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Opening remarks
This thesis describes the studies performed at the VU medical center during my PhD project. It is the latest in a
line of projects testing our group’s main hypothesis: the microvasculature as a pivot at the heart of clustering
cardiometabolic risk factors. Although initially meant to focus on a specific aspect of this hypothesis, e.g. the
effects of endothelin-1 in blood pressure control and whole body glucose uptake, the project gradually evolved to
address several other aspects of the microvasculature. As such, I was given the unique opportunity to study the
microcirculation in the broadest sense, from intracellular signaling to epidemiological cohorts, using in-vitro, exvivo and in-vivo settings, in mice and men. These different angles of investigation build upon research-lines
initiated at the departments of physiology and internal medicine, combining pre-clinical and clinical methods of
questioning to expose the central paradigm.
Throughout this introductory text you will find boxes highlighting several unanswered questions concerning the
central paradigm. We will entertain these questions in the remaining chapters.

Introduction
The obesity pandemic is paralleled by a catastrophic increase in the prevalence of cardiometabolic disease.
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 (1). Although this is well recognized, the underlying mechanisms have only started to unravel. Obesityassociated microvascular dysfunction is hypothesized to explain part of the clustering of cardiovascular risk
factors, predisposing obese subjects to cardiovascular disease (2).

The microcirculation - physiology
The microcirculation is generally taken to include vessels less than ~150 m in diameter. This definition includes
the smallest arteries, arterioles, capillaries, and venules. A primary function of the microcirculation is to optimize
supply of nutrients and oxygen within tissues in response to prevailing local demand. Adequate perfusion via the
microcirculatory network is thus essential for the integrity and normal function of tissues and organs. According to
Poiseuille, it is at the level of the microcirculation that the largest drop in hydrostatic pressure occurs. As a result,
the microcirculation determines most of overall peripheral vascular resistance, and is thus an intricate part of
blood pressure control.
Microvascular dysfunction, e.g. decreased microvascular vasoreactivity in response to vasoactive stimuli at the
level of both resistance vessels and the nutritive capillary beds, has been established in obesity, hypertension and
insulin resistance. Importantly, these microvascular abnormalities 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 are affected (3,4,5).

Hypertension as a result of microvascular dysfunction
In most forms of experimental and clinical hypertension peripheral vascular resistance is increased in proportion
to the increase in blood pressure (3). This increase in peripheral vascular resistance reflects changes in the
microcirculation,

specifically

arterioles.

In

several

tissues

both

microvascular

endothelium-dependent

vasodilatation and capillary density has been found to correlate inversely with blood pressure in hypertensive and
normotensive subjects (2,6,7,8). 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 (3), there is also
evidence that abnormalities in the microcirculation precede and are thus a causal component of high blood
pressure. Microvascular rarefaction, similar in magnitude to the rarefaction observed in patients with established
hypertension, can already be demonstrated in subjects with mild intermittent hypertension and in normotensive

subjects with a genetic predisposition to high blood pressure (9,10). Moreover, in hypertensive subjects, capillary
rarefaction in muscle has been shown to predict the increase in mean arterial pressure over two decades (11).
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 (12,13). 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 by microvascular rarefaction (14), see
box.

Are the changes in capillary density and blood pressure during VEGF receptor tyrosine kinase inhibition
directly related? If so, are these changes reversible?

In addition, calculations by mathematical modeling of in vivo microvascular networks predict an exponential
relationship between capillary and arteriolar number and vascular resistance (15). Total vessel rarefaction up to
42% (within the range observed in hypertensive humans) can increase tissue vascular resistance by 21% (16). 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 (17). 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 (18).
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 (19). Rarefaction in this situation, therefore, is not a consequence of
hypertension. Thus, it seems likely that microvascular abnormalities in obesity can both result 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 (20). 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 (21,22). 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 disease (23) as well as a reduced number of nephrons (24) may reconcile the Borst-Guyton
concept with the putative role of vessel rarefaction in the etiology of high blood pressure (25) .

Can renal microvascular injury - as manifested by salt sensitivity of blood pressure - explain the relationship
between impaired early development and increased cardiovascular risk later in life?

This may also explain the observed salt sensitivity of blood pressure in insulin resistant subjects (26). 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 (25).

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 insulinstimulated glucose uptake by skeletal muscle, and is much slower in obese insulin-resistant subjects than in
normal subjects (27). Interestingly, insulin acts on the vasculature at different levels, potentially regulating its own
delivery to muscle interstitium (27,28,29): (A) relaxation of resistance arteries/arterioles to increase total blood
flow; (B) relaxation of pre-capillary arterioles (through changes in vasomotion) to increase the microvascular
exchange surface perfused within skeletal muscle (microvascular/capillary recruitment) and (C) trans-endothelial
transport (TET) of insulin.

Insulin’s effect on total blood flow
Insulin increases total blood flow and blood volume in skeletal muscle (28,30). 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. (30) introduced the novel concept that insulin’s vasodilatory 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 (31). In experiments with lower doses of insulin and shorter time courses of insulin
infusion, it was shown that insulin-mediated 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 manipulation of 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-mediated glucose uptake (27,28,29). Induction of endothelial
dysfunction with subsequent impairment of insulin-induced increases in total limb blood flow also does not
decrease insulin-mediated glucose uptake (32). 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 (i.e. nutritive versus non-nutritive, see below). 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 (27). 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 (27,33).

Insulin-induced microvascular/capillary recruitment
Clark et al. (28) have introduced the concept that distribution of blood flow in nutritive (‘feeding’) compared to nonnutritive (‘shunting’) vessels, independent of total muscle flow, may affect insulin-mediated glucose uptake. By
elegant studies in rats, applying different techniques to measure capillary recruitment (1-methylxanthine
metabolism) and microvascular perfusion (contrast enhanced ultrasonography (CEU)) (figure 1) and laser Doppler
flowmetry, they could demonstrate that insulin induces changes in muscle microvascular perfusion consistent with
capillary recruitment (28). This capillary recruitment is associated with changes in skeletal muscle glucose uptake
independent of changes in total blood flow, requires lower insulin concentrations than necessary for changing
total blood flow, and precedes muscle glucose disposal (28,33). Moreover, insulin-mediated capillary recruitment
is impaired in obese Zucker rats (34). 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
local blood flow distribution patterns. 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 (35). 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 (36). These 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 (27,28,37). Subsequently, capillary recruitment was
reported in the forearm of healthy humans following a mixed meal and was found to follow closely the timedependent rise in plasma insulin (38). In addition, insulin-mediated microvascular recruitment in the forearm was
shown to be impaired in obese women when they were exposed to a physiological insulin clamp (39). By directly
visualizing capillaries in human skin, it has been demonstrated that systemic hyperinsulinemia is capable of
increasing the number of perfused capillaries (2,6). Comparable to insulin-mediated microvascular recruitment in
the forearm (39), the action of insulin on capillary recruitment is impaired in obese subjects (6,40).

Can the microvascular bed in skin serve as a proxy for the microvascular bed in skeletal muscle?

Further insight into the complex relationships between vasodilatation, blood flow, 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 depends on the amount 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 (41). Importantly, the
increase of PS was observed without any concomitant change in total blood flow. It was concluded that the
insulin-mediated increase in PS seen after oral glucose is important for the glucose uptake rate in normal muscle
(41). 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 (42). 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 (43). 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
(44). 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 (35,36),
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 (41,42,43). Insulin’s effect on capillary recruitment are
considered to be caused by insulin-mediated effects on precapillary arteriolar tone and/or on arteriolar vasomotion
(27,28,29).

Insulin’s effect on vasomotion
Vasomotion is a spontaneous rhythmic change of arteriolar diameter that almost certainly plays an important role
in ensuring that tissue such as muscle is perfused sufficiently to sustain the prevailing metabolic demand by
periodically redistributing blood from one region of the muscle to another (45). It is an important determinant of the
spatial and temporal heterogeneity of microvascular perfusion and, therefore, most likely of the number of
perfused capillaries (45,46).

Are vasomotion and capillary recruitment related?

It has been suggested that vasomotion is regulated by both local vasoactive substances and influences of the
central nervous system. The contribution of different regulatory mechanisms can be investigated by analyzing the
contribution of different frequency intervals to the variability of the laser Doppler signal. Stefanovska et al. have
analyzed the reflected laser Doppler signal from skin to provide indirect assessment of vasomotion (47,48). In
humans they have interpreted the spectrum as follows: (1) 0.01–0.02 Hz, which is thought to contain local
endothelial activity; (2) 0.02–0.06 Hz, which is thought to contain neurogenic activity; (3) 0.06–0.15 Hz, which is
associated with the myogenic response of the smooth muscle cells in the vessel wall; (4) 0.15–0.4 Hz, which is
the frequency interval of respiratory function; and (5) 0.4–1.6 Hz, which contains the heart beat frequency. Local
hyperinsulinemia during cathodal iontophoresis of insulin affects microvascular vasomotion by increasing
myogenic activity (49). Similarly, rat muscle studies showed the main increase due to insulin to be myogenic (50).
On the other hand, systemic hyperinsulinemia has been shown to affect microvascular vasomotion by increasing
endothelial and neurogenic activity in skin and muscle (2,46), and that particularly the contribution of endothelial
and neurogenic activity to microvascular vasomotion is impaired in insulin-resistant obese individuals (51).

Can the association between adiposity and vasomotion be explained by adipokines?

Insulin’s effect on TET
Finally, TET is a third potential site for regulating insulin delivery (27). 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 (52). It is still unclear whether capillary
recruitment and TET of insulin are related or function independently.

Impairment of insulin-mediated microvascular recruitment – vascular insulin resistance
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.

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 myocytes, but are also found 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, which leads to vasodilatation (53). Alternatively, insulin also activates the mitogenactivated protein kinase pathway in endothelial cells, which enhances the generation of the vasoconstrictor ET-1
via ERK1/2 signaling (53,54). In healthy subjects the vasodilatory signal predominates, but if signaling from the
insulin receptor to eNOS is inhibited pharmacologically or downregulated by insulin resistance-associated factors
such as TNF-α and fatty acids, (which appears to affect the PI3K-dependent pathway more than the ERK1/2
pathway, see below), this can lead to impaired insulin-mediated vasodilatation 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 (29,55,56).
In obese rats, the insulin-signaling pathways are selectively impaired: insulin-mediated activation of PI3-kinase,
Akt and eNOS is impaired, but insulin-mediated activation of ERK1/2 is intact/relatively preserved (57,58)
Recently, it has been demonstrated that impaired insulin signaling in endothelial cells, due to reduced IRS2
expression and insulin-induced eNOS phosphorylation, caused attenuation of insulin-induced capillary recruitment
and insulin delivery, which in turn reduced glucose uptake by skeletal muscle (56). 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 mice 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 (59). This observation
suggests that the vasculature is more susceptible than other tissues to the deleterious effects of nutrient overload
and may play a pathophysiological role in inducing insulin resistance. The contribution of insulin signaling to the
regulation of blood pressure in different states of insulin resistance is less unequivocal (60).
In healthy humans, insulin has also been shown to stimulate both ET-1 and NO activity at the level of the
resistance vessels of forearm (61). Moreover, obese, hypertensive humans show an insulin-induced
vasoconstriction (62) as well as increased ET-1-dependent vasoconstrictor tone and decreased NO-dependent
vasodilator tone at the level of the resistance arteries (63). Increased circulating levels of endothelin have been
described in obesity and increased endogenous endothelin activity contributes to the impaired endotheliumdependent vasodilatation that characterizes this state (64,65). Furthermore, increased endogenous endothelin
action contributes to insulin resistance in skeletal muscle of obese humans, likely through both vascular and
tissue effects (65,66). However, endothelin-antagonism alone seems not sufficient to normalize vascular insulin
sensitivity in obese subjects, suggesting that endothelin alone does not account for vascular insulin resistance in
humans (67). On the other hand, metacholine, a NO vasodilator, seems to improve muscle capillary recruitment
and forearm glucose uptake to physiological hyperinsulinemia in obese, insulin resistant individuals (43).
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.

Obesity and vascular insulin resistance
The predominant feature of obesity is the seemingly uncontrolled expansion of adipose tissue. The view of
adipose tissue as mere passive energy stores has changed dramatically. Adipose tissue is now generally
regarded as the body’s biggest endocrine organ (68), as adipocytes (and infiltrated inflammatory cells) are found
to produce a heterogeneous group of (vaso)active substances, collectively known as adipose tissue derived

cytokines or adipokines. These include, among many others, cytokines (i.e. tumor necrosis factor- α (TNF-α) (69,
70,71)) and hormones (i.e. adiponectin (72)). Dysregulated production and secretion of these adipokines by
adipose tissue may play an important role in shifting the balance from insulin mediated vasodilation towards
vasoconstriction as described above.
Obesity-related microvascular dysfunction and insulin resistance may well be caused by altered 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 adipocytederived cytokines and chronic tissue inflammation (73,74,75). A discussion of all of these factors in detail is
beyond the constraints of this review, and below we focus largely on the interactive role of fatty acids, angiotensin
II, inflammation (particularly TNF-α) and the adipokine adiponectin on the pathogenesis of (vascular) insulin
resistance.

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 (76). 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 (77). Since the technique of
magnetic resonance spectroscopy only identifies a gradient from extracellular to intracellular glucose in muscle
cells, it remains to be proven that the gradient did not occur between the plasma and interstitial glucose and thus
reflects a 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 (78). This would be consistent with the finding in rats that FFA elevation concomitantly impairs insulinmediated muscle capillary recruitment and glucose uptake (79). In lean humans, FFA elevation has been shown
to reduce whole body glucose uptake and to impair insulin-mediated capillary recruitment in skin (40) and skeletal
muscle (80), while in obese individuals FFA lowering has opposite effects (40). Moreover, changes in capillary
recruitment statistically explained ~29% of the association between changes in FFA levels and insulin-mediated
glucose uptake (40).
A defect involving fatty-acid–induced impaired insulin signaling through the same PKC-θ mechanism in
endothelial cells, which in turn may negatively influence the balance between insulin-mediated vasodilatation and
vasoconstriction, may be responsible for the 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 (69). By genetic
and pharmacological inhibition of PKC-θ activity in mice, it was demonstrated that activated PKC-θ induces
insulin-mediated vasoconstriction by the inhibition of insulin-mediated Akt activation, which results in a reduction
of vasodilatation, and by the stimulation of insulin-mediated ERK1/2 activation, resulting in enhanced ET-1–
dependent vasoconstriction (figure 2)(69). These data are consistent with a role for FFA-induced microvascular
dysfunction in the development of obesity-associated disorders (40).

Vascular insulin resistance and angiotensin II (AngII).
Another potential mechanism between adipose tissue and the microvasculature is the renin-angiotensin system
(RAS). Obese individuals are characterized by increased activity of the RAS (81). Adipocytes are rich sources of
angiotensinogen, the precursor protein of angiotensin II (AngII), and possess all the enzymes necessary to
produce AngII (82). 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 (83).
Angiotensin II causes vasoconstriction via the type 1 receptor (AT1R) and vasodilatation through the type 2
receptor (AT2R). Both are expressed in muscle microvasculature (84) and in vitro studies have repeatedly shown
that angiotensin II (AngII) impairs vascular insulin signaling and reduces insulin-stimulated NO production via the
AT1R (85,86,87). AngII also increases the expression of interleukin 6 and TNF-α , as well as oxidative stress via
the nuclear factor 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 (88,89,90). Surprisingly, acutely raising AngII systemically also improves muscle
glucose disposal thought to be secondary to the hemodynamic effects of AngII (91,92). 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. Chai et al. demonstrated, that AngII, acting on both
AT1R and AT2R, regulates basal skeletal muscle perfusion, glucose metabolism, and oxygenation in rats (84).
Basal AT1R tone restricts muscle microvascular blood volume, a measure of microvascular surface area and
perfusion and 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 in rats 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 (93). Recently, it has been demonstrated that acute infusion of
AngII impairs insulin-induced capillary recruitment, as assessed with capillary microscopy, but enhances insulin
stimulated whole-body glucose disposal (94). Moreover, acute AT1R blockade with irbesartan, but not acute
calcium channel blockade with felodipine, increased functional capillary density during hyperinsulinemia in mildly
hypertensive individuals despite similar blood pressure reductions (95). This beneficial effect of irbesartan on
microvascular perfusion was however not associated with increased insulin mediated 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) (96). The latter study did not assess insulininduced 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.

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 (75). Activation of these 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
change the milieu of secreted circulating adipokines, which then have endocrine or paracrine effects on the
vasculature (73). 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
(73). Of the adipokines, TNF-α has been best characterized for its action in inducing metabolic insulin resistance
through inflammatory pathways, with consequent effects on IRS-1 and Akt phosphorylation (97). TNF-α can
certainly produce local and downstream endothelial activation and inhibition of nitric oxide production in small
vessels. In rats, TNF-α elevation concomitantly impairs insulin-mediated muscle capillary recruitment and glucose
uptake (99). Moreover, in isolated skeletal muscle resistance arteries, TNF-α impairs the vasodilator effects but

not the vasoconstrictor effects of insulin through activation of intracellular enzyme c-Jun N-terminal kinase (JNK)
and impairment of insulin-mediated activation of Akt (figure 2)(100). This selective inhibition of the vasodilator
effects of insulin results in insulin-mediated vasoconstriction in the presence of TNF-α. JNK has been shown to
regulate whole-body insulin sensitivity as well as insulin-mediated cell signaling (101). In cultured bovine aortic
endothelial cells, TNF-α induces insulin resistance in the phosphatidylinositol 3-kinase/Akt/eNOS pathway and
enhances ERK1/2 phosphorylation (102). In humans, the TNF-α gene locus contributes to the determination of
obesity and obesity-associated hypertension (103). Recent interesting evidence is that insulin sensitivity is
improved by treatment through neutralizing TNF-α with the monoclonal antibody, infliximab, in patients with
ankylosing spondylitis (104), 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 vasodilatation and capillary recruitment, which
was normalized following anti-TNF-α treatment (105). Morphological studies reveal substantial differences in
inflammation between subcutaneous and intra-abdominal (visceral) fat depots. Abdominal adipose tissue contains
more monocytes and macrophages and expresses more TNF-α than subcutaneous adipose tissue in obesity
(71,106). In accordance, 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. However, circulating TNF-α is associated with capillary recruitment in some (107), but
not all studies (108). 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 (70). A new source of TNF-α which has recently been
identified is perivascular adipose tissue around coronary arteries (109,110). This implies that TNF-α is produced
in the vicinity of the vascular endothelium and may mean that circulating levels of TNF-α underestimate the
biologically relevant concentrations of this cytokine. In this context, we have suggested a regulatory role for local
production of adipokines in deposits of fat around arterioles, so called muscle perivascular adipose tissue (figure
2 and figure 3) (73,111).

Perivascular adipose tissue (PVAT)
Our group has demonstrated that there is a cuff of adipose tissue around the origin of nutritive arterioles, isolated
from cremaster muscles from obese Zucker rats (73,111). Using a variety of insulin signaling pathway inhibitors,
we have shown that in these animals, the PI3-kinase insulin signaling pathway is impaired, and nitric oxide
production is suppressed (73). This has led to proposal that in states of obesity, the adipokines secreted from
perivascular adipose tissue (PVAT) may signal to the vessel wall, both locally (‘paracrine’) and downstream
(‘vasocrine’), through outside-to-inside signaling (111). PVAT around nutritive arterioles may inhibit the effects of
systemic insulin on local vasodilation, consequently inhibiting nutritive blood flow and insulin action.
Recently, we were able to start to confirm this hypothesis through work done in lean and obese mice (112). We
found that, ex-vivo, in a pressure myograph, PVAT controls insulin-induced vasoreactivity in the muscle
microcirculation through secretion of adiponectin and subsequent AMPK signaling. PVAT from obese mice
inhibits insulin-induced vasodilation, which can be restored by inhibition of JNK, a mediator of TNF-α-induced
inflammation.

Are adiponectin’s insulin-sensitizing effects in vivo exerted through AMPK?

In conclusion, the obesity-associated adipokine profile which includes elevated TNF-α concentrations and
decreased adiponectin concentrations among others, is a likely suspect linking (perivascular) adipose tissue with

defects in microvascular function, at least in part, by influencing insulin signaling and thereby insulin’s vascular
effects.

Outline of the thesis
The aim of the presented studies was to obtain further insight in microvascular vasoregulation with specific
emphasis on the roles of endothelin-1, VEGF and adiponectin. In this thesis, I will address different aspects of
blood pressure control and insulin mediated glucose uptake, our two main microvascular interests, from several
angles in various study designs (see also boxes throughout the introduction section). We start with two
methodological considerations. In chapter 2 we investigate whether we can confirm the implied relationship
between vasomotion and capillary recruitment. In chapter 3a, we compare insulin mediated microvascular
reactivity in skin and skeletal muscle. Can skin microvasculature be used as a proxy for the study of systemic
effects? Chapter 3b investigates the possibilities for a new application of an established technique to assess
skeletal muscle perfusion in blood pressure research.
The next three chapters focus on the role of the microvasculature in blood pressure control. Chapter 4a describes
the acute effects of a VEGF-R inhibitor, sunitinib, on capillary density and blood pressure in patients with
metastatic renal cell cancer. Chapter 4b addresses whether these effects are reversible after cessation of the
drug. In chapter 5, we investigate the relationship between birth weight and salt-sensitivity of blood-pressure, a
measure of renal microvascular injury, during adulthood. Such a relationship would corroborate the suggestion
that microvascular dysfunction precedes cardiometabolic risk factors, perhaps even starting during early
development.
In chapter 6, we attempt to disentangle the main phenotypic characteristics of the metabolic syndrome with
regards to vascular and metabolic insulin sensitivity.
The third and final part of this thesis focuses on microvascular function in a metabolic context, and especially on
the role of adiponectin and its substrate AMPK. In chapter 7 we use spectral analysis of skin laser Doppler
measurements to investigate relationships between BMI, adiponectin and vasomotion in a healthy population
based cohort. In chapter 8, we try to elucidate via in-vitro, ex-vivo and in-vivo experiments how adiponectin exerts
its insulin-sensitizing effects via AMPKα2. Finally, chapter 9 summarizes and discusses the findings presented in
this thesis.

Figures
figure 1

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

figure 2

Effect on insulin signaling by TNF-α or free fatty acids (FFA). Normal insulin signaling is mediated by either insulin
receptor substrate (IRS), 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 PKCθ, leading to impaired Akt activation induced by TNFα and FFA, and increase in ERK1/2 activation by
FFA, both of which lead to insulin-mediated vasoconstriction in muscle resistance arteries (Cell Tissue Res. 335:
165, 2009)

figure 3

Increased local perivascular adipose tissue in skeletal muscle arterioles of Db/Db mice. After dissection of the
gracilis muscle, the vasculature of the corresponding muscle in the control and Db/Db mice (B, E) becomes
visible (A artery, V vein, F femoral artery). At higher magnification, the artery and vein can be distinguished (C, F).
The Db/Db mice (D-F) possess more and larger fat cells surrounding the gracilis artery compared with control
mice (A-C). Bars 1 mm (B, E), 0.25 mm (C, F). (Cell Tissue Res. 335: 165, 2009)

References
1

Grundy SM, Brewer HB, Jr., Cleeman JI, Smith SC, Jr., Lenfant C. Definition of metabolic syndrome: Report of the
National Heart, Lung, and Blood Institute/American Heart Association conference on scientific issues related to
definition. Circulation 109: 433-438, 2004.

2

Serné EH, Stehouwer CD, ter Maaten JC, ter Wee PM, Rauwerda JA, Donker AJ, Gans RO. Microvascular function
relates to insulin sensitivity and blood pressure in normal subjects. Circulation 99: 896-902, 1999.

3

Levy BI, Schiffrin EL, Mourad JJ, Agostini D, Vicaut E, Safar ME, Struijker-Boudier HA. Impaired tissue perfusion: a

4

Schelbert HR. Coronary Circulatory Function Abnormalities in Insulin Resistance. Insights From Positron Emission

pathology common to hypertension, obesity, and diabetes mellitus. Circulation 118: 968-976, 2008.
Tomography. J Am Coll Cardiol 53: S3–8, 2009.
5

Wong TY, Duncan BB, Golden SH, Klein R, Couper DJ, Klein BE, Hubbard LD, Sharrett AR, Schmidt MI. Associations
between the metabolic syndrome and retinal microvascular signs: the Atherosclerosis Risk In Communities study.
Invest Ophthalmol Vis Sci. 45: 2949-2954, 2004.

6

de Jongh RT, Serne EH, IJzerman RG, de Vries G, Stehouwer CD. Impaired microvascular function in obesity:
implications for obesity-associated microangiopathy, hypertension, and insulin resistance. Circulation 109: 2529-2535,
2004.

7

Serné EH, Gans RO, ter Maaten JC, ter Wee PM, Donker AJ, Stehouwer CD. Capillary recruitment is impaired in
essential hypertension and relates to insulin's metabolic and vascular actions. Cardiovasc Res. 49: 161-168, 2001.

8

Serné EH, IJzerman RG, Gans RO, Nijveldt R, De Vries G, Evertz R, Donker AJ, Stehouwer CD. Direct evidence for
insulin-induced capillary recruitment in skin of healthy subjects during physiological hyperinsulinemia. Diabetes
51: 1515-1522, 2002.

9

Antonios TFT, Singer DRJ, Markandu ND, Mortimer PS, MacGregor GA. Rarefaction of skin capillaries in borderline
essential hypertension suggest an early structural abnormality. Hypertension 34: 655–658, 1999.

10

Noon JP, Walker BR, Webb DJ, Shore AC, Holton DW, Edwards HV, Watt GC. Impaired microvascular dilatation and
capillary rarefaction in young adults with a predisposition to high blood pressure. J Clin Invest. 99: 1873-1879, 1997.

11

Hedman A, Reneland R, Lithell HO. Alterations in skeletal muscle morphology in glucose-tolerant elderly hypertensive
men: relationship to development of hypertension and heart rate. J Hypertens. 18: 559-565, 2000.

12

Wong TY, Klein R, Sharrett AR, Duncan BB, Couper DJ, Klein BE, Hubbard LD, Nieto FJ. Retinal arteriolar diameter
and risk for hypertension. Ann Intern Med. 140: 248-255, 2004.

13

Ikram MK, Witteman JC, Vingerling JR, Breteler MM, Hofman A, de Jong PT. Retinal vessel diameters and risk of
hypertension: the Rotterdam Study. Hypertension 47: 189-194, 2006.

14

Mourad JJ, des Guetz G, Debbabi H, Levy BI. Blood pressure rise following angiogenesis inhibition by bevacizumab.
A crucial role for microcirculation. Ann Oncol. 5: 927-934, 2008.

15

Greene AS, Tonellato PJ, Lui J, Lombard JH, Cowly AW. Microvascular rarefaction and tissue vascular resistance in
hypertension. Am J Physiol. 256: H126–H131, 1989.

16
17

Hudetz AG. Percolation phenomenon: the effect of capillary network rarefaction. Microvasc Res. 45: 1–10, 1993.
Jacobsen JC, Gustafsson F, Holstein-Rathlou NH. A model of physical factors in the structural adaptation of
microvascular networks in normotension and hypertension. Physiol Meas. 24: 891-912, 2003.

18

Jacobsen JC, Hornbech MS, Holstein-Rathlou NH. A tissue in the tissue: models of microvascular plasticity. Eur J
Pharm Sci. 36: 51-61, 2009.

19

Frisbee JC. Hypertension-independent microvascular rarefaction in the obese Zucker rat model of the metabolic
syndrome. Microcirculation 12: 383-92, 2005.

20

Levy, BI, Ambrosio, G, Pries, AR, Struijker-Boudier, HA. Microcirculation in hypertension: A new target for treatment?
Circulation 104: 736-741, 2001.

21

Borst JG, Borst-DeGeus A. Hypertension explained by Starling's theory of circulatory homeostasis. Lancet. 1: 677-

22

Guyton AC, Coleman TG, Cowley AV Jr, Liard JF, Norman RA Jr, Manning RD Jr. Arterial pressure regulation.

682, 1963.
Overriding dominance of the kidneys in long-term regulation and in hypertension. Am J Med. 52: 584-594, 1972.
23

Johnson RJ, Herrera-Acosta J, Schreiner GF, Rodriguez-Iturbe B. Subtle acquired renal injury as a mechanism of
salt-sensitive hypertension. N Engl J Med. 346: 913-923, 2002.

24

Le Noble FA, Stassen FR, Hacking WJ, Struijker Boudier HA. Angiogenesis and hypertension. J Hypertens. 16: 15631572, 1998.

25

de Jongh RT, Serné EH, IJzerman RG, Stehouwer CD. Microvascular function: a potential link between salt
sensitivity, insulin resistance and hypertension. J Hypertens. 25: 1887-1893, 2007.

26

Galletti F, Strazzullo P, Ferrara I, Annuzzi G, Rivellese AA, Gatto S, Mancini M. NaCl sensitivity of essential
hypertensive patients is related to insulin resistance. J Hypertens. 15: 1485-1491, 1997.

27

Barrett EJ, Eggleston EM, Inyard AC, Wang H, Li G, Chai W, Liu Z. The vascular actions of insulin control its delivery
to muscle and regulate the rate-limiting step in skeletal muscle insulin action. Diabetologia 52: 752–764, 2009.

28

Clark MG. Impaired microvascular perfusion: a consequence of vascular dysfunction and a potential cause of insulin
resistance in muscle. Am J Physiol Endocrinol Metab. 4: E732-750, 2008.

29

Serne EH, Gans RO, ter Maaten JC, Tangelder GJ, Donker AJ and Stehouwer CD. Impaired skin capillary recruitment
in essential hypertension is caused by both functional and structural capillary rarefaction. Hypertension 38: 238-242,
2001

30

Baron AD. Hemodynamic actions of insulin. Am J Physiol. 267: E187-E202, 1994.

31

Yki-Järvinen H, Utriainen T. Insulin-induced vasodilatation: physiology or pharmacology? Diabetologia 41: 369-379,
1998.

32

Shankar SS, Considine RV, Gorski JC, Steinberg HO. Insulin sensitivity is preserved despite disrupted endothelial
function. Am J Physiol Endocrinol Metab. 291: E691-E696, 2006.

33

Vincent MA, Clerk LH, Rattigan S, Clark MG, Barrett EJ. Active role for the vasculature in the delivery of insulin to
skeletal muscle. Clin Exp Pharmacol Physiol. 32: 302-307, 2005.

34

Wallis MG, Wheatley CM, Rattigan S, Barrett EJ, Clark AD, Clark MG. Insulin-mediated hemodynamic changes are
impaired in muscle of Zucker obese rats. Diabetes 51: 3492-3498, 2002.

35

Ellmerer M, Kim SP, Hamilton-Wessler M, Hucking K, Kirkman E, Bergman RN. Physiological hyperinsulinemia in
dogs augments access of macromolecules to insulin-sensitive tissues. Diabetes 53: 2741-2747, 2004.

36

Ellmerer M, Hamilton-Wessler M, Kim SP, Huecking K, Kirkman E, Chiu J, Richey J, Bergman RN. Reduced access
to insulin-sensitive tissues in dogs with obesity secondary to increased fat intake. Diabetes 55: 1769-1775, 2006.

37

Bonadonna RC, Saccomani MP, Del Prato S, Bonora E, DeFronzo RA, Cobelli C. Role of tissue-specific blood flow
and tissue recruitment in insulin- mediated glucose uptake of human skeletal muscle. Circulation 98: 234-241, 1998.

38

Vincent MA, Clerk LH, Lindner JR, Price WJ, Jahn LA, Leong-Poi H, Barrett EJ. Mixed meal and light exercise each
recruit muscle capillaries in healthy humans. Am J Physiol Endocrinol Metab. 290: E1191-E1197, 2006.

39

Clerk LH, Vincent MA, Jahn LA, Liu Z, Lindner JR, Barrett EJ. Obesity blunts insulin-mediated microvascular
recruitment in human forearm muscle. Diabetes 55: 1436-1442, 2006.

40

de Jongh RT, Serne EH, IJzerman RG, de Vries G, Stehouwer CD. Free fatty acid levels modulate microvascular
function: relevance for obesity-associated insulin resistance, hypertension, and microangiopathy. Diabetes 53: 28732882, 2004.

41

Gudbjornsdottir S, Sjöstrand M, Strindberg L, Lonnroth P. Decreased muscle capillary permeability surface area in
type 2 diabetic subjects. J Clin Endocrinol Metab. 90: 1078-1082, 2005.

42

Sjöstrand M, Gudbjörnsdottir S, Holmäng A, Lönn L, Strindberg L, Lönnroth P. Delayed transcapillary transport of
insulin to muscle interstitial fluid in obese subjects. Diabetes 51: 2742-2748, 2002.

43

Murdolo G, Sjöstrand M, Strindberg L, Gudbjörnsdóttir S, Lind L, Lönnroth P, Jansson PA. Effects of Intrabrachial
metacholine infusion on muscle capillary recruitment and forearm glucose uptake during physiological
hyperinsulinemia in obese, insulin-resistant individuals. J Clin Endocrinol Metab. 93: 2764-2773, 2008.

44

Weinhandl H, Pachler C, Mader JK, Ikeoka D, Mautner A, Falk A, Suppan M, Pieber TR, Ellmerer M. Physiological
hyperinsulinemia has no detectable effect on access of macromolecules to insulin-sensitive tissues in healthy
humans. Diabetes 56: 2213-2217, 2007.

45

Rücker M, Strobel O, Vollmar B, Roesken F, Menger MD. Vasomotion in critically perfused muscle protects adjacent
tissues from capillary perfusion failure. Am J Physiol Heart Circ Physiol. 279: H550-H558, 2000.

46

de Jongh RT, Clark AD, IJzerman RG, Serne EH, de Vries G, Stehouwer CD. Physiological hyperinsulinaemia
increases intramuscular microvascular reactive hyperaemia and vasomotion in healthy volunteers. Diabetologia
47: 978-986, 2004.

47

Stefanovska A, Bracic M, Kvernmo HD. Wavelet analysis of oscillations in the peripheral blood circulation measured
by laser Doppler technique. IEEE Trans Biomed Eng. 46: 1230-1239, 1999.

48

Kvernmo HD, Stefanovska A, Kirkeboen KA, Kvernebo K. Oscillations in the human cutaneous blood perfusion signal
modified by endothelium-dependent and endothelium-independent vasodilators. Microvasc Res. 57: 298-309, 1999.

49

Rossi M, Maurizio S, Carpi A. Skin blood flowmotion response to insulin iontophoresis in normal subjects. Microvasc
Res. 70: 17-22, 2005.

50

Newman JMB, Ross RM, Richards SM, Clark MG, Rattigan S. Decreased microvascular vasomotion and myogenic
response in rat skeletal muscle in association with acute insulin resistance. J Physiol. 587: 2579-2588, 2009.

51

de Jongh RT, Serné EH, IJzerman RG, Jørstad HT, Stehouwer CD. Impaired local microvascular vasodilatory effects
of insulin and reduced skin microvascular vasomotion in obese women. Microvasc Res. 75: 256-262, 2008.

52

Wang H, Wang AX, Barrett EJ. Caveolin-1 is required for vascular endothelial insulin uptake. Am J Physiol Endocrinol
Metab. 300: E134-144, 2011.

53
54

Muniyappa R, Montagnani M, Koh KK, Quon MJ. Cardiovascular actions of insulin. Endocr Rev. 28: 463-491, 2007.
Serné EH, de Jongh RT, Eringa EC, IJzerman RG, Stehouwer CD. Microvascular dysfunction: a potential
pathophysiological role in the metabolic syndrome. Hypertension 50: 204-211, 2007.

55

Li R, Zhang H, Wang W, Wang X, Huang Y, Huang C, Gao F. Vascular insulin resistance in prehypertensive rats: role
of PI3-kinase/Akt/eNOS signaling. Eur J Pharmacol. 62: 140-147, 2010.

56

Kubota T, Kubota N, Kumagai H, Yamaguchi S, Kozono H, Takahashi T, Inoue M, Itoh S, Takamoto I, Sasako T,
Kumagai K, Kawai T, Hashimoto S, Kobayashi T, Sato M, Tokuyama K, Nishimura S, Tsunoda M, Ide T, Murakami K,
Yamazaki T, Ezaki O, Kawamura K, Masuda H, Moroi M, Sugi K, Oike Y, Shimokawa H, Yanagihara N, Tsutsui M,
Terauchi Y, Tobe K, Nagai R, Kamata K, Inoue K, Kodama T, Ueki K, Kadowaki T. Impaired insulin signaling in
endothelial cells reduces insulin-induced glucose uptake by skeletal muscle. Cell Metab. 13: 294-307, 2011.

57

Eringa EC, Stehouwer CD, Roos MH, Westerhof N, Sipkema P. Selective resistance to vasoactive effects of insulin in
muscle resistance arteries of obese Zucker (fa/fa) rats. Am J Physiol Endocrinol Metab. 293: E1134-E1139, 2007.

58

Jiang ZY, Lin YW, Clemont A, Feener EP, Hein KD, Igarashi M, Yamauchi T, White MF, King GL. Characterization of
selective resistance to insulin signaling in the vasculature of obese Zucker (fa/fa) rats. J Clin Invest. 104: 447-457,
1999.

59

Kim F, Pham M, Maloney E, Rizzo NO, Morton GJ, Wisse BE, Kirk EA, Chait A, Schwartz MW. Vascular inflammation,
insulin resistance, and reduced nitric oxide production precede the onset of peripheral insulin resistance. Arterioscler
Thromb Vasc Biol. 28: 1982-1988, 2008.

60

Symons JD, McMillin SL, Riehle C, Tanner J, Palionyte M, Hillas E, Jones D, Cooksey RC, Birnbaum MJ, McClain
DA, Zhang QJ, Gale D, Wilson LJ, Abel ED. Contribution of insulin and Akt1 signaling to endothelial nitric oxide
synthase in the regulation of endothelial function and blood pressure. Circ Res. 104: 1085-1094, 2009.

61

Cardillo C, Nambi SS, Kilcoyne CM, Insulin stimulates both endothelin and nitric oxide activity in the human forearm.
Circulation 100: 820-825, 1999.

62

Gudbjornsdottir S, Elam M, Sellgren J, Anderson EA. Insulin increases forearm vascular resistance in obese, insulinresistant hypertensives. J Hypertens. 14: 91-97, 1996.

63

Cardillo C, Campia U, Iantorno M, Panza JA. Enhanced vascular activity of endogenous endothelin-1 in obese
hypertensive patients. Hypertension 43: 36-40, 2004.

64

Mather KJ, Mirzamohammadi B, Lteif A, Steinberg HO, Baron AD. Endothelin contributes to basal vascular tone and
endothelial dysfunction in human obesity and type 2 diabetes. Diabetes 51: 3517-3523, 2002.

65

Lteif AA, Vaishnava P, Baron AD, Mather KJ. Endothelin limits insulin action in obese/insulin-resistant humans.
Diabetes 56: 728-734, 2007.

66

Ahlborg G, Shemyakin A, Böhm F, Gonon A, Pernow J. Dual endothelin receptor blockade acutely improves insulin
sensitivity in obese patients with insulin resistance and coronary artery disease. Diabetes Care 30: 591-596, 2007.

67

Lteif AA, Fulford AD, Considine RV, Gelfand I, Baron AD, Mather KJ. Hyperinsulinemia fails to augment ET-1 action in
the skeletal muscle vascular bed in vivo in humans. Am J Physiol Endocrinol Metab. 295: E1510-E1517, 2008.

68
69

Scherer,P.E.. Adipose tissue: from lipid storage compartment to endocrine organ. Diabetes 55: 1537-1545, 2006.
Bakker W, Sipkema P, Stehouwer CD, Serne EH, Smulders YM, van Hinsbergh VW, Eringa EC. Protein kinase C
theta activation induces insulin-mediated constriction of muscle resistance arteries. Diabetes 57: 706-713, 2008.

70

Hotamisligil GS, Arner P, Caro JF, Atkinson RL, Spiegelman BM. Increased adipose tissue expression of tumor
necrosis factor-alpha in human obesity and insulin resistance. J Clin Invest. 95: 2409-2415, 1995.

71

Hotamisligil GS, Spiegelman BM. Tumor necrosis factor alpha: a key component of the obesity-diabetes link. Diabetes
43: 1271-1278, 1994.

72

Scherer,P.E., Williams,S., Fogliano,M., Baldini,G., and Lodish,H.F. A novel serum protein similar to C1q,
produced exclusively in adipocytes. J Biol. Chem. 270: 26746-26749, 1995.

73

Meijer RI, Serne EH, Smulders YM, van Hinsbergh VW, Yudkin JS, Eringa EC. Perivascular adipose tissue and its
role in type 2 diabetes and cardiovascular disease. Curr Diab Rep. 11: 211-217, 2011.

74

Lee DE, Kehlenbrink S, Lee H, Hawkins MA, Yudkin JS. Getting the Message Across- Mechanisms of Physiological
Cross-Talk by Adipose Tissue. Am J Physiol Endocrinol Metab. 296: E1210-1229, 2009.

75

Schenk S, Saberi M, Olefsky JM. Insulin sensitivity: modulation by nutrients and inflammation. J Clin Invest. 118:
2992-3002, 2008.

76

Shulman GI. Unraveling the cellular mechanism of insulin resistance in humans: new insights from magnetic
resonance spectroscopy. Physiology (Bethesda ) 19: 183-90, 2004.

77

Kim JA, Montagnani M, Koh KK, Quon MJ. Reciprocal relationships between insulin resistance and endothelial
dysfunction: molecular and pathophysiological mechanisms. Circulation 113: 1888-1904, 2006.

78

Kelley DE, Williams KV, Price JC. Insulin regulation of glucose transport and phosphorylation in skeletal muscle
assessed by PET. Am J Physiol. 277: E361-E369, 1999.

79

Clerk LH, Rattigan S, Clark MG. Lipid infusion impairs physiologic insulin-mediated capillary recruitment and muscle
glucose uptake in vivo. Diabetes 51: 1138-1145, 2002.

80

Liu Z, Liu J, Jahn LA, Fowler DE, Barrett EJ.Infusing lipid raises plasma free fatty acids and induces Insulin resistance
in muscle microvasculature. J Clin Endocrinol Metab. 94: 3543-3549, 2009.

81

Sarzani R, Salvi F, Dessì-Fulgheri P, Rappelli A. Renin-angiotensin system, natriuretic peptides, obesity, metabolic
syndrome, and hypertension: an integrated view in humans. J Hypertens. 26: 831-843, 2008.

82

Prasad A, Quyyumi AA. Renin-angiotensin system and angiotensin receptor blockers in the metabolic syndrome.
Circulation 110: 1507-1512, 2004.

83

Lu H, Boustany-Kari CM, Daugherty A, Cassis LA. Angiotensin II increases adipose angiotensinogen expression. Am
J Physiol Endocrinol Metab. 292: E1280-1287, 2007.

84

Chai W, Wang W, Liu J, Barrett EJ, Carey RM, Cao W, Liu Z. Angiotensin II type 1 and type 2 receptors regulate
basal skeletal muscle microvascular volume and glucose use. Hypertension 55: 523-530, 2010.

85

Andreozzi F, Laratta E, Sciacqua A, Perticone F, Sesti G. Angiotensin II impairs the insulin signaling pathway
promoting production of nitric oxide by inducing phosphorylation of insulin receptor substrate-1 on Ser312 and Ser616
in human umbilical vein endothelial cells. Circ Res. 94: 1211-1218, 2004.

86

Wei Y, Whaley-Connell AT, Chen K, Habibi J, Uptergrove GM, Clark SE, Stump CS, Ferrario CM, Sowers JR. NADPH
oxidase contributes to vascular inflammation, insulin resistance, and remodeling in the transgenic (mRen2) rat.
Hypertension 50: 384-391, 2007.

87

Velloso LA, Folli F, Sun XJ, White MF, Saad MJ, Kahn CR. Cross-talk between the insulin and angiotensin signaling
systems. Proc Natl Acad Sci U S A. 93: 12490-12495, 1996.

88
89

Liu Z. The renin-angiotensin system and insulin resistance. Curr Diab Rep. 7: 34-42, 2007.
McMurray JJ, Holman RR, Haffner SM, Bethel MA, Holzhauer B, Hua TA, Belenkov Y, Boolell M, Buse JB, Buckley
BM, Chacra AR, Chiang FT, Charbonnel B, Chow CC, Davies MJ, Deedwania P, Diem P, Einhorn D, Fonseca V,
Fulcher GR, Gaciong Z, Gaztambide S, Giles T, Horton E, Ilkova H, Jenssen T, Kahn SE, Krum H, Laakso M, Leiter
LA, Levitt NS, Mareev V, Martinez F, Masson C, Mazzone T, Meaney E, Nesto R, Pan C, Prager R, Raptis SA, Rutten
GE, Sandstroem H, Schaper F, Scheen A, Schmitz O, Sinay I, Soska V, Stender S, Tamás G, Tognoni G, Tuomilehto
J, Villamil AS, Vozár J, Califf RM. Effect of valsartan on the incidence of diabetes and cardiovascular events. N Engl J
Med. 362: 1477-1490, 2010.

90

Jandeleit-Dahm KA, Tikellis C, Reid CM, Johnston CI, Cooper ME. Why blockade of the renin-angiotensin system
reduces the incidence of new-onset diabetes. J Hypertens. 23: 463-473, 2005.

91

Jamerson KA, Nesbitt SD, Amerena JV, Grant E, Julius S. Angiotensin mediates forearm glucose uptake by
hemodynamic rather than direct effects. Hypertension 27: 854-858, 1996.

92

Buchanan TA, Thawani H, Kades W, Modrall JG, Weaver FA, Laurel C, Poppiti R, Xiang A, Hsueh W. Angiotensin II
increases glucose utilization during acute hyperinsulinemia via a hemodynamic mechanism. J Clin Invest. 92: 720726, 1993.

93

Goossens GH, Blaak EE, Saris WH, van Baak MA. Angiotensin II-induced effects on adipose and skeletal muscle
tissue blood flow and lipolysis in normal-weight and obese subjects. J Clin Endocrinol Metab. 89: 2690-2696, 2004.

94

Jonk AM, Houben AJ, Schaper NC, de Leeuw PW, Serné EH, Smulders YM, Stehouwer CD. Angiotensin II enhances
insulin-stimulated whole-body glucose disposal but impairs insulin-induced capillary recruitment in healthy volunteers.
J Clin Endocrinol Metab. 95: 3901-3908, 2010

95

Jonk AM, Houben AJ, Schaper NC, de Leeuw PW, Serné EH, Smulders YM, Stehouwer CD. Acute angiotensin II
receptor blockade improves insulin-induced microvascular function in hypertensive individuals. Microvasc Res. 82: 7783, 2011.

96

van der Zijl NJ, Serné EH, Goossens GH, Moors CCM, IJzerman RG, Blaak EE, Diamant M. Valsartan-induced
improvement of insulin sensitivity is not mediated by changes in microvascular function in individuals with impaired
glucose metabolism. J Hypertens. 10: 1955-1962, 2011.

97
98

Shoelson SE, Lee J, Goldfine AB. Inflammation and insulin resistance. Clin Invest. 116:1793-801, 2006.
Steinberg GR, Michell BJ, van Denderen BJ, Watt MJ, Carey AL, Fam BC, Andrikopoulos S, Proietto J, Görgün CZ,
Carling D, Hotamisligil GS, Febbraio MA, Kay TW, Kemp BE. Tumor necrosis factor alpha-induced skeletal muscle
insulin resistance involves suppression of AMP-kinase signaling. Cell Metab. 4: 465-474, 2006.

99

Youd JM, Rattigan S, Clark MG. Acute impairment of insulin-mediated capillary recruitment and glucose uptake in rat
skeletal muscle in vivo by TNF-alpha. Diabetes 49: 1904-1909, 2000.

100

Eringa EC, Stehouwer CD, Walburg K, Clark AD, Nieuw Amerongen GP, Westerhof N, Sipkema P. Physiological
concentrations of insulin induce endothelin-dependent vasoconstriction of skeletal muscle resistance arteries in the
presence of tumor necrosis factor-alpha dependence on c-Jun N-terminal kinase. Arterioscler Thromb Vasc Biol.
26: 274-280, 2006.

101

Hirosumi J, Tuncman G, Chang L, Gorgun CZ, Uysal KT, Maeda K, Karin M, Hotamisligil GS. A central role for JNK in
obesity and insulin resistance. Nature 420: 333-336, 2002.

102

Li G, Barrett EJ, Barrett MO, Cao W, Liu Z. Tumor necrosis factor-alpha induces insulin resistance in endothelial cells
via a p38 mitogen-activated protein kinase-dependent pathway. Endocrinology 148: 3356-3363, 2007.

103

Pausova Z, Deslauriers B, Gaudet D, Tremblay J, Kotchen TA, Larochelle P, Cowley AW, Hamet P. Role of tumor
necrosis factor-alpha gene locus in obesity and obesity-associated hypertension in French Canadians. Hypertension
36: 14-19, 2000.

104

Kiortsis DN, Mavridis AK, Vasakos S, Nikas SN, Drosos AA. Effects of infliximab treatment on insulin resistance in
patients with rheumatoid arthritis and ankylosing spondylitis. Ann Rheum Dis. 64: 765-766, 2005.

105

van Eijk IC, Peters MJ, Serné EH, van der Horst-Bruinsma IE, Dijkmans BA, Smulders YM, Nurmohamed
MT.Microvascular function is impaired in ankylosing spondylitis and improves after tumour necrosis factor alpha
blockade. Ann Rheum Dis. 68: 362-366, 2009.

106

Bruun JM, Lihn AS, Pedersen SB, Richelsen B. Monocyte chemoattractant protein-1 release is higher in visceral than
subcutaneous human adipose tissue (AT): implication of macrophages resident in the AT. J Clin Endocrinol Metab.
90: 2282-2289, 2005.

107

IJzerman RG, Voordouw JJ, van Weissenbruch MM, Yudkin JS, Serne EH, Delemarre-van de Waal HA, Stehouwer
CD. TNF-alpha levels are associated with skin capillary recruitment in humans: a potential explanation for the
relationship between TNF-alpha and insulin resistance. Clin Sci. 110: 361-368, 2006.

108

de Jongh RT, IJzerman RG, Serné EH, Voordouw JJ, Yudkin JS, de Waal HA, Stehouwer CD, van Weissenbruch
MM. Visceral and truncal subcutaneous adipose tissue are associated with impaired capillary recruitment in healthy
individuals. J Clin Endocrinol Metab. 91: 5100-5106, 2006.

109

Mazurek T, Zhang L, Zalewski A, Mannion JD, Diehl JT, Arafat H, Sarov-Blat L, O'Brien S, Keiper EA, Johnson AG,
Martin J, Goldstein BJ, Shi Y. Human epicardial adipose tissue is a source of inflammatory mediators. Circulation
108: 2460-2466, 2003.

110

Chatterjee TK, Stoll LL, Denning GM, Harrelson A, Blomkalns AL, Idelman G, Rothenberg FG, Neltner B, RomigMartin SA, Dickson EW, Rudich S, Weintraub NL. Proinflammatory phenotype of perivascular adipocytes: influence of
high-fat feeding. Circ Res. 104: 541-549, 2009.

111

Yudkin JS, Eringa E, Stehouwer CD. "Vasocrine" signalling from perivascular fat: a mechanism linking insulin
resistance to vascular disease. Lancet 365: 1817-1820, 2005.

112

Meijer RI, Bakker W, Alta CL, Sipkema P, Yudkin JS, Viollet B, Richter EA, Smulders YM, van Hinsbergh VW, Serné
EH, Eringa EC. Perivascular adipose tissue control of insulin-induced vasoreactivity in muscle is impaired in db/db
mice. Diabetes. 62: 590-598, 2013.

