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Abstract

Insulin enhances the compliance of conduit arteries, relaxes resistance arterioles to increase tissue 

blood flow and dilates precapillary arterioles to expand muscle microvascular blood volume. 

These actions are impaired in the insulin resistant states. Exercise ameliorates endothelial 

dysfunction and improves insulin responses in insulin resistant patients, but the precise underlying 

mechanisms remain unclear. The microvasculature critically regulates insulin action in muscle by 

modulating insulin delivery to the capillaries nurturing the myocytes and trans-endothelial insulin 

transport. Recent data suggest that exercise may exert its insulin-sensitizing effect via recruiting 

muscle microvasculature to increase insulin delivery to and action in muscle. The current review 

focuses on how the interplay among exercise, insulin action and the vasculature contributes to 

exercise-mediated insulin sensitization in muscle.
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Introduction

Blood vessels actively regulate blood pressure and tissue perfusion via synthesis and 

secretion of vasoactive substances and in response to a variety of vasoactive hormones and 

neural signals [1-5]. Insulin is a vasoactive hormone. It acts on large conduit artery to 

increase compliance (see glossary), resistance arterioles to increase overall blood flow to 

tissue, and precapillary arterioles to increase capillary perfusion. Patients with insulin 

resistance, as seen in obesity, metabolic syndrome, hypertension, and/or type 2 diabetes 
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mellitus (T2DM) frequently exhibit endothelial dysfunction and are prone to develop arterial 

atherosclerosis, hypertension and metabolic disarrays such as dysglycemia and elevated 

plasma free fatty acid levels [6-10]. On the other hand, a large body of evidence has 

conclusively confirmed that exercise is able to improve endothelial function and insulin’s 

metabolic actions in these patients. Indeed, lifestyle modification including exercise has 

been advocated as the cornerstone for diabetes prevention and management [11]. Though the 

precise mechanisms underlying exercise-induced insulin sensitization remain to be defined, 

recent studies suggest that the vasculature plays an important role in regulating energy 

metabolism and insulin action during exercise training. Here, we summarize current 

knowledge on the interplay among exercise, insulin action and the vasculature, with a focus 

on the role of muscle microvasculature where the exchanges of nutrients, oxygen, and 

hormones such as insulin between the plasma and muscle interstitium take place.

Insulin acts on the arterial vasculature to regulate vessel function

Vascular endothelium expresses abundant insulin receptors as well as the insulin-like growth 

factor I (IGF-I) receptors and the hybrid insulin/IGF-I receptors [12-15]. In response to 

insulin stimulation, endothelial cells produce a vasodilator nitric oxide (NO) via the 

phosphatidylinositol 3-kinase (PI-3 kinase)/protein kinase B (Akt)/endothelial NO synthase 

(eNOS) signal pathway, and a vasoconstrictor endothelin-1 (ET-1) through the mitogen-

activated protein kinase (MAPK) pathway [16, 17]. In the basal state, insulin fine-tunes 

vascular tone via balancing its signals through these two signalling pathways. When insulin 

concentrations are raised to high physiological levels as seen during euglycemic 

hyperinsulinemic clamp or postprandial state, insulin’s vasodilatory effect predominates. 

Ample evidence has confirmed a direct action of insulin on the conduit, resistance, and 

microvascular segments of the arterial vasculature. As arterial function varies depending on 

its size and location, insulin actions on various segments of the arterial tree lead to different 

outcomes. The conduit arteries mainly regulate arterial plasticity/compliance and blood 

pressure, the resistance arterioles blood pressure and total blood flow to tissues, the pre-

capillary arterioles tissue perfusion and the capillaries exchanges of nutrients, oxygen and 

hormones between the plasma and tissue interstitium [Figure 1].

Conduit arteries are large arteries containing collagen and elastin filaments in the tunica 

media which enable the arteries to stretch in response to pressure to maintain a relatively 

constant pressure in the arteries [18]. The ability of conduit arteries to accommodate the 

volume ejected by the heart is described as arterial compliance. A decrease in arterial 

compliance, i.e., distensibility, suggests an increase in vessel stiffness and is an independent 

predictor of coronary and cerebral artery diseases [19]. Arterial stiffness is most frequently 

assessed in clinical studies by non-invasive measuring pulse wave velocity (PWV) and 

augmentation index. Insulin relaxes the conduit arteries and increases their compliance. In 

healthy humans, insulin infusion decreases augmentation index, consistent with increased 

distensibility or vasodilatation of large arteries [20-22]. Though it is unclear whether insulin 

does this via the stimulation of NO production, insulin infusion does increase the 

responsiveness of the femoral artery to methacholine-induced vasodilation in humans [23].
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Resistance arterioles, ranging from 400 μm to 100 μm, are the major determinant of vascular 

resistance [24]. Vascular resistance changes inversely with blood vessel radius and bulk 

tissue blood flow varies positively with the vessel lumen size. Thus, a small decrease in the 

lumen (vasoconstriction) can markedly increase vascular resistance and decrease tissue 

blood flow. On the contrary, increased lumen diameter (vasorelaxation) leads to decreased 

vascular resistance and increased tissue blood supply. Insulin dilates resistance arterioles 

and thus is able to decrease vascular resistance and increase total tissue blood flow. This was 

elegantly demonstrated by Baron and his colleagues in a series of clinical studies using the 

thermodilution technique to quantify leg blood flow in healthy humans [23, 25-29]. This 

group of investigators also confirmed a coupling of insulin’s vascular effects and metabolic 

effects by demonstrating that changes in insulin-mediated leg blood flow were paralleled by 

changes in insulin-mediated glucose disposal in leg in healthy humans as well as in subjects 

with obesity [30], type 1 diabetes [31] and type 2 [32] diabetes. Insulin's vasodilatory action 

on resistance vessels is NO-dependent, as inhibition of NO production with the NO synthase 

inhibitor L-NG-monomethyl arginine (L-NAME) diminishes insulin-mediated increases in 

both blood flow and glucose uptake in leg [25, 27, 28].

Over the past two decades, much attention has been focused on insulin’s effects on the 

terminal arterioles and its relation with insulin’s metabolic effects in muscle [4, 10, 33, 34]. 

Skeletal muscle is a major insulin response organ and accounts for ~ 80% of insulin-

stimulated whole body glucose disposal during insulin infusion [35]. To act on its receptors 

on the myocyte membrane, insulin has to be first delivered into the capillaries nourishing the 

myocytes and then transported through the capillary endothelium to enter the interstitial 

space. Insulin delivery to muscle has been confirmed by multiple studies using various 

methodologies such as lymphatic sampling, microdialysis or radio-labeled insulin uptake 

techniques to be rate-limiting for insulin action in muscle [36-38]. Muscle microvasculature, 

including vessels <150 μm in diameter such as small (third and fourth order) arterioles, the 

capillary network, and small venules, actively regulates insulin delivery to and action in 

muscle by providing sufficient endothelial surface area for transendothelial transport of 

insulin from plasma to muscle interstitium [4, 34]. We and others have demonstrated that 

muscle microvasculature is also an insulin target, and insulin action here is more closely 

coupled with its metabolic effects in terms of muscle glucose uptake [4, 10, 33, 34]. Indeed, 

insulin has been repeatedly shown in both laboratory animals and healthy humans to 

regulate its own delivery to and thus actions in muscle, by recruiting muscle 

microvasculature [39-43] and facilitating its own trans-endothelial transport [40, 44][Figure 

2]. These observations are of particular physiological significance as the major function of 

muscle microvasculature is to provide exchange surface area to facilitate an adequate 

delivery of nutrients, oxygen and hormones such as insulin to muscle cells, and the removal 

of metabolic wastes from the muscle interstitium. In the resting state only ~ 30% of the 

muscle capillaries are being perfused [45] and the skeletal muscle [leg] basal blood flow 

averages only ~0.2 L/min [25]. Thus, a relative small increase in capillary perfusion 

(controlled by the precapillary terminal arterioles, a process termed microvascular or 

capillary recruitment [34, 45]) could markedly increase substrate (such as glucose, amino 

acids, and oxygen) and insulin extraction due to an expansion of the endothelial exchange 

surface area in muscle. Indeed, blockade of insulin’s microvascular action with L-NAME 

Zheng and Liu Page 3

Trends Endocrinol Metab. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



decreases insulin-stimulated steady-state glucose disposal by up to 40% [46, 47]. In addition 

to insulin, other factors that are capable of increasing muscle microvascular blood volume 

and blood flow, such as mixed meal, muscle contraction, angiotensin 1-7, angiotensin II type 

1 receptor blockers, glucagon-like peptide 1, ranolazine and adiponectin, are also capable of 

increasing insulin’s metabolic actions in muscle [41, 43, 48-56].

Metabolic insulin resistance is associated with arterial endothelial 

dysfunction and insulin resistance

Patients with obesity and diabetes exhibit both arterial endothelial dysfunction and insulin 

resistance, two abnormalities that usually coexist, mutually perpetuate, and predispose 

patients to accelerated atherosclerosis and hypertension. Evidence suggests that they are 

present at all levels of the arterial vasculature. As for the conduit arteries, essentially all 

disease states such as obesity, metabolic syndrome, diabetes and hypertension that exhibit 

characteristics of chronic metabolic insulin resistance are associated with increased arterial 

stiffness and/or impaired NO-mediated vasodilation [21, 57-59]. Plasma free fatty acid 

levels, an important insulin resistance contributor, are associated with reduced reflection 

pressure wave magnitude and central blood pressure [60] and insulin’s vasodilatory action 

on the conduit arteries is impaired by obesity [21, 61]. Endothelial specific knockout of the 

insulin receptors greatly accelerates the atherosclerotic process in apoE−/− mice [62]. 

Metabolic insulin resistance is also accompanied by impaired insulin action on the resistance 

arterioles that regulate skeletal muscle blood flow [25], and endothelial dysfunction in the 

resistance vessels, as evidenced by abnormal responses to intra-arterial methacholine or 

acetylcholine infusion [23, 29, 63, 64]. The observation that plasma free fatty acid elevation 

impairs insulin-mediated vasodilation and NO production lends further support of the NO-

dependence of insulin action on the resistance vessels [28]. As insulin resistance is 

selectively present in the PI3-kinase/Akt/eNOS pathway and insulin signals through the 

MAPK pathway remain normal or even enhanced, the aggregate consequence is a decreased 

NO availability and increased ET-1 action [65]. This combination likely contributes to 

increased vascular tone and explains the predisposition to hypertension and tissue hypoxia in 

patients with insulin resistance. Insulin resistance is clearly present in the muscle 

microvasculature in humans and animals with metabolic insulin resistance. Impaired insulin-

mediated microvascular recruitment has been demonstrated in obese and diabetic animals 

[66, 67], obese humans [68] and humans or animals receiving systemic infusions of tumor 

necrosis factor α or lipid [42, 43, 69, 70]. It is of particular significance to note that vascular 

insulin resistance occurs before muscle insulin resistance in rodents fed a high fat diet [71]. 

As all factors causing metabolic insulin resistance appear to be able to decrease insulin 

responses in the muscle microvasculature and insulin’s vascular actions contribute to the 

overall insulin’s metabolic actions, muscle microvascular insulin resistance may contribute 

to the pathogenesis of metabolic insulin resistance and thus muscle microvasculature could 

be a therapeutic target for the prevention and management of insulin resistance and 

dysglycemia [65].
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Exercise ameliorates endothelial dysfunction and enhances insulin 

responses in muscle in the insulin resistant states

Given the coexistence of insulin resistance and endothelial dysfunction in patients with 

obesity and diabetes and that exercise engenders myriad metabolic and cardiovascular 

benefits, exercise has been used as the cornerstone for diabetes prevention and management. 

Regular exercise delays the development of T2DM [72-74] in addition to slowing the 

progression of vascular diseases and reducing the cardiovascular morbidity and mortality 

associated with insulin resistance syndrome [75]. Even moderate daily exercise can greatly 

improve insulin sensitivity and a single session of low-intensity exercise is sufficient to 

enhance insulin sensitivity into the next day in obese humans [76]. This is not surprising as 

exercise acutely increases insulin-stimulated muscle glucose uptake and greater 

phosphorylation of Akt substrate of 160 kDa (AS160) in both insulin sensitive and insulin 

resistant states [77]. Physical activity reduces the cardiovascular disease risk via both 

modification of the traditional cardiovascular disease risk factors such as blood pressure, 

lipids, inflammation and diabetes and other yet to be defined pathways [78-80]. Clearly the 

vascular effects of exercise are not solely confined within the active muscle bed and ample 

evidence has confirmed that regular physical activity can alter endothelial phenotype and 

function in vasculatures perfusing the non-contracting skeletal muscle and non-muscular 

tissues/organs such as brain, viscera and skin, possibly via hemodynamic forces such as 

shear stress and cyclic strain and/or circulating factors released from adipose tissue and 

skeletal muscle during physical activity [80]. It is well documented that exercise increases 

flow-mediated dilation in response to shear stress stimulus that produce NO-dependent 

response.

Exercise enhances microvascular perfusion and insulin delivery in muscle

As discussed above, muscle microvasculature provides endothelial surface area for substrate 

and hormone exchanges and factors that increase muscle microvascular blood volume also 

enhance muscle glucose uptake and insulin delivery to and action in muscle [4, 10, 34]. At 

physiologic hyperinsulinemia, plasma insulin concentrations correlates well with the 

interstitial insulin concentrations which is more directly correlated with insulin-mediated 

glucose disposal [81, 82]. Among all factors that expand muscle microvascular blood 

volume, exercise (i.e., muscle contraction) is the most potent inducer of muscle 

microvascular recruitment. Even light exercise, such as gentle hand grip (at 25% of maximal 

strength) [48], or electric stimulation at low frequency that does not increase conduit artery 

blood flow (0.1-Hz contraction) [49, 50] significantly increases muscle microvascular blood 

volume. Further increase in muscle contraction intensity (from 0.1 Hz to 2 Hz) is able to 

recruit additional microvascular blood volume [83]. At higher intensity (hand grip at 80% of 

maximal strength), muscle contraction increases muscle microvascular blood volume to a 

similar extent but this is accompanied with a marked increase in total muscle microvascular 

blood flow due to a significant increase in muscle microvascular blood flow velocity [48].

The exercise-induced muscle microvascular recruitment is associated with increased muscle 

insulin delivery and action [49, 50]. A prior study reported that in insulin sensitive rats 

receiving insulin infusion at 10 mU/kg/min electric stimulation-induced muscle contraction 
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markedly increased muscle blood flow and interstitial insulin concentrations compared with 

the non-contracting leg [82]. These findings are consistent with a mathematic model that 

projects higher interstitial insulin concentrations after exercise in people with or without 

diabetes [84]. The exercise-mediated muscle insulin uptake do not appear to be dependent 

on tissue bulk flow as low frequency muscle contraction does not increase muscle bulk flow 

but significantly increases muscle uptake of insulin [49, 50]. This argues strongly that the 

changes in microvascular blood volume (i.e., endothelial surface area), not total flow, is 

critical in muscle delivery and uptake of insulin during exercise/muscle contraction. 

However, it appears that the effect of muscle contraction on interstitial insulin concentration 

is not sustained. In insulin resistant oophorectomized female rats exposed to high 

concentrations of testosterone physical exercise (ad lib wheel running) reversed 

hyperandrogenicity-induced muscle insulin resistance but did not change the distribution 

time of muscle interstitial insulin 24 hours after cessation of exercise [85].

Exercise’s microvascular actions in muscle are preserved in the insulin resistant states 

Evidence thus far has clearly demonstrated that exercise and insulin each increases muscle 

microvascular recruitment and glucose uptake but via different signaling mechanisms and 

exercise-mediated muscle microvascular recruitment is preserved in the insulin resistant 

states. In obese Zucker rats, insulin- but not contraction-mediated glucose uptake in muscle 

is impaired. Similarly, insulin fails to induce muscle microvascular responses but muscle 

contraction-mediated capillary recruitment and glucose uptake in muscle are essentially 

normal in these animals [86]. Neither contraction-mediated muscle microvascular 

recruitment which precedes increases in total limb blood flow nor glucose uptake is 

impaired in the high fat diet fed, insulin resistant rats [83]. Furthermore, low frequency 

contraction-mediated muscle microvascular recruitment and insulin uptake are preserved 

during lipid infusion in rats [49] and acute systemic administration of tumor necrosis factor 

α blocks insulin-mediated microvascular recruitment and glucose uptake in muscle but has 

no effect on contraction (2 Hz, 0.1 ms at 30 V)-induced increases in femoral blood flow, 

hindleg glucose uptake, and microvascular recruitment [87]. Together with the prior 

observations that insulin-mediated vascular effects contribute to ~ 25-40% of insulin-

stimulated glucose disposal during insulin clamp [27, 39], the microvascular response to 

muscle contraction may in part explain enhanced insulin action in muscle after episodes of 

exercise.

Mechanisms underlying exercise-induced microvascular recruitment and 

insulin sensitization

Though contraction induces a complex molecular signaling response which involves the 

adenosine monophosphate-activated kinase (AMPK), calcium, and NO synthase in the 

proximal part of the signaling cascade [88], mounting data suggest that AMPK plays a 

critical role in exercise-mediated insulin sensitization. Muscle contraction and factors that 

increase the ratio of AMP to ATP acutely elevate the activity of AMPK, a key regulator of 

energy metabolism in muscle, and this leads to increased fatty acid oxidation, glucose 

uptake and glycogenolysis [89]. In addition, AMPK activation improves mitochondria 

function, and decreases gluconeogenesis, oxidative stress, endoplasmic reticulum stress and 
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inflammation, all factors that are associated with insulin resistance and metabolic syndrome 

[89]. Activation of AMPK by its activator 5-aminoimidazole-4-carboxamide-1-β-D-

ribofuranoside (AICAR) increases both muscle fatty acid and glucose uptake in white 

muscle of insulin resistant rats in vivo [90] and enhances muscle and liver insulin action in 

rats fed a high fat diet [91].

At the vascular level, exercise training ameliorates endothelial dysfunction and arterial 

remodeling and stiffness and improves redox state and NO availability [75]. Vascular 

AMPK is clearly activated by exercise training as evidenced by an increase in AMPK and 

eNOS activities in mouse blood vessels [92, 93]. In cultured endothelial cells activation of 

AMPK enhances NO production [94] and prevents hyperglycemia-induced apoptosis [95] 

and mitochondria reactive oxygen species production [96]. However, how AMPK, 

particularly vascular AMPK component, activation leads to insulin sensitization remains 

unclear.

The mechanisms underlying exercise-induced muscle microvascular recruitment remain to 

be defined. While NO plays a critical role in the microvascular recruitment induced by 

insulin [39, 46], losartan [41, 52, 70], and glucagon-like peptide 1 [53, 54], it does not 

appear to be involved in muscle contraction-induced microvascular recruitment. Indeed, NO 

synthase inhibition with simultaneous infusion of L-NAME does not blunt muscle 

contraction-induced microvascular recruitment [50]. In a different study, local NO synthase 

inhibition attenuated contraction-stimulated increase in muscle NO synthase activity, 

femoral blood flow, and skeletal muscle glucose uptake (by ~35%) but had no effect on 

contraction-mediated muscle AMPK activation and capillary recruitment [97]. Thus, it 

appears that contraction induces muscle microvascular recruitment via an NO-independent 

pathway but muscle glucose uptake partly via NO dependent mechanism. These findings 

clearly reflect the complexity of muscle contraction-mediated vascular and metabolic 

effects.

Inasmuch as muscle contraction increases AMPK activity and pharmacological activation of 

AMPK results in increased glucose transport in skeletal muscle, it is unclear whether AMPK 

activation is required in contraction-induced microvascular recruitment. Though high 

intensity muscle contraction (8.0 Hz) enhances muscle AMPK phosphorylation and recruits 

muscle microvasculature [49], low frequency muscle contraction (0.1 Hz) significantly 

increases muscle microvascular perfusion and insulin uptake without affecting muscle 

AMPK phosphorylation [49]. However, whether AMPK phosphorylation increases in the 

vascular endothelium during low frequency muscle contraction has not been examined. 

Vascular endothelium expresses abundant AMPK and its activation by AICAR increases 

eNOS activity (as evidenced by Ser1177 phosphorylation) which leads to relaxation of the 

resistance arteries ex vivo and recruitment of muscle microvasculature in vivo [98]. Thus, it 

is possible that low intensity muscle contraction may also exert a microvascular recruitment 

effect via activating endothelial AMPK.
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Concluding remarks and future perspectives

Patients with obesity and T2DM have endothelial dysfunction and vascular insulin 

resistance in addition to metabolic insulin resistance and are prone to develop hypertension 

and cardiovascular complications. Exercise ameliorates endothelial dysfunction, improves 

metabolic insulin responses and reduces the cardiovascular morbidity and mortality 

associated with obesity and diabetes, and has been used as the corner stone for diabetes 

prevention and management. Though exercise training induces myriad physiological and 

signaling responses, mounting evidence has confirmed a critical role of the vasculature in 

exercise-mediated cardiovascular and metabolic benefits. Of particular interest and 

significance is the exercise effect on muscle microvasculature which provides the 

endothelial surface area for the exchanges of nutrients, oxygen and hormones between 

plasma and muscle interstitium and actively regulates muscle delivery and uptake of insulin. 

Emerging but strong data have revealed the involvement of muscle microvasculature in 

exercise-mediated insulin sensitization in muscle in that muscle contraction potently recruits 

muscle microvasculature and expands the endothelial surface area within muscle via a NO-

independent mechanism, leading to increased muscle insulin delivery, uptake and action 

(Figure 3). These actions are preserved in the insulin resistant states. Further studies are 

needed to clarify the role of endothelial AMPK in exercise-mediated vasodilation and 

microvascular recruitment.
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Glossary

Arterial compliance refers to the action in which arteries yield to pressure or force 

without disruption and is used as an indication of arterial 

stiffness. It decreases with aging, an increase in blood pressure, 

and in menopause.

Arterial stiffness describes a decreased compliance or elasticity of the arteries. It 

occurs with aging and in disease states that are associated with 

increased cardiovascular risk such as hypertension, diabetes 

mellitus, obesity, hyperlipidemia, and chronic renal failure.

Augmentation index a ratio calculated from the blood pressure waveform, which 

reflects arterial stiffness and increases with age.

Euglycemic 
hyperinsulinemic 
clamp

the gold standard method of quantifying body insulin sensitivity. 

During the procedure, plasma insulin concentrations are acutely 

raised and maintained at a predefined level by a continuous 

infusion of insulin and plasma glucose concentrations held 

constant at predefined levels by a variable rate glucose infusion. 
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The higher the glucose infusion rates, which equal glucose uptake 

by tissues, the higher the insulin sensitivity.

Insulin resistance a term that describes a decreased response to the action of insulin 

in stimulating tissue use of glucose. It typically develops with 

obesity and plays a pathogenic role in the development of 

diabetes.

Insulin sensitivity a relative term that describes how well a body, organ, tissue or 

cell responds to insulin in stimulating glucose use. When the 

response is normal, it is defined as insulin sensitive. The contrary 

is considered as insulin resistant. Many methods have been 

developed to estimate body insulin sensitivity with the 

euglycemic hyperinsulinemic clamp being the gold standard 

method.

Microvascular 
recruitment

a term describes the opening of non-perfused capillaries for 

perfusion, a result of relaxation of the pre-capillary terminal 

arterioles.

Microvasculature Small blood vessels (<150 μm in diameter) comprising third and 

fourth order arterioles, capillaries and small venules. It provides 

endothelial exchange surface area for tissue uptakes of oxygen, 

nutrients, and hormones from plasma.

Microvascular blood 
flow

refers to total blood flow within the microvascular bed, calculated 

as blood volume x blood flow velocity.

Microvascular blood 
volume

refers to total volume of the microvascular bed that is being 

perfused with blood.

Transendothelial 
insulin transport

a process that insulin in the plasma passes through the endothelial 

layer of the capillary to reach tissue interstitium.

Vascular resistance a term describes the resistance to blood flow that must be 

overcome to push blood through the blood vessels. It changes 

inversely with blood vessel lumen size. Thus, constriction of 

blood vessel increases resistance but vasodilation decreases 

resistance. Vessel length and blood viscosity also increase 

vascular resistance.
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Highlights

1. Exercise ameliorates endothelial dysfunction and improves metabolic insulin 

responses.

2. Muscle microvasculature regulates muscle delivery and uptake of insulin.

3. Muscle contraction recruits microvasculature and increase muscle uptake of 

insulin.

4. These actions are preserved in the insulin resistant states.
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Figure 1. Insulin action and resistance in arterial vasculature
Each segment of the arterial tree has different function and its response to insulin results in 

various outcomes depending on its size and location. Insulin resistance occurs at all 

segments of the arterial vasculature in patients with obesity and diabetes.
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Figure 2. Transendothelial insulin transport
To act on muscle cell insulin receptors, insulin has to be delivered to the capillaries 

nurturing the muscle cells and then transported through the endothelial barrier to reach the 

muscle interstitium. Insulin acts on endothelial cell insulin receptors (IR) and IGF-I 

receptors (IGF-IR) to facilitate its own transendothelial transport from blood to muscle 

interstitium.
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Figure 3. Schematic representation of the proposed interplay among exercise, insulin action and 
muscle microvasculature
Insulin stimulates endothelial cells to produce NO which causes microvascular recruitment 

and expands muscle endothelial exchange surface area, leading to increased muscle delivery 

and action of insulin. Muscle contraction, via AMPK-dependent and independent 

mechanisms, facilitates glucose uptake. It may also increase muscle delivery of insulin by 

inducing NO-independent microvascular recruitment.
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