manipulation of PVAT, this hypothesis remains to be 
tested in future studies. 

Taken together, these data support the hypothesis that PVAT is 
one of the causes of insulin resistance. In the forthcoming chapters we 
will examine this hypothesis in further detail.  

 
Conclusion 
Obesity has been implicated in the rising prevalence of the metabolic 
syndrome, a cluster of risk factors including, hypertension and insulin 
resistance, which confers an increased risk for type 2 diabetes and 
cardiovascular disease. In the present chapter we have reviewed the 
complex interaction between microvascular function, intracellular insulin 
signaling pathways and obesity-related endocrine and paracrine 
signaling molecules explaining the associations among obesity, 
hypertension and impaired insulin-induced glucose uptake. We have 
provided evidence that microvascular abnormalities such as vascular 
rarefaction can cause an increase in peripheral resistance and might 
initiate the pathogenic sequence in hypertension. In addition, shared 
insulin-signaling pathways in metabolic and vascular target tissues may 
provide a mechanism to couple the regulation of glucose and 
hemodynamic homeostasis. Metabolic insulin resistance is characterized 
by pathway-specific impairment in PI3-kinase–dependent signaling, 
which in endothelium may cause imbalance between production of NO 
and secretion of ET-1, limiting nutritive blood flow, and thus insulin and 
substrate delivery to target tissues and possibly increasing vascular 
resistance. Adipose tissue-derived FFAs, an upregulated renin-
angiotensin system, pro-inflammatory cytokines including TNF-α, as 
well as decreased adiponectin expression may contribute to impairment 
of insulin’s metabolic and vascular actions by modulating insulin 
signaling and transcription. Perivascular fat may act as an integrated 
organ responsible for generating these local and systemic signals. 
Indeed, PVAT is increasingly recognized as a widespread, relevant 
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tissue in vascular biology and an important determinant of 
cardiovascular complications of obesity. Recent studies have shown that 
PVAT relates to endothelium-dependent vasodilation and inflammation 
by secreting a variety of adipokines that affect vascular tone and 
infiltration of inflammatory cells. The mechanisms controlling the 
quantity of PVAT and adipokine secretion from this tissue remain to be 
determined. As PVAT shows statistical relationships with insulin 
resistance, controls vascular function and is located within insulin target 
tissues, it may well contribute to the pathogenesis of type 2 diabetes as 
well as cardiovascular disease.  

2

 
Perspective 

The current studies focusing on adipose tissue derived cytokines 
and their modulating effects on microvascular function, promise a 
better understanding of the pathophysiology underlying the clustering 
of cardiovascular risk factors. These results may lead to new 
therapeutic approaches that specifically target underlying causes of 
obesity-related disorders. 
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Abstract 
Rationale Insulin-induced capillary recruitment is considered a 

determinant of insulin-mediated glucose uptake. Insulin action on the 
microvasculature has been assessed in skin, however, there is concern 
as to whether the vascular responses observed in skin reflect those in 
muscle. We hypothesized that insulin-induced capillary recruitment in 
skin would correlate with microvascular recruitment in muscle in a 
group of subjects displaying a wide variation in insulin sensitivity.  

Methods and results Capillary recruitment in skin was 
assessed using capillary videomicroscopy, and skeletal muscle 
microvascular recruitment (i.e. increase in microvascular blood volume) 
was studied using contrast-enhanced ultrasonography (CEU) in healthy 
volunteers (n = 18, mean age 30.6 ± 11.1 years). Both microvascular 
measurements were performed during saline infusion, and during a 
hyperinsulinemic euglycemic clamp. During hyperinsulinemia, capillary 
recruitment in skin was augmented from 58.1±18.2 to 81.0±23.9% 
(p<0.0001). Hyperinsulinemia increased microvascular blood volume in 
muscle from 7.00 (2.66 – 17.67) to 10.06 (2.70 – 41.81) units (p = 
0.003). Insulin’s vascular effect in skin and muscle were correlated 
(r=0.57). Insulin’s microvascular effects in skin and muscle showed 
comparable strong correlations with insulin-mediated glucose uptake; 
r=0.73 and r=0.68, respectively.  

Conclusions insulin-augmented capillary recruitment in skin 
parallels insulin-mediated microvascular recruitment in muscle and both 
are related to insulin-mediated glucose uptake.  
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Introduction 
Evidence suggests that insulin delivery to skeletal muscle 

interstitium is the rate-limiting step in insulin-stimulated muscle glucose 
uptake, and that delayed delivery contributes to insulin resistance.1-3 It 
has been proposed that insulin promotes its own access to muscle 
interstitium by effects on the microcirculation.4-7 Specifically, it has 
been suggested that insulin, by relaxation of pre-capillary arterioles and 
effects on microvascular vasomotion, recruits capillaries to expand the 
endothelial surface available for transportation of insulin, glucose and 
other nutrients.8, 9  

3a3a

 The study of insulin’s microvascular actions has long-time been 
hampered by the perceived lack of appropriate techniques for its study 
in humans. Because of its easy accessibility, the skin microvasculature 
has been studied in a variety of conditions.10 At present, many efforts 
to examine the microvascular action of insulin have come from work 
examining skin microvasculature.4 The skin is an insulin-sensitive 
organ11 and the only site available in humans to directly and non-
invasively assess capillary density as well as vasomotion, i.e. the 
spontaneous rhythmic change of arteriolar diameter. Using capillary 
videomicroscopy and laser Doppler fluxmetry, we previously reported 
that, in healthy individuals, systemic hyperinsulinemia increases the 
number of erythrocyte-perfused capillaries and influences vasomotion.12 
Moreover, blunted insulin-mediated capillary recruitment is associated 
with impaired insulin-mediated glucose uptake observed in obesity13 
and during elevated plasma FFA concentrations.14 These studies 
provided evidence that insulin regulates the microvasculature and, 
specifically, can expand the surface area available for nutrient 
exchange. However, concern has been expressed as to whether the 
vascular responses observed in skin reflect those in muscle.4, 6, 15, 16 
Whereas the effects of insulin on vasomotion measured in skin12 can be 
reproduced in muscle,17 it is unclear whether insulin-induced capillary 
recruitment in skin is paralleled by capillary recruitment in muscle. 
Capillary recruitment cannot be directly assessed in muscle, but 
contrast-enhanced ultrasound (CEU) (which provides a measure of 
microvascular volume) has been used successfully to examine the 
effects of insulin18 and insulin resistance19, 20 on human muscle 
microvasculature. To enhance our understanding and interpretation of 
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the skin microvascular studies, the first objective of this study is to 
assess whether insulin’s microvascular actions in skin are correlated to 
those in muscle. Secondly, we aimed to assess the association between 
insulin’s microvascular action in muscle and insulin-mediated glucose 
uptake. As yet, a significant association between insulin-mediated 
glucose uptake and microvascular recruitment has only been reported 
in human skin, but not human skeletal muscle. 
 In a group of normotensive and glucose-tolerant subjects 
showing a wide range in insulin sensitivity, the current study examined 
the effects of physiological hyperinsulinemia on skin capillary density 
and muscle microvascular volume as assessed by capillary 
videomicroscopy and CEU, respectively. Relationships between insulin’s 
metabolic and vascular actions in skin and muscle were also studied. 
 
Research design and methods 
Subjects 

Eighteen healthy volunteers participated in this study. They were 
recruited through local advertisements. None had a history of 
cardiovascular disease, all were non-diabetic21 and normotensive 
(<140/<90 mmHg) as determined by triplicate office blood pressure 
measurement. Participants were of Caucasian origin and non-smokers. 
No medication was used during 4 weeks leading up to and on the day of 
study. The experiments were performed at the clinical research unit, in 
a quiet temperature-controlled room. 
The study protocol was approved by the local Ethics Committee and in 
accordance with the Declaration of Helsinki. Written informed consent 
was obtained from all participants. 
 
Study design 

All individuals underwent the study protocol as shown in figure 1. 
Measurements were conducted in a fasting state on an outpatient basis 
in a quiet, temperature-controlled room (23.0±1.0°C) after 30 minutes 
of acclimatization. Subjects had abstained from caffeine, alcohol and 
meals overnight. The microvascular measurements (skin and muscle) 
were performed in the supine position and in random order for both the 
baseline microvascular measurement, as well as the microvascular 
measurement during hyperinsulinemia. 
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Figure 1.  Design of the study 
“Micro” indicates video-microscopy and contrast enhanced ultrasonography; “X”, blood 
samples for fasting measurements and insulin concentrations.  

3a3a
 
Skin microvascular measurements (capillary videomicroscopy) 

Nailfold capillary studies were performed as described 
previously.22 Nailfold capillaries in the dorsal skin of the third finger of 
the left hand were visualized by a capillary microscope (Zeiss), linked to 

a television camera (Philips LDH 070/20). A 3.2x objective (Zeiss 
3.2/0.07) was used with a total system magnification of 99x. The 
number of perfused capillaries was counted off-line by an experienced 
investigator (M.P.d.B.) from a videotape. Capillary density at baseline 
was defined as the number of capillaries per square millimeter which 
were continuously perfused for 15 seconds during an observation-period 
of 30 seconds. During this observation period, some capillaries are 
continuously perfused with erythrocytes, whereas others are only 
intermittently perfused. Intermittently perfused capillaries are 
considered an important functional reserve that can be recruited during 
situations of increased metabolic demand and hyperinsulinemia.12 Since 
the assessment of the cumulative open-time of the intermittently 
perfused capillaries is difficult and laborious, we have used the 
difference between capillary density at baseline and postocclusive 
reactive hyperemia (PRH) after four minutes of arterial occlusion as a 
measure of this functional reserve.12, 23 PRH closely approximates 
counting all capillaries which are perfused for any amount of time 
during a three minute observation. Both approaches demonstrate an 
increase in capillary density during hyperinsulinemia.12 Capillary 
recruitment was calculated as the relative increase in capillary density 
from the continuously filled fraction to capillary density after PRH. 
Insulin-augmented capillary recruitment (percentage-points) was 
defined as the increase in capillary recruitment during hyperinsulinemia 
from capillary recruitment during saline infusion.  
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The day-to-day coefficients of variation (CV) of baseline capillary 

density and peak capillary density were 3.4±2.0% and 3.9±1.6% 
respectively, as determined in 10 subjects on separate days.  
 
Skeletal muscle microvascular measurements (contrast enhanced 
ultrasonography) 

Contrast enhanced ultrasound experiments were performed with 
a Siemens-Acuson Sequoia 512 with a 17L5 transducer (Siemens-
Acuson, Mountain View, CA, USA). The flexor muscles of the right 
forearm were imaged with the volunteer in the supine position. 
Microbubbles (SonoVue®, Bracco, Milan, Italy) were infused 
continuously at a rate of 2.5 ml/minute for four minutes up to a total 
volume of 10 ml. When a systemic steady state microbubble 
concentration was achieved (2 minutes), 3 real-time inflow curves of 
>25 seconds each were performed after destruction of the microbubbles 
in the ultrasound beam with a high Mechanical Index (1.4). 
The microbubble inflow curves were analyzed off-line using the Image 
Processing toolbox in Matlab (Mathworks, Natick, MA). The mean video-
intensity during the first half second was subtracted to correct for 
background noise and large vessels in the region of interest (ROI) which 
was drawn in the skeletal muscle. Mean video-intensities in the ROI 
were normalized for the video-intensity in a large vessel to correct for 
differences in systemic bubble-concentrations, generating 
measurements comparable within and between subjects. The derived 
video-intensities were then fitted to the exponential function: y=A(1-e-

β(t-0.5)), (y represents video-intensity, A is the theoretical plateau video-
intensity after an infinite amount of time and represents the 
microvascular blood volume (MBV), β is the microvascular flow velocity 
(MFV), which represents vascular resistance and t is the time after the 
start of the inflow-curve; t is subtracted with half a second because of 
the correction for background noise and larger vessels.24  
 
Insulin sensitivity 

Insulin sensitivity was assessed by the hyperinsulinemic, 
euglycemic clamp technique.25 Briefly, insulin (Actrapid, Novo Nordisk, 
Bagsvaerd, Denmark) was infused in a primed (0.4 U ml-1) continuous 
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manner at a rate of 1 mU∙kg∙min-1. Euglycemia (5 mmol/L) was 
maintained by adjusting the rate of a 20% glucose infusion based on 
plasma glucose measurements performed at 5-10 minute intervals 
using an YSI 2300 STAT Plus analyzer (YSI, Yellow Springs, OH). Whole 
body glucose uptake (M-value) was calculated from the glucose infusion 
rate during steady state of the clamp and expressed per kilogram of 
(lean) body weight.  3a3a
Anthropometrics 

Lean muscle mass was determined by bioelectrical impedance 
analysis (BF906, Maltron, Rayleigh, UK). 
 
Statistical analyses 

All variables were first checked for normality of distribution. Data 
are presented as mean ± SD, or median and range when applicable. A 
paired samples t-test (Wilcoxon signed rank test for non-normally 
distributed data) was used to compare measurements during saline and 
insulin infusion. Pearson’s correlation analyses were used to investigate 
correlations between (changes in) microvascular function in the 
different vascular beds and insulin sensitivity. A two-tailed P-value of 
<0.05 was considered significant. All analyses were performed using 
the statistical software package SPSS version 15.0. 
 
Results 
Characteristics of the study group 

Baseline characteristics of the study group are shown in table 1. 
18 subjects were included in this study, of which 3 were men. The age 
of the study population averaged 30.6 years (range 18 to 54 years). 
BMI on the study-day ranged between 19.9 and 39.4 kg/m2. Metabolic 
study results are reported in table 2. The participants demonstrated a 
wide variation in insulin sensitivity ranging from 3.6 mg/kg lean 
weight/minute to 18 mg/kg lean weight/minute. Unfortunately, one 
videomicroscopy measurement and one CEU measurement failed in two 
separate subjects due to unexpected technical problems.  
 

 

 

 

 73 



Table 1. Characteristics of the study group  
Characteristic mean±SD or median 

(range) 
n (males) 18 (3) 
age, y 30.6±11.1 
waist (m) 0.85±0.13 
waist-to-hip ratio 0.83±0.07 
body mass index, kgm-2 25.7±5.6 

systolic blood pressure, mm Hg 118±12 
diastolic blood pressure, mm Hg 71±7 
heart rate, bpm 64±12 
fasting plasma glucose, mmol/L 4.9±0.4 
fasting plasma insulin, pmol/L 32.7 (13.4 – 86.4) 
fasting HDL-cholesterol, mmol/L 1.4±0.4 
fasting LDL-cholesterol, mmol/L 2.4±0.7 
fasting serum triglycerides, mmol/L 0.8 (0.5 – 2.8) 
fasting serum FFA, mmol/L 0.56±0.20 

 
Insulin increases capillary recruitment in skin 

Table 2 and figure 2 show skin microvascular measurements 
before and during hyperinsulinemia. The number of continuously 
perfused capillaries did not change during hyperinsulinemia (40.8±8.3 
vs. 40.3±8.6 per mm2). Capillary density of continuously and 
intermittently perfused capillaries, as assessed during peak reactive 
hyperemia, increased significantly during hyperinsulinemia (64.8±16.8 
vs. 72.9±17.5 per mm2, p < 0.0001). Consequently, capillary 
recruitment increased significantly during hyperinsulinemia 
(58.1±18.2% vs. 81.0±23.9%, p < 0.0001). 
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Table 2. Metabolic and microvascular results 
Characteristic mean±SD or median 

(range) 
metabolic measurements  

steady state plasma insulin clamp, pmol/L 515.5±95.2 

M-value, insulin sensitivity,  
       mg lean kg-1min-1 

10.7±3.7 

skin microvascular measurements  

saline continuously perfused capillaries, 
n/mm2 

40.8±8.3 

saline total capillary density, after PRH, 
n/mm2 

64.8±16.8 

saline capillary recruitment, % 58.1±18.2 

insulin, baseline continuously perfused 
capillaries, n/mm2 

40.3±8.6 

insulin, total capillary density, after PRH, 
n/mm2 

72.9±17.5 

insulin, capillary recruitment, % 81.0±23.9 

insulin-augmented capillary recruitment, %-
points 

15.3 (0.4 – 51.1) 

muscle microvascular measurements  

saline, MBV, video intensity  7.00 (2.66 – 17.67) 

saline, MFV, 1/sec 0.076 (0.012 - 0.347) 

insulin, MBV, video intensity 10.06 (2.70 – 41.81) 

insulin, MFV, 1/sec 0.120 (0.046 – 0.244) 

delta MBV, % 78±72  

3a3a
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Figure 2. Skin microvascular measurements before and during hyperinsulinemia 
Baseline, baseline capillary density; peak, capillary density during reactive hyperemia; %, 
capillary recruitment. *** P < 0.0001 insulin vs. saline.  

 
Insulin increases microvascular blood volume in muscle 
 Table 2 and figure 3 show microvascular measurements in 
muscle before and during hyperinsulinemia. The video-intensity of the 
CEU signal at plateau was significantly increased during 
hyperinsulinemia (7.00 (2.66 – 17.67) vs. 10.06 (2.70 – 41.81) p = 
0.003), indicating an increase in MBV, two subjects even exhibited a 
derecruitment of their microvascular blood volume. MFV, the rate at 
which the microbubbles reappear in the region of interest, was not 
significantly different between the saline infusion and hyperinsulinemia 
(0.076 (0.012 - 0.347) vs. 0.120 (0.046 – 0.244), p = 0.266). The 
product of MBV x MFV; a measure of microvascular flow, increased 
significantly during hyperinsulinemia from 0.47 (0.06 – 2.70) to 1.22 
(0.45 – 5.03), p = 0.006. 
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Figure 3. Muscle microvascular blood volume before and during 
hyperinsulinemia 
Muscle microvascular measurements before and during hyperinsulinemia, median and 
range. ** P < 0.01 saline vs. insulin.  

 
 

 
Figure 4. Association capillary recruitment in skin and muscle microvascular 
recruitment. 
Insulin augmented capillary recruitment in skin and insulin induced microvascular 
recruitment in skeletal muscle are related. MBV = Microvascular Blood Volume; n=16; 
r=0.57, p=0.02. 
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The change in microvascular blood volume in muscle is correlated with 
insulin-augmented capillary recruitment in skin 

As shown in figure 4, the insulin-induced change in MBV is 
correlated with the insulin-augmented capillary recruitment in skin (r = 
0.57, p = 0.02).  
 
Insulin-augmented capillary recruitment in skin is associated with whole 
body glucose disposal 
 Figure 5 shows the association between augmentation of skin 
capillary recruitment by insulin and whole body glucose disposal (M-
value). Insulin-induced augmentation of capillary recruitment showed a 
positive association with the insulin-mediated glucose disposal rate (r = 
0.73, p = 0.001).  
 

 
Figure 5. Association insulin-augmented capillary recruitment in skin and 
metabolic insulin sensitivity 
Insulin augmented capillary recruitment in skin and metabolic insulin sensitivity (M-value) 
are related; n=17; r=0.73, p=0.001. 
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Insulin-induced increase in microvascular blood volume in muscle is 
associated with whole body glucose disposal rate 

Figure 6 shows the association between the increase in MBV by 
insulin and whole body glucose disposal rate (M-value) (r = 0.68, p = 
0.003). Microvascular blood flow (MBV * MFV) did not show an 
association with insulin sensitivity. 

 

 

3a3a

Figure 6. Association muscle microvascular recruitment and metabolic insulin 
sensitivity.  
Insulin induced muscle microvascular recruitment and metabolic insulin sensitivity are 
related. MBV=Microvascular Blood Volume; n=17; r=0.68, p=0.003. 

 
Discussion 

The present study demonstrates that insulin-augmented capillary 
recruitment in skin is paralleled by insulin-mediated microvascular 
recruitment in muscle. Microvascular recruitment in both tissues were 
mutually correlated and showed an association with insulin-mediated 
whole body glucose uptake.  

The ability to investigate microvascular structure and function is 
important in improving our understanding of pathophysiological 
processes in many areas of cardiometabolic disease 26. Because of their 
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accessibility, cutaneous microvessels are suitable for mechanistic 
studies on vascular function and more specifically on function of 
nutritive capillaries. This unique property prompted us to examine the 
cutaneous microcirculation in order to investigate the microvascular 
actions of insulin which are proposed to control the delivery of insulin to 
muscle and thereby regulate skeletal muscle glucose uptake.12, 13 
Indirect evidence suggesting that the vascular responses observed in 
skin indeed might reflect those in muscle is provided by the fact that 
the effects of obesity and free fatty acids on insulin-induced capillary 
recruitment in skin13, 14 can be reproduced in the microcirculation of 
human muscle.19, 20 However, direct evidence that regulation of skin 
microvascular perfusion represents what is occurring in muscle was 
previously lacking. 

The present study is the first to demonstrate concurrent insulin-
augmented microvascular recruitment in skin and skeletal muscle. Both 
were mutually correlated and strongly associated with whole body 
glucose uptake. The association between insulin-augmented capillary 
recruitment in skin and insulin-mediated microvascular recruitment in 
muscle, however, was only modest. Theoretically, this may be due to 
differences in function of the microcirculation in skin and muscle: the 
vasculature of skin is highly specialized for processes such as heat 
exchange. However, heat dissipation is regulated mainly by arterio-
venous shunts rather than capillaries, which serve a nutritive function. 
As opposed to LaserDoppler flowmetry which, due tot its average depth 
of penetration, mainly measures flux in the subpapillary plexus, 
capillary videomicroscopy specifically examines capillaries. Alternatively, 
the modest association between insulin-augmented capillary 
recruitment in skin and insulin-mediated microvascular recruitment in 
muscle may be explained by important differences in measurement 
principles. Capillary videomicroscopy is a technique that allows direct 
visualization of erythrocyte-perfused capillaries in skin. During capillary 
videomicroscopy, some capillaries seem to be continuously filled with 
erythrocytes, whereas others are only intermittently perfused, 
depending on pre-capillary arteriolar tone.  

Contrast-enhanced ultrasonography is an imaging tool which 
enables the assessment of the microcirculation in skeletal muscle.18 It 
utilizes gas-filled microbubbles that are inert, remain entirely within the 
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vascular space, and possess an intravascular rheology similar to that of 
red blood cells. During an intravenous infusion of these microbubbles 
and attainment of a steady state, the microbubbles are destroyed with 
high energy ultrasound and the rate of microbubble replenishment 
within the ultrasound beam is measured, which represents mean flow 
velocity in the ROI (MFV). When the beam is fully replenished, the 
ultrasound signal represents relative blood volume within the beam, 
which translates to the volume of blood within skeletal muscle (MBV). 
The latter signal will not only include capillaries but also microbubbles-
filled arterioles and venules. Therefore, it may not be surprising that 
both techniques used to measure microvascular recruitment only 
demonstrate a modest relationship, because different levels of the 
microvasculature are being examined.  

3a3a

 
We assessed PRH with the capillary videomicroscope and not 

with CEU, because of methodological considerations. PRH makes it 
possible to easily and effectively quantify the intermittently perfused 
capillaries in videomicroscopy. With real-time CEU, intermittently 
(contrast-) perfused capillaries contribute towards average video-
intensity at any time, obviating the need for PRH. 

The effect size of insulin-induced microvascular recruitment is 
much larger in muscle than in skin. This may be caused by the 
aforementioned methodological aspects of the two techniques, or be the 
result of a genuine physiological difference. Although one is not able to 
directly assess capillary perfusion with CEU in skeletal muscle, the 
observation that extra capillaries are recruited in skin during 
hyperinsulinemia suggests that the increase in muscle-MBV can be 
attributed to a similar process i.e. an increase in the number of 
perfused microvessels, and not the increase in diameter of already 
perfused microvessels. Two of our volunteers exhibited a derecruitment 
of MBV during hyperinsulinemia. As insulin has both a vasodilator 
(through NO) as well as a vasoconstrictor effect (though endothelin-1), 
the vasoconstrictor pathway presumably prevailed in these subjects. 
Vasoconstriction leads to a decrease in MBV. 

Apart from measuring directly at the site of interest, CEU has 
additional benefits over capillary-videomicroscopy, in theory one could 
simultaneously study the (micro-)vasculature in other organs, as the 
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microbubbles are distributed in a steady state throughout the entire 
body. Nevertheless, capillary-videomicroscopy is more apt to study 
microvascular function in large epidemiological studies due to its non-
invasive character and lower cost. 

 
In conclusion, the data do suggest that the cutaneous 

microcirculation is a representative vascular bed to examine insulin’s 
actions on the microcirculation. Insulin-mediated microvascular 
recruitment in muscle and insulin-augmented recruitment in skin are 
related and that both are associated with insulin-mediated glucose 
uptake, supporting the functional coupling between insulin’s 
microvascular and metabolic actions.  
 
Perspectives 

Cutaneous microvascular function is often measured as a proxy 
for microvascular function in skeletal muscle, which is harder to 
evaluate. Despite parallel findings with for example capillary 
videomicroscopy and CEU in similar studies, discussion remained with 
regard to the representability of the cutaneous microcirculation. This is 
the first study to directly compare microvascular function in skin and 
skeletal muscle in the same subjects. We have shown that, at least with 
regard to insulin-induced vasoreactivity, both microvascular function as 
assessed by capillary videomicroscopy and CEU are related. Moreover, 
both measures of microvascular function are related to insulin 
sensitivity.  
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In their interesting review, Struijker-Boudier et al.1 provide a 
critical appraisal of current methods to study the microcirculation. In 
the extensive review contrast enhanced ultrasonography (CEU) remains 
undiscussed, whereas this method holds great promise as a tool in 
hypertension-research.  

Contrast-enhanced ultrasonography is an imaging tool which 
enables quantification of microvascular perfusion in organs and 
tissues.2-5 It utilizes gas-filled microbubbles, typically with a lipid shell, 
that are inert, remain entirely within the vascular space, and possess an 
intravascular rheology similar to that of erythrocytes.2 Therefore, they 
specifically enhance imaging of the (micro-) vessels. During intravenous 
infusion of these microbubbles and attainment of a steady state, 
microbubbles can be destroyed with high energy ultrasound. 
Subsequently, new microbubbles will flow into the region of interest. 
The rate of microbubble replenishment, represents microvascular flow 
velocity (MFV). When the microbubbles are fully replenished, a plateau 
of video-intensity is reached, corresponding to the relative 
microvascular blood volume (MBV). The product of MFV and MBV is a 
measure of microvascular perfusion.3 Since microbubbles are 
distributed through the entire vasculature, simultaneous study of 
microvascular beds of different organs (e.g. skeletal muscle, the heart 
and kidney) is possible.4 

Surprisingly, although CEU has been used to study the 
pathophysiological role of microvascular perfusion in obesity-related 
insulin resistance and other metabolic syndrome characteristics, no data 
are available on the relation with blood pressure/hypertension. In a 
post-hoc analysis of a recent study measuring microvascular perfusion 
in skeletal muscle with CEU,5 we assessed the association of muscle 
microvascular perfusion with blood pressure. In this healthy, 
normotensive group, blood pressure was inversely related with skeletal 
muscle perfusion in the forearm (SBP β = -0.50, p =0.05; DBP β = -
0.49, p = 0.03 and MAP β = -0.53, p = 0.02) after adjustment for sex 
and age. These relationships did not change after additional adjustment 
for BMI. This post-hoc analysis shows the potential of CEU to be applied 
in blood pressure and hypertension research.  
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Apart from the mentioned imaging capabilities, microbubbles can 
be targeted using antibodies, and loaded with interventional drugs. 
Therefore, CEU combines the assets of intravital microscopy, capillary 
videomicroscopy and other imaging strategies. Minimally invasive, low-
cost and patient-friendly, CEU has proven itself as a validated and 
valuable technique to phenotype the microcirculation in metabolic as 
well as blood pressure research. 3b
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Abstract: 
Rationale Microvascular recruitment in muscle is a determinant 

of insulin sensitivity. Whether Perivascular Adipose Tissue (PVAT) is 
involved in disturbed insulin-induced vasoreactivity is unknown, as are 
the underlying mechanisms. This study investigates whether PVAT 
regulates insulin-induced vasodilation in muscle, the underlying 
mechanisms and how obesity disturbs this vasodilation.  

Methods and results Insulin-induced vasoreactivity of 
resistance arteries was studied with PVAT from C57Bl/6 or db/db mice. 
PVAT weight in muscle was higher in db/db mice compared to C57Bl/6 
mice. PVAT from C57Bl/6 mice uncovered insulin-induced vasodilation, 
this vasodilation being abrogated with PVAT from db/db mice. Blocking 
adiponectin abolished the vasodilator effect of insulin in the presence of 
C57Bl/6 PVAT, and adiponectin secretion was lower in db/db PVAT. To 
investigate this interaction further, resistance arteries of AMPKα2+/+ and 
AMPKα2-/- were studied. In AMPKα2-/- resistance arteries insulin caused 
vasoconstriction in the presence of PVAT, and AMPKα2+/+ resistance 
arteries showed a neutral response. On the other hand, inhibition of the 
inflammatory kinase c-jun N-terminal kinase (JNK) in db/db PVAT 
restored insulin-induced vasodilation in an adiponectin-dependent 
manner.  

Conclusions PVAT controls insulin-induced vasoreactivity in the 
muscle microcirculation through secretion of adiponectin and 
subsequent AMPKα2-signaling. PVAT from obese mice inhibits insulin-
induced vasodilation, which can be restored by inhibition of JNK. 
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Introduction: 
Obesity is associated with insulin resistance in all organs, 

including skeletal muscle and the vasculature. The increase of adipose 
tissue mass in obesity is associated with an altered adipokine secretion 
profile,1 However, the mechanisms through which this increase in 
adipose tissue mass leads to insulin resistance are not fully understood. 
One of these mechanisms may be modulation of insulin-induced 
vasoreactivity. Indeed, the ability of insulin to induce vasodilation in the 
muscle microcirculation is an important determinant for whole body 
insulin sensitivity,2-5 Nevertheless, whether and how microvascular 
recruitment is controlled by adipose tissue is unclear.  

4
 

Insulin’s vasoactive properties are effected through pathways 
shared with insulin’s metabolic effects,6 Insulin initiates both vasodilator 
and vasoconstrictor responses, the former through activation of IRS-1, 
leading to phosphorylation of Akt and eNOS and subsequent NO 
production. Vasoconstriction is achieved through ERK1/2 which 
increases endothelin-1 activity,7 In lean, insulin sensitive subjects, the 
net result of the balance between insulin-stimulated vasodilation and 
vasoconstriction is usually towards vasodilation,8 In obesity, the net 
result is shifted towards less vasodilation or even vasoconstriction, but 
how obesity leads to a blunted insulin-induced vasodilation has not 
been elucidated.  
 

One of the mechanisms involved may be that obesity is 
associated with adipose tissue accumulation in ectopic locations, which 
may disturb microvascular function,9 The location of adipose tissue is 
one critical determinant for its function, another is its adipokine 
secretion-profile. Adiponectin is a major adipokine of which secretion is 
altered in obesity,10, 11 and is related to insulin sensitivity and vascular 
function,12, 13 Adiponectin has been proposed to mediate crosstalk 
between perivascular adipose tissue (PVAT) and vascular endothelium, 
and to contribute to regulation of muscle perfusion,14 An important 
effector of adiponectin is 5’-AMP-activated protein kinase (AMPK), a 
regulator of metabolic homeostasis. AMPK is activated by adiponectin, 
and AMPK, when activated by AICAR, enhances vasodilation and 
enhances muscle perfusion,15 Not only adiponectin secretion changes in 
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obesity, so does the secretion of numerous other adipokines, a major 
part of which are cytokines,1, 7 Inflammatory cytokines can blunt 
insulin-stimulated vasoreactivity7, but whether inhibition of 
inflammation can restore this effect is unknown. 
 

Recently, interest has arisen in the role of deposits of PVAT in 
the regulation of microvascular function. Adipokines affect insulin 
signaling in the vasculature, leading to a disturbed microvascular 
function,7, 9, 16-18 Nevertheless, the disturbance of microvascular function 
in obesity cannot be fully explained by circulating adipokine 
concentrations, which are mainly determined by the large subcutaneous 
and visceral adipose tissue depots19. The concentrations of circulating 
adipokines are too low for biological effects on insulin-stimulated 
vasoreactivity.9 An alternative source of adipokines is PVAT,9 PVAT may 
have a direct paracrine, and possibly vasocrine (i.e. from one vessel to 
downstream vessels) effect on the vasculature due to the inherent 
proximity to the vasculature.9, 20 In humans, PVAT around the brachial 
artery is independently associated with insulin sensitivity,21 Additionally, 
PVAT exhibits an altered adipokine profile compared to other adipose 
depots in obesity,10, 11, 22 PVAT can therefore be considered as a distinct 
adipose tissue depot. Whether PVAT affects insulin-induced 
vasoreactivity in the muscle microcirculation through secretion of 
adipokines is unknown.  
 

Isolated adipokines are known to affect insulin-induced 
vasoreactivity, but few studies have investigated directly whether PVAT 
affects microvascular function. Previous studies have been targeted at 
the modulating effect of PVAT on the response to norepinephrine and 
acetylcholine in the aorta and larger arteries, and in these vessels PVAT 
has anticontractile effects,10, 23-25 In only one study microvessels were 
investigated; however, as these were derived from subcutaneous 
adipose tissue, they do not control nutrient exchange,11 In muscle the 
microcirculation controls nutrient exchange, but the effects of PVAT on 
muscle resistance arteries have never been studied. The direct effect of 
PVAT, as well as the potentially associated role of adiponectin and 
AMPK, on insulin-induced vasoreactivity in the lean and obese state 
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remains unknown. Likewise, the role of inflammation in PVAT in insulin-
induced vasoreactivity is not fully elucidated. 
 

We hypothesized that PVAT affects insulin-induced vasoreactivity 
in isolated muscle resistance arteries, that it does so through 
adiponectin secretion and that this effect of PVAT is blunted in obesity. 
Moreover, the underlying mechanisms, focusing particularly on potential 
involvement of AMPKα2, and the signaling pathway molecule Akt, which 
is used as a marker of NO production, were examined. To assess 
whether inflammation impairs PVAT function, we studied involvement of 
c-Jun N-terminal kinase (JNK), a mediator of inflammation. 

4
 
Research design and methods 
Animals  

The investigation conforms to the Guide for the Care and Use of 
Laboratory Animals published by the US National Institutes of Health 
(NIH publication No. 85-23, revised 1996). 
 All animal work was approved by the local ethics committee for 
animal experiments of the VU University Amsterdam and complied with 
Dutch government guidelines. Male C57Bl/6NCrl (further indicated as 
C57Bl/6) (Charles River; Amsterdam, The Netherlands), male db/db 
(Harlan; Zeist, The Netherlands) and AMPKα2-/- and AMPKα2+/+ mice 10 
weeks of age were sacrificed by isoflurane overdose. To study the role 
of AMPK in insulin-induced vasoreactivity, male C57Bl/6N mice 
(backcrossed for >10 generations, Taconic; Ejby, Denmark) with a 
deletion of the AMPKα2 (AMPKα2-/-) catalytic subunit gene, together 
with their AMPKα2+/+ littermates were generated as previously 
described,26  
 
Weight of PVAT 

PVAT was dissected in one piece, free of surrounding connective 
tissue, from C57Bl/6 (n=6) and db/db (n=6) mice, and was quantified 
on a microbalance. Figure 1A gives an impression of the stretch of the 
dissected PVAT. 
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Figure 1. Microscopic pictures of perivascular adipose tissue in situ and in the 
pressure myograph 
A. Picture of the gracilis muscle in the mouse hindleg. All the relevant structures are 
indicated. The dotted lines indicate the length of the PVAT isolated in each experiment. 
B. Picture of the resistance artery mounted on two glass cannulae with the PVAT adjacent 
to it. The resistance artery and PVAT are surrounded by buffer, and the cannulae are also 
filled with buffer and pressurized at 80 mmHg. 

 
Vasoreactivity experiments 

To study the insulin-induced vasoreactivity of resistance arteries 
in the absence of PVAT, first-order resistance arteries from the gracilis 
muscle were isolated from lean C57Bl/6 mice. After dissection, 
resistance arteries were placed in a pressure myograph, cannulated and 
studied at a pressure of 80 mmHg and a temperature of 37°C in K-
MOPS buffer as described previously,16 In addition to the resistance 
artery itself, PVAT which surrounds the resistance artery was isolated 
from the origin of the gracilis resistance artery at the femoral artery to 
its first major side branch (figure 1A). PVAT derived from the same 
stretch of the resistance artery in C57Bl/6 mice was also isolated from 
db/db mice. To study the interaction between PVAT and insulin-induced 
vasoreactivity of isolated resistance arteries, PVAT was co-incubated 
with resistance arteries in the pressure myograph for 45 minutes 
(Figure 1b). Resistance arteries were randomly assigned to incubation 
without PVAT (n=9), C57Bl/6 PVAT (n=10), or db/db PVAT (n=8) of 
approximately equal amounts. After incubation, the inner diameter of 
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resistance arteries was recorded to determine baseline diameter after 
preconstriction to approximately 50% with KCl (25 mM), and diameter 
changes induced by four concentrations of insulin (0.02, 0.2, 2.0 and 20 
nM) (Actrapid, Novo Nordisk) were examined for 30 minutes,16 The 
three lowest concentrations of insulin are within the physiological range, 
with the third concentration (2.0 nM) corresponding to postprandial 
levels, and the fourth concentration is pharmacological. Endothelial 
integrity was determined by measuring responses to the endothelium-
dependent vasodilator acetylcholine (ACh) (0.1 μM) after each 
experiment, with a minimum dilation of 10% used as proof of 
endothelial integrity.  

4
Moreover, it was investigated whether reducing concentrations of 

adiponectin would affect insulin-induced vasoreactivity in resistance 
arteries from C57Bl/6 mice with PVAT from C57Bl/6 mice (n=6). A 
soluble receptor fragment (Acrp-30 [N-20]-P adiponectin receptor 
blocking peptide; Santa Cruz Biotechnology) (0.4 μg/ml), which binds 
adiponectin, was pre-incubated in the pressure-myograph for 30 
minutes. Additionally, globular adiponectin (Enzo Life Sciences, 
Belgium) was pre-incubated for 45 minutes in the vessel-bath of the 
pressure-myograph at a concentration of 1 μg/ml with C57Bl/6 
resistance arteries without PVAT (n=5), to investigate whether 
adiponectin can affect insulin-induced vasoreactivity when added from 
outside the resistance artery. Globular adiponectin was also incubated 
in the presence of db/db PVAT (n=7) to study whether it could restore 
insulin-induced vasodilation. As a model to inhibit downstream 
adiponectin signaling, the effects of the AMPK inhibitor Compound C 
(Calbiochem, product number 171260, 1μM) on insulin-induced 
vasoreactivity were examined in C57Bl/6 resistance arteries in the 
presence of C57Bl/6 PVAT (n=7).  
 
Vasoreactivity in resistance arteries of AMPKα2-/- mice 

To further study the role of AMPKα2 in the interaction between 
PVAT and insulin-induced vasoreactivity, resistance arteries from 
AMPKα2+/+ and AMPKα2-/- mice were collected using the same 
techniques. Resistance arteries of AMPKα2-/- (n=8) and AMPKα2+/+ 
(n=6) were mounted in the pressure myograph and co-incubated with 
PVAT from AMPKα2+/+ mice for 45 minutes. After incubation, inner 
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diameter and responses to insulin and ACh were studied as described 
above.  
Vasoreactivity experiments studying inflammatory properties of PVAT 

To study whether inflammatory adipokines are involved in the 
regulation of insulin-induced vasoreactivity by PVAT, we tested whether 
one phenotype of PVAT would prevail during dual incubation with both 
C57Bl/6 and db/db PVAT (n=6).  
Pressure myography was used to test whether acute inhibition of 
inflammation using L-JNKi (L-JNKi 1 trifluoroacetate salt, 5 µmol/L, 
Sigma Aldrich, The Netherlands) could restore vasodilator properties of 
db/db PVAT (n=6). Furthermore, the soluble adiponectin receptor 
fragment (Acrp-30 [N-20]-P adiponectin receptor blocking peptide; 
Santa Cruz Biotechnology) (0.4 μg/ml) was co-incubated with L-JNKi in 
experiments with db/db PVAT, to test whether the restored vasodilation 
by L-JNKi was mediated by adiponectin (n=6). 
 
Western blot 

In order to investigate the effects of C57Bl/6 and db/db PVAT on 
downstream insulin signaling in resistance arteries, Western blot 
analysis was performed as described 16. After 45 minutes incubation in 
the presence of PVAT from C57Bl/6 or db/db mice, segments of gracilis 
arteries from C57Bl/6 mice were exposed to solvent or insulin (2nM) for 
30 minutes at 37°C. To investigate whether JNK inhibition restored 
insulin-mediated Akt-phosphorylation in gracilis arteries exposed to 
db/db PVAT, other arterial segments, exposed to C57Bl/6 or db/db 
PVAT, were exposed to insulin or solvent after pre-treatment with L-
JNKi. The protein lysates of resistance artery segments were stained 
with a specific primary antibody against Ser 473 phosphorylated Akt 
and threonine 172 phosphorylated AMPKα (antibodies obtained from 
Cell Signaling Technology, Boston, MA) and were visualized with a 
chemiluminescence kit (GE Healthcare, Diegem, Belgium). As protein 
yields from gracilis muscle resistance arteries are low (<2 micrograms), 
and we were not able to stain AMPKα after stripping, we avoided 
stripping and re-probing blots. To obviate this, we used ERK1 as a 
loading control instead of total Akt or AMPKα. ERK1 correlates well with 
total Akt levels,27 As all experiments were paired and the duration of 

 98 



experiments was 1.5 hours in total, differences in protein levels of Akt 
and AMPKα between experimental conditions are unlikely.  
 
Adiponectin secretion (ELISA) 

To study whether PVAT from lean C57Bl/6 mice secretes more 
adiponectin than PVAT from db/db mice, the amount of secreted 
adiponectin was quantified. PVAT isolated from lean (n=7) and db/db 
(n=7) mice in amounts of comparable size was incubated with insulin 2 
nM for 45 minutes at 37°C in order to study the release of adiponectin. 
Adiponectin concentration in conditioned medium was measured with a 
mouse adiponectin ELISA kit (Millipore, Amsterdam, The Netherlands) 
and detected using the Luminex system. 

4

 
Statistics  

Steady-state responses are reported as mean change from 
baseline (percentages) ± SEM. Baseline diameter was determined as 
the diameter just prior to addition of the first concentration of insulin. 
Statistical analyses for differences in insulin-induced vasoreactivity were 
performed using one-way ANOVA with Bonferroni post hoc tests, or 
Mann-Whitney U test where appropriate. Differences in protein 
phosphorylation, as found by Western blot, were determined using the 
Wilcoxon Signed-Rank test. Phosphorylation was expressed as the fold 
increase over the unstimulated controls, assigning a value of 1 to the 
control. Differences with p-values < 0.05 were considered statistically 
significant. 
 
Results 
Intramuscular PVAT weight is increased in db/db mice 

PVAT was located around the resistance arteries, as well as A1 
and A2 arterioles in the muscle microcirculation (figure 2A). The weight 
of PVAT was higher in the db/db mice; 1365±451 μg than in lean 
C57Bl/6 mice; 33.3±6.6 μg, p<0.01 (Figure 2B).  
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Figure 2. Morphological aspects of PVAT 
A. Picture of the gracilis resistance artery and venule with the adjacent perivascular 
adipose tissue (PVAT) of a control mouse (left) and a db/db mouse (right); A=resistance 
artery; V=venule; PVAT=perivascular adipose tissue 
B  The weight of PVAT is increased in db/db mice (white bar = weight of PVAT from 
C57Bl/6 mice; black bar = weight of PVAT from db/db mice). 

 
Intramuscular PVAT from lean C57Bl/6 mice, but not db/db mice, 
uncovers insulin-induced vasodilation 

Baseline vessel tone was not affected in resistance arteries by 
either C57Bl/6 PVAT or db/db PVAT, nor was acetylcholine-induced 
vasodilation (figure 3A and B). Resistance arteries from C57Bl/6 mice in 
the absence of PVAT did not show vasodilation or vasoconstriction in 
response to insulin (2nM; 0 ± 9 %). After incubation with PVAT from 
C57Bl/6 mice, insulin induced significant vasodilation (2 nM; 52 ± 
21%), p<0.02 compared with baseline and p<0.05 vs. resistance 
arteries without PVAT) (Figure 3C). 

The vasodilation to insulin observed in the presence of C57Bl/6 
PVAT was completely abrogated when PVAT from db/db mice was used 
(2nM; -5 ± 3%; p<0.02 compared to C57Bl/6 PVAT) (Figure 3D). To 
further study the insulin-induced vasodilator pathway, which is 
mediated through Akt and eNOS phosphorylation, phosphorylation of 
Akt was studied in the presence of C57Bl/6 or db/db PVAT. The 
phosphorylation of Akt was significantly increased after insulin 
stimulation in resistance arteries of C57Bl/6 mice in the presence of 
C57Bl/6 as well as db/db PVAT. In the presence of C57Bl/6 PVAT, the 
increase in Akt phosphorylation was significantly higher (p < 0.01 vs. 
db/db PVAT) (Figure 3E). 
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Figure 3. The effects of C57Bl/6 and db/db PVAT on basal tone, acetylcholine 
induced vasoreactivity, insulin-induced vasoreactivity and the insulin-signaling 
pathway, as well as the amount of adiponectin secretion. 
A. PVAT from either C57Bl/6 or db/db mice does not affect smooth muscle tone of 
isolated resistance arteries (white bar = tone in the absence of PVAT n=6; black bar = 
tone in the presence of C57Bl/6 PVAT n=5; hatched bar = tone in the presence of db/db 
PVAT n=7). 
B. PVAT from either C57Bl/6 or db/db mice does not affect acetylcholine 10-7 
induced vasodilation, indicating there is no general microvascular dysfunction (white bar 
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= acetylcholine dependent vasodilation without PVAT n=5; black bar = acetylcholine 
dependent vasodilation in presence of C57Bl/6 PVAT n=4; hatched bar = acetylcholine 
dependent vasodilation in the presence of db/db PVAT n=6).  
C. Insulin-induced vasoreactivity in the absence and presence of PVAT from control 
mice. C57Bl/6-PVAT unveils insulin-induced vasodilation, which is not present in the 
absence of PVAT (white squares = C57Bl/6 resistance artery (RA), without PVAT, n = 9; 
black squares = C57Bl/6 resistance artery in the presence of C57Bl/6 PVAT, n = 10). 
(*P<0.05) 
D. Insulin-induced vasoreactivity in the presence of PVAT from C57Bl/6, or db/db 
mice. PVAT from db/db mice does not unveil the vasodilator properties of insulin as does 
PVAT from control mice (black squares = C57Bl/6 resistance artery in the presence of 
C57Bl/6 PVAT, n = 10; white circles = C57Bl/6 resistance artery in the presence of db/db 
PVAT, n = 8). (*P<0.05) 
E. Western blot of Akt phosphorylation initiated by insulin in resistance arteries in 
the presence of C57Bl/6 PVAT or db/db PVAT. Insulin causes a more pronounced Akt 
phosphorylation in the presence of C57Bl/6 PVAT than in the presence of db/db PVAT. 
(*P<0.05 compared to no insulin; #P<0.05 compared to C57Bl/6 PVAT). 

 
Adiponectin from intramuscular PVAT mediates PVAT regulation of 
insulin-induced vasodilation and is reduced in db/db mice 

To elucidate the mechanisms involved in the interaction of 
intramuscular PVAT with insulin-induced vasoreactivity, we examined 
the role of adiponectin in this interaction. Adiponectin was secreted 
more abundantly by PVAT from C57Bl/6 mice (502±115 pg/ml medium) 
than by PVAT from db/db mice (178±33 pg/ml; p = 0.02 (Figure 4A). 
When adiponectin was scavenged with a soluble adiponectin receptor 
fragment Acrp-30 [N-20]-P, so that the db/db PVAT situation was 
mimicked, insulin-induced vasodilation was abolished (2nM; -19 ± 
10%; p < 0.01 vs. C57Bl/6 resistance arteries in the presence of PVAT). 
This indicates the importance of adiponectin from PVAT in insulin-
induced vasodilation (Figure 4B). Adiponectin, in the absence of PVAT, 
stimulated insulin-induced vasodilation in C57Bl/6 resistance arteries 
(2nM; 21 ± 4%; p = 0.02 vs. C57Bl/6 resistance arteries without PVAT) 
(Figure 4C). Moreover, we incubated globular adiponectin in the 
presence of db/db PVAT (n=7) to study whether suppletion of 
adiponectin could restore insulin-induced vasoreactivity. Adiponectin, in 
the presence of db/db PVAT stimulated insulin-induced vasodilation 17 
± 4%; p < 0.01 compared with db/db PVAT alone (Figure 4D). 
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Figure 4. Adiponectin plays a role in the insulin-induced vasodilation as seen 
with C57Bl/6 PVAT. 
A. ELISA: adiponectin secretion by C57Bl/6 PVAT (n = 6) (white bar) and db/db 
PVAT (n = 6) (black bar).*=p<0.05  
B. Scavenging of the adiponectin secreted by control PVAT abolishes the vasodilator 
effect of insulin in the presence of control PVAT (black squares = C57Bl/6 resistance 
artery (RA), with C57Bl/6 PVAT, n = 10; black triangle = C57Bl/6 resistance artery in the 
presence of C57Bl/6 PVAT and a soluble adiponectin receptor fragment, n = 6). * = 
p<0.05  
C.  Adiponectin, in the absence of PVAT, uncovers insulin-induced vasodilation. 
(white square = C57Bl/6 resistance artery (RA), without PVAT, n = 9; black inverted 
triangle = C57Bl/6 resistance artery co-incubated with globular adiponectin, n = 5). * = 
p<0.05 
D.  Incubation of db/db PVAT with globular adiponectin unveils insulin-induced 
vasodilation. (black squares = C57Bl/6 resistance artery with C57Bl/6 PVAT, n=10; white 
circles = C57Bl/6 resistance artery with db/db PVAT, n=8; white squares = C57Bl/6 
resistance artery with db/db PVAT and globular adiponectin 1 mg/ml, n=7). * = p<0.05 
compared to C57Bl/6 RA + db/db PVAT. 
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AMPK mediates control of insulin-induced vasodilation by PVAT in 
muscle 

As AMPK is an important effector of adiponectin in vascular 
endothelium, we next examined the role of AMPK in the interaction of 
PVAT with insulin-induced vasoreactivity in isolated resistance arteries. 
Resistance arteries from C57Bl/6 incubated with both PVAT from lean 
mice and compound C showed (9±4% at 2 nM of insulin) vasodilation, a 
non-significant reduction,, p=0.28 vs. C57Bl/6 resistance arteries with 
C57Bl/6 PVAT (Figure 5A). However, there was no significant 
vasodilation compared to resistance arteries without PVAT. 

AMPK phosphorylation was significantly increased in vessels 
exposed both to C57Bl/6 PVAT (p=0.006) and to db/db PVAT 
(p=0.028), compared to C57Bl/6 resistance arteries without PVAT. 
There was however no difference in AMPK phosphorylation between 
vessels exposed to C57Bl/6 PVAT and to db/db PVAT (Figure 5B).  

 
Deletion of AMPKα2 in muscle resistance arteries disturbs insulin-
induced vasoreactivity in the presence, but not the absence of PVAT 

To further examine the role of AMPK in insulin-induced 
vasodilation induced by of PVAT, resistance arteries from AMPKα2-/- 

mice were exposed to PVAT from AMPKα2+/+ mice. Resistance arteries 
from AMPKα2+/+ littermates served as controls. In the latter group, 
unlike the parallel studies using arteries and PVAT from C57Bl/6 mice, 
insulin did not induce a significant vasodilation (2 nM; -3 ± 6%). There 
was no difference in insulin-induced vasoreactivity between AMPKα2+/+ 
and AMPKα2-/- resistance arteries; both exhibited a neutral response 
(Figure 5C). However AMPKα2-/- resistance arteries with AMPKα2+/+ 
PVAT exhibited vasoconstriction (2 nM; -26 ± 6%; P=0.010 (Figure 
5D), pointing to strain differences with C57Bl/6 mice. This indicates the 
importance of AMPK in the interaction between PVAT and insulin-
induced vasodilation. Tone development and acetylcholine-induced 
vasodilation were not different between the two groups (Figure 5E and 
5F). 
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Figure 5. The involvement of AMPK in insulin-induced vasodilation in the 
presence of PVAT through the secretion of adiponectin. 
A, The AMPK-inhibitor Compound C (Cmpd C) inhibits the insulin-induced 
vasodilation nonsignificantly in the presence of C57Bl/6 PVAT (black square = C57Bl/6 
resistance artery (RA), with C57Bl/6 PVAT, n = 10; black circle = C57Bl/6 resistance 
artery in the presence of C57Bl/6 PVAT and compound C, n = 7). 
B.  PVAT from C57Bl/6 mice induces significant threonine 172 phosphorylation of 
AMPK, as does PVAT from db/db mice. Threonine 172 phosphorylation of AMPK was 
however not significantly different between the two types of PVAT. * = p<0.05 
C.  AMPKα2+/+ (n=7) and AMPKα2-/- (n=7) do not exhibit insulin induced -
vasodilation or –constriction 
Black square = AMPKα2+/+ resistance arteries without PVAT; white inverted triangle = 
AMPKα2-/- resistance arteries without PVAT 
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D.  AMPKα2 deficiency in resistance arteries leads to insulin-induced vasoconstriction 
in the presence of PVAT from AMPKα2 WT mice (black triangles = AMPKα2+/+ resistance 
artery (RA) with AMPKα2+/+ PVAT, n = 6; white circles = AMPKα2-/- RA with AMPKα2+/+ 
PVAT, n = 8). * = p<0.05 
E.  Basal tone of AMPKα2+/+ resistance arteries is not different from AMPKα2-/- 
resistance arteries. White bar = basal tone development of AMPKα2+/+ resistance arteries; 
black bar = basal tone development of AMPKα2-/- resistance arteries. 
F.  Acetylcholine induced vasodilation is not different in AMPKα2+/+ and AMPKα2-/- 
resistance arteries in the presence of PVAT. White bar = acetylcholine induced 
vasodilation of AMPKα2+/+ resistance arteries in the presence of PVAT; black bar = 
acetylcholine induced vasodilation of AMPKα2-/- resistance arteries. 

 
JNK inhibition restores insulin-induced, adiponectin-dependent 
vasodilation in the presence of db/db PVAT  

Because Akt phosphorylation in the presence of db/db PVAT was 
lower (figure 3E) and AMPKα phosphorylation is not different between 
C57Bl/6 and db/db PVAT (figure 5B), adipokines other than adiponectin 
may also play a role in the change of insulin-induced vasodilation with 
db/db PVAT. To study whether PVAT from the muscle microcirculation 
produces additional vasoactive adipokines, incubation of a C57Bl/6 RA 
with C57Bl/6 PVAT as well as db/db PVAT was performed (figure 6A). 
Dual incubation led to insulin-induced vasodilation, 26 ± 9% p < 0.05 
vs. db/db PVAT. The vasodilation with dual PVAT incubation was 
however smaller than in the presence of C57Bl/6 PVAT alone p=NS, 
(Figure 6A), suggesting interaction between the effects of C57Bl/6 and 
db/db PVAT. 

The vasodilator effect that was absent with db/db PVAT was 
restored by inhibiting inflammation using the JNK-inhibitor L-JNKi (2 nM 
insulin; 48 ± 17%; p<0.001 compared to db/db PVAT), and overlapping 
with the line of C57Bl/6 PVAT, indicating that inflammation in either 
db/db PVAT or in the acceptor resistance artery plays a role (Figure 6B). 
Therefore, JNK opposes adiponectin-dependent vasodilator properties of 
PVAT in db/db mice. When adiponectin was blocked during incubation 
with db/db PVAT and L-JNKi, the insulin-induced vasodilation was 
completely inhibited (Figure 6C) (2 nM; 1±6%; p < 0.01 vs. L-JNKi with 
db/db PVAT). Treatment with L-JNKi did not restore insulin-stimulated 
Akt-phosphorylation in the gracilis resistance arteries exposed to db/db 
PVAT; p=NS vs. the non-pre-treated resistance arteries  (Figure 6D). 

 106 



 

4

Figure 6. JNK inhibition restores the pro-contractile phenotype of db/db PVAT 
A.  Dual incubation of C57Bl/6 PVAT and db/db PVAT partly restores insulin induced 
vasodilation (black squares = C57Bl/6 resistance artery with C57Bl/6 PVAT, n=10; white 
circles = C57Bl/6 resistance artery with db/db PVAT, n=8; white squares = C57Bl/6 
resistance artery with both C57Bl/6 PVAT and db/db PVAT, n=6). * = p<0.05 vs. C57Bl/6 
RA + db/db PVAT. 
B.  Inhibition of JNK with L-JNKi in a set-up with a C57Bl/6 resistance artery and 
db/db PVAT returns insulin-induced vasodilation to levels comparable with C57Bl/6 PVAT. 
(black squares = C57Bl/6 resistance artery with C57Bl/6 PVAT, n=10; white circles = 
C57Bl/6 resistance artery with db/db PVAT, n=8; white squares = C57Bl/6 resistance 
artery with db/db PVAT and L-JNKi, n=6). * = p<0.05 vs. C57Bl/6 RA + db/db PVAT. 
C.  The restoration of insulin-induced vasodilation by db/db PVAT with L-JNKi is 
mediated by adiponectin, because scavenging adiponectin completely abolishes this 
effect. (black squares = C57Bl/6 resistance artery with C57Bl/6 PVAT, n=10; white circles 
= C57Bl/6 resistance artery with db/db PVAT, n=8; white squares = C57Bl/6 resistance 
artery with db/db PVAT, L-JNKi and the soluble adiponectin receptor fragment, n=6). * = 
p<0.05 vs. C57Bl/6 RA + db/db PVAT +L-JNKi. 
D.  L-JNKi does not restore Akt phosphorylation at Ser473 by insulin during exposure 
to db/db PVAT. Whilst insulin does increase Akt phosphorylation at Ser473 during exposure 
to C57Bl/6 PVAT. * = p<0.05.  
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Discussion 
The principal findings of this study are that (1) PVAT uncovers 

insulin-induced vasodilation in muscle resistance arteries by secreting 
adiponectin and activating AMPKα2 in the vessel wall, (2) in obese 
db/db mice, PVAT increases dramatically in muscle and loses its ability 
to induce insulin-mediated vasodilatation (3) this impaired interaction of 
PVAT with muscle resistance arteries is caused by a decrease in 
adiponectin release by PVAT and impairment of insulin-stimulated Akt 
activation and (4) the blunted insulin-induced vasodilation with db/db 
PVAT can be restored by inhibition of JNK.  
 

We show a direct regulatory effect of PVAT on insulin-induced 
vasoreactivity in muscle, shifting the balance of insulin’s vasoactive 
effects towards insulin-induced vasodilation. Our finding that PVAT 
controls vasoreactivity is in line with previous observations in the aorta 
and adipose tissue microvessels that PVAT controls vascular tone by 
antagonizing vasoconstriction in response to norepinephrine, 
endothelin-1 and angiotensin II.11, 28, 29 We did not observe an effect of 
PVAT on basal smooth muscle tone, indicating that the interaction of 
PVAT with insulin-induced vasoregulation is specific. As direct effects of 
PVAT on smooth muscle tone have been observed in adipose tissue and 
the aorta, the effects of PVAT on vasoregulation vary among different 
vascular beds.  

We have shown that release of adiponectin and activation of 
AMPK by PVAT are critical to its control of insulin-induced 
vasoregulation in muscle. Previous studies have indeed shown that 
adiponectin can activate AMPK in endothelial cells,30 and previous data 
from our group that adiponectin uncovers insulin-induced vasodilatation 
in muscle resistance arteries through AMPK,31 Our data are in good 
agreement with earlier data of Greenstein et al., who showed that PVAT 
effects on norepinephrine-induced vascular tone in subcutaneous 
adipose tissue are mediated by adiponectin,11 Although PVAT releases 
adiponectin and a soluble fragment of the adiponectin receptor 1 
(AdipoR1) inhibited PVAT control of insulin-induced vasoregulation, a 
role of other adipokines in PVAT-endothelial communication cannot 
completely be excluded. The effect of PVAT on insulin-induced 
vasodilatation was partially mimicked by recombinant globular 
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adiponectin, either in absence or presence of db/db PVAT, nor by dual 
incubation of db/db and C57Bl/6 PVAT. This suggests that other 
adipokines play a supporting role or stimulate the vasoconstrictor 
pathway, which is also activated by insulin. Indeed, obesity seems to 
promote secretion of adipokines by PVAT that inhibit insulin-induced 
vasodilation and others that enhance insulin-induced vasoconstriction, 
because the vasodilator effect of C57Bl/6 PVAT was partially mimicked 
by adiponectin, and db/db PVAT decreases the vasodilator effect of 
C57Bl/6 PVAT. Moreover, in AMPKα2+/+ no insulin-induced vasodilation 
was observed with PVAT, however, knocking out AMPKα2 leads to 
insulin-induced vasoconstriction. This is further supported by the equal 
amounts of AMPKα phosphorylation by C57Bl/6 and db/db PVAT.  

4

 
While AMPK is an important effector of PVAT in vascular 

endothelium, we have observed AMPK-independent effects of PVAT. In 
AMPK2-deficient resistance arteries, PVAT uncovers insulin-induced 
vasoconstriction. Furthermore, PVAT from db/db mice enhances AMPK 
phosphorylation in muscle resistance arteries, but inhibits insulin-
stimulated phosphorylation of Akt. These results suggest that AMPKα2-
activation is a necessary, but not sufficient step to uncover insulin-
induced vasodilation. Moreover, db/db PVAT must regulate insulin’s 
vasoactive properties through a second mechanism, counteracting the 
insulin-induced vasodilation stimulating effects of PVAT. The difference 
in net effects of PVAT between C57/Bl6 mice and AMPK2+/+ mice 
strongly suggests that genetic factors determine adipokine secretion by 
PVAT.  

 
Indeed, inhibition of inflammation with L-JNKi fully restored the 

vasodilator capacity of db/db PVAT (figure 6B), whereas blocking 
adiponectin with the soluble adiponectin receptor fragment completely 
abrogated this effect (figure 6C). Inflammation therefore plays an 
important role in the defective PVAT properties of db/db mice. 
Interestingly, L-JNKi did not restore insulin-induced Akt phosphorylation 
during exposure to db/db PVAT (figure 6D). This finding may be 
explained by increased adiponectin secretion by db/db PVAT during JNK 
inhibition, or inhibition of insulin’s vasoconstrictor effects, which are 
independent from Akt.27 Indeed, inflammation of PVAT leads to a loss of 
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its anticontractile properties,11, 32 Nevertheless, adipokines other than 
adiponectin likely contribute to vasodilator effects of PVAT, as 
suppletion of adiponectin to db/db PVAT could not completely restore 
insulin-induced vasodilation (figure 4D). Recently, a new class of 
adipokines, C1q/TNF-Related Proteins, has been shown to activate 
AMPK in endothelial cells through the adiponectin receptor AdipoR1,33 
These C1q/TNF-Related Proteins could explain the AMPK 
phosphorylation and the vasodilator response to anti-inflammatory 
treatment with L-JNKi in absence of increased Akt phosphorylation. The 
PVAT-derived adipokine that activates JNK in the muscle 
microcirculation remains to be identified in future studies. We have 
assessed secretion of the JNK-agonists TNFα and free fatty acids by 
muscle-derived PVAT, but found only minor secretion of these 
adipokines (Meijer RI et al., unpublished data). This finding does not 
exclude an autocrine role of TNF in regulating PVAT function. 
  
Perspectives 

Our results yield two novel insights into the pathogenesis of 
insulin resistance. First, we have shown that local depots of PVAT, 
which surround the resistance arteries in the muscle microcirculation, 
are capable of controlling insulin-dependent microvascular function. In 
man, local accumulation of adipose tissue in the extremities is related 
to flow-mediated vasodilatation and insulin sensitivity,21, 34 These 
observations and the present dataset support our previous proposition9 
that adipokine-induced microvascular dysfunction in obesity is a 
paracrine, rather than an endocrine process,9, 35 In contrast to our initial 
hypothesis9, we have found that altered adipokine secretion by 
intramuscular PVAT, rather than the formation of previously absent 
PVAT in muscle, impairs insulin-induced vasoregulation in obesity. Also, 
anti-inflammatory treatment restores insulin-induced vasodilation, at 
least partly through adiponectin. 

Second, our results provide a novel mechanism by which AMPK 
regulates insulin sensitivity. AMPK is well known as a ‘metabolic gauge’ 
which controls both basal and insulin-stimulated glucose uptake,36 
Paradoxically, AMPK2 controls muscle insulin sensitivity in vivo, but 
not in isolated muscles,26 Our observation that AMPK2-/- mice show 
impaired insulin-induced vasoregulation in the presence of PVAT, in 
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combination with recent evidence that insulin-induced vasoregulation 
controls insulin sensitivity(2), suggests that AMPK2 controls muscle 
insulin sensitivity by interacting with insulin-induced microvascular 
recruitment. Further support for this notion comes from our recent 
observation that AMPK activation by AICA-riboside enhances muscle 
microvascular blood volume,15 
 

In conclusion, in this study we show that PVAT unveils 
vasodilator responses to insulin through the secretion of adiponectin, 
which is antagonized in db/db PVAT by the inflammatory kinase JNK. 
Adiponectin activates AMPKα2 which subsequently shifts the balance 
between vasodilation and vasoconstriction towards vasodilation. In 
obesity the quantity of PVAT increases and adiponectin secretion 
diminishes, Due to the diminished adiponectin secretion and 
inflammatory burden, insulin no longer induces vasodilation. However, 
the insulin-stimulated vasodilation can be restored by inhibition of JNK. 

4
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