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Abstract Evidence suggests that insulin delivery to skele-
tal muscle interstitium is the rate-limiting step in insulin-
stimulated muscle glucose uptake and that this process is
impaired by insulin resistance. In this review we examine
the basis for the hypothesis that insulin acts on the vas-
culature at three discrete steps to enhance its own delivery
to muscle: (1) relaxation of resistance vessels to increase
total blood flow; (2) relaxation of pre-capillary arterioles to
increase the microvascular exchange surface perfused
within skeletal muscle (microvascular recruitment); and
(3) the trans-endothelial transport (TET) of insulin. Insulin
can relax resistance vessels and increase blood flow to skel-
etal muscle. However, there is controversy as to whether
this occurs at physiological concentrations of, and exposure
times to, insulin. The microvasculature is recruited more
quickly and at lower insulin concentrations than are needed
to increase total blood flow, a finding consistent with a
physiological role for insulin in muscle insulin delivery.
Microvascular recruitment is impaired by obesity, diabetes
and nitric oxide synthase inhibitors. Insulin TET is a third
potential site for regulating insulin delivery. This is
underscored by the consistent finding that steady-state
insulin concentrations in plasma are approximately twice
those in muscle interstitium. Recent in vivo and in vitro
findings suggest that insulin traverses the vascular endothe-
lium via a trans-cellular, receptor-mediated pathway, and
emerging data indicate that insulin acts on the endothelium
to facilitate its own TET. Thus, muscle insulin delivery,
which is rate-limiting for its metabolic action, is itself

regulated by insulin at multiple steps. These findings
highlight the need to further understand the role of the
vascular actions of insulin in metabolic regulation.
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IGF-I Insulin-like growth factor-I
IMGD Insulin-mediated glucose disposal
TET Trans-endothelial transport

Introduction

In this review we first examine the evidence that insulin
delivery to muscle is rate-limiting for insulin-mediated
glucose disposal (IMGD). Classical studies of the kinetics
of whole body handling of infused insulin and the kinetic
response of glucose disposal to insulin in vivo are
considered. We then examine data regarding insulin access
to muscle interstitium as estimated by lymphatic sampling,
by microdialysis methods, and by estimates of insulin
uptake by muscle. Combined, these data make the case that
the delivery of insulin to muscle interstitium is rate-limiting
for muscle IMGD and that insulin resistance may slow the
rate of insulin delivery. We then provide an overview of
several steps at which insulin, by acting on vascular tissue,
may potentially regulate its own delivery to muscle
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interstitium. Finally, we consider evidence that one or more
of these processes is disturbed in insulin-resistant states.

Insulin delivery to muscle—estimates from whole body
insulin kinetics

Compartmental modelling In the 1970s, Andres and col-
leagues published a series of studies directed at assessing
the kinetics of porcine insulin handling in humans [1–3].
Their approach was based on a compartmental model and is
an early example of the successful application of compu-
tational methods to metabolic studies. Based on measure-
ments of the kinetics of the appearance and disappearance
of plasma insulin, they suggested that, in addition to the
plasma pool (Fig. 1, compartment 1), there are two other
compartments to which insulin is distributed. The first is a
small pool of insulin with a rapid turnover (compartment 2),
and the second is a larger, more slowly equilibrating, remote
insulin pool (compartment 3). The authors postulated
that compartment 2 may include the liver and gut, while
compartment 3 may correspond to the interstitial fluid
compartment within skeletal muscle. They further estimated
that the volume of compartment 3 constituted ~9.5% of body
water and observed that the time-course for insulin equili-
bration with this pool closely paralleled the glucose infusion
rate required to maintain euglycaemia using the insulin
clamp method (Fig. 1). During a 1 or 2 mU min−1 kg−1

euglycaemic insulin infusion, 20–25 min were required

for the half-maximal stimulation of glucose disposal, and
an equivalent t1/2 was taken for insulin to fill the slowly
equilibrated pool attributed to muscle (see Fig. 1). These
pioneering studies of the kinetics of insulin and glucose
disposal formed the basis for the development of the
insulin clamp methodology that has defined our under-
standing of insulin action and resistance in vivo [3]. Sub-
sequent studies of the distribution of the non-metabolised
polysaccharide inulin confirmed that the interstitial fluid
compartment within muscle is approximately 8–12% of
muscle volume [4].

Kinetics of insulin-stimulated glucose disposal and sup-
pression of glucose production Using the euglycaemic–
hyperinsulinaemic clamp method, multiple studies have
demonstrated that IMGD increases progressively over time
in response to a square wave increase in plasma insulin and
requires 1–3 h to reach a steady state [5, 6]. Moreover, a
more rapid response is observed with higher insulin
infusion rates [6] (Table 1). Studies using the leg balance
method (arterial–venous concentration difference×blood
flow) confirm that muscle accounts for >80% of IMGD
during a euglycaemic–hyperinsulinaemic clamp and is the
site responsible for the time-dependent increases in whole
body glucose disposal [7]. Interestingly, kinetic studies in
humans indicate that the insulin-stimulated suppression
of endogenous glucose production occurs more rapidly
than changes in IMGD. The t1/2 for the suppression of
endogenous glucose production is similar in healthy
controls, in obesity [6] and type 2 diabetes [5]. This is not
the case for IMGD, which has a t1/2 that is markedly slowed
by insulin resistance (Table 1). In addition, endogenous
glucose production appears to be suppressed at insulin
concentrations lower than those required to stimulate
IMGD. These findings suggest that the rate at which
insulin is delivered to its receptor on these metabolically
responsive target tissues may differ between liver and
muscle, and that, for unexplained reasons, the liver is more
sensitive than muscle to insulin. Several factors could con-
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Fig. 1 A euglycaemic–hyperinsulinaemic clamp (1 mU min−1 kg−1

insulin infusion) is initiated at time 0. The three lines illustrate the
model-based time-course estimates for insulin concentration in three
compartments (compartment 1, plasma; compartment 2, splanchnic
bed; compartment 3, muscle). The shaded area illustrates the time-
dependent changes in the rate of exogenous glucose infusion required
to maintain euglycaemia during steady-state hyperinsulinaemia.
Adapted from [1]

Table 1 Steady-state glucose disposal rate t1/2 as a function of insulin
infusion rate in lean and obese humans

Insulin infusion rate
(mU min−1 m−2)

Lean Rd t1/2 (min) Obese Rd t1/2 (min)

15 52 NA

40 44 74b

120 29 64b

1,200 21 28a

a p<0.05, b p<0.005 vs lean

NA, not available; Rd, disposal rate

Adapted from [6]
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tribute to these observations. For example, hepatic blood
flow is approximately 100 ml 100 g−1 min−1, whereas blood
flow in resting muscle is 3–5 ml 100 g−1 min−1. There are
also structural differences as regards the vasculature of
these tissues. The liver has a highly permeable, fenestrated
endothelium, whereas the endothelium of muscle is
continuous and considered relatively ‘tight’ [8, 9].

Temporal dissociation between in vivo and in vitro insulin
action on muscle It is conceivable that the slow onset of
insulin action on glucose disposal in vivo could be
secondary to a slow response of the cellular machinery
within the myocyte, the cell responsible for glucose uptake
(e.g. activation of the insulin receptor or recruitment of
GLUT4 to the membrane surface). However, when studied
in vitro using isolated cells (which eliminates physical
barriers to the binding of insulin to its receptor), these
processes appear to be fully active in 2–5 min [10, 11]—a
much more rapid time-course than that observed in vivo.
Thus, the kinetics of insulin delivery determines the in vivo
time-course for IMGD and this time dependence is quite
slow relative to the time required for IMGD in isolated cell
systems.

Measurements of muscle insulin concentrations:
interstitial vs plasma insulin

Lymphatic sampling The effect the time-dependent access
of insulin to muscle interstitial space has on IMGD was
clarified by the demonstration that insulin concentrations in
thoracic duct lymph were persistently lower than those in
plasma throughout a 3 h euglycaemic–hyperinsulinaemic
clamp [12]. Furthermore, it was observed that, throughout
the study, whole body IMGD correlated strongly with
lymphatic, but not with plasma, insulin concentrations [12].
This study also demonstrated that the concentration
dependence of insulin-stimulated glucose disposal (presum-
ably occurring in muscle) is similar to that for the
suppression of hepatic glucose production by insulin when
the muscle lymph insulin concentration is considered [13].
Subsequently, these same investigators observed that the
temporal relationship of IMGD to hind leg lymphatic
insulin concentration was even stronger than that seen for
thoracic duct insulin [14]. Additional canine studies have
confirmed that insulin activation of hepatic insulin signal-
ling pathways occurs more promptly than insulin activation
of muscle insulin signalling pathways [15]. Together, these
findings strongly suggest an important role for insulin
delivery to interstitium in the regulation of muscle glucose
uptake.

Support for the relevance of these findings to humans
has been provided by a clinical study [16] that involved

cannulation of lymphatic ductules in the foot to sample
subcutaneous lymph during a euglycaemic–hyperinsulinae-
mic clamp. In both lean and obese humans, interstitial
insulin temporally lagged behind arterial insulin concen-
trations, and a large arterial–interstitial insulin gradient was
present throughout a 150 min insulin clamp. They also
observed that the delay in transfer of insulin could not alone
account for the decreased IMGD seen in the obese, insulin-
resistant participants, indicating that compromised insulin
action on the myocyte was also an important contributor to
insulin resistance.

Studies comparing the time-course for insulin recep-
tor tyrosine kinase activation with that for changes in
interstitial insulin concentration during a euglycaemic–
hyperinsulinaemic clamp confirmed that in vivo (in both
dogs and humans) kinase activation occurs very promptly
following increases in interstitial insulin, but is delayed
relative to increases in plasma concentrations [15, 17]. This
is in agreement with the extensive in vitro evidence
demonstrating that activation of insulin signalling processes
in isolated target cells and tissues occurs within a few
minutes of the addition of insulin [10, 11].

Measurement of muscle interstitial insulin by microdialysis A
number of laboratories have used microdialysis methods to
measure interstitial insulin concentrations in the skeletal
muscle of humans [18–21] and experimental animals [18,
22]. It is difficult to obtain such measurements for insulin
because of its slow diffusion rate across the dialysis
membrane, typically reaching only 3–10% of the actual
equilibrium concentration with interstitial media within the
sampling times used [18, 20, 22]. Hence, a large ‘correction
factor’ is used to estimate interstitial insulin, which intro-
duces significant variance to the measured value. Despite
this caveat, in both human and animal studies, interstitial
insulin concentrations estimated by microdialysis are con-
sistently reported to be only 40–60% of simultaneously
measured plasma concentrations, even after hours of steady-
state hyperinsulinaemia (Table 2). As seen with lymphatic
sampling, in the few microdialysis studies that have
reported time-course data, interstitial insulin concentrations
rise slowly over several hours after the initiation of an
insulin clamp [19–21]. As the placement of microdialysis
catheters increases local flow in subcutaneous tissue [23], it
would be expected that the microdialysis catheter is sam-
pling an area where perfusion limitations are, if anything,
diminished. Therefore, the observed delayed increases in
interstitial and steady-state insulin concentrations may
actually overestimate the true interstitial concentrations
and underestimate the arterial–interstitial insulin gradient.

Use of the limb balance technique to measure muscle
insulin uptake There are scant data from several early
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studies in which investigators measured forearm muscle
insulin uptake using the limb balance method [24]. These
studies reported that there was a positive net balance
(uptake) of insulin by muscle, and that this was increased
by exercise. As exercise increases muscle blood flow, this
finding suggests that ‘perfusion’ may affect insulin deliv-
ery. However, these studies were not followed-up in a
systematic fashion. As a result, careful measurements of the
kinetics of insulin uptake by skeletal muscle tissue are
lacking.

This issue was recently revisited and in healthy fasting
human volunteers net forearm insulin uptake was, on average,
~80–120 fmol min−1 [100 ml]−1 during a 1 mU min−1 kg−1

insulin clamp [25]. At this rate, it would take approximately

25 min for the insulin concentration of the interstitium to
reach that of plasma. However, this assumes that insulin that
enters the interstitium remains there, whereas the fact that
interstitial insulin does not reach plasma concentrations
(even after several hours of steady-state hyperinsulinaemia)
suggests its irreversible disappearance. This may be due to
insulin catabolism by the endothelial cell (EC), the myocyte
or by insulinases in muscle interstitium. Alternatively,
insulin may return to the circulation through the lymphatic
system (Fig. 2). Estimates of lymphatic flow from muscle
[26] suggest that this route would be a very minor
contributor to insulin disappearance (<5%). Though not
thoroughly studied, insulin catabolism appears to be a minor
fate of insulin taken up by the endothelium [27, 28]. Thus,

Table 2 Steady-state relationship between plasma and interstitial muscle insulin

Study Method Species Plasma insulin (pmol/l) Interstitial insulin (% of plasma value)

Sjostrand et al. [18] Microdialysis Human 900 42

2,550 48

Gudbjornsdottir et al. [21] Microdialysis Human 1,597 40

3,979 45

Herkner et al. [20] Microdialysis Human 48 40

550 12

Castillo et al. [16] Lymph sampling Human 300–600 34

Yang et al. [13] Lymph sampling Canine 108 66

306 63

Holmang et al. [22] Microdialysis Rat 6,000 42
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Fig. 2 A microvascular unit
within muscle is composed of a
terminal arteriole that feeds 12–
20 capillaries and a draining
vein. The capillary is the prin-
cipal site of nutrient/hormone
exchange between the muscle
interstitium and blood. For in-
sulin (I), the fraction that enters
muscle interstitium may either
be returned to the systemic
circulation, through lymphatic
drainage through reverse move-
ment back across the EC
(against a concentration gradi-
ent), or be taken up by the
myocyte via the insulin receptor
(IR) and ultimately degraded
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myocyte uptake or degradation in the interstitium appears to
be the major metabolic fate of insulin entering the muscle
interstitium. In summary, the results of microdialysis and
lymphatic sampling studies provide consistent support for a
trans-endothelial insulin concentration gradient under a
variety of physiological conditions.

Muscle total blood flow and the ‘delivery’ of insulin
to muscle

Effects of insulin on total blood flow to skeletal muscle As
the above studies were building evidence for an important
role for muscle interstitial insulin in regulating the onset of
insulin action, Baron and colleagues introduced the novel
concept that insulin could regulate its own delivery, and
that of glucose, by increasing blood flow to muscle [29].
Indeed, they showed a remarkable correlation between the
effect of insulin on whole body glucose uptake and the
effect of insulin on leg blood flow over a broad range of
insulin sensitivities in normal and insulin-resistant states
[30–32]. These correlations were typically observed under
steady-state conditions, several hours after the initiation of
an insulin clamp, and did not specifically address the
kinetic properties of insulin delivery described above. The
relationship between muscle blood flow and glucose uptake
was investigated by a number of other laboratories. Some
[33–36], but by no means all [37–39], of these studies
supported a regulatory role for insulin as a mediator of
increases in total limb blood flow and, consequently, of
glucose and insulin delivery to muscle.

Additional, and perhaps more compelling, evidence for a
role for blood flow in regulating muscle glucose uptake are
the observations that increasing muscle blood flow with
methacholine infusion during either a high- or low-dose
insulin clamp enhances both leg blood flow and leg glucose
uptake [40]. The vasodilatory action of insulin is dependent
on nitric oxide generation. Inhibiting insulin-induced
increases in blood flow with the nitric oxide synthase
inhibitor L-NG-monomethyl arginine diminished both blood
flow and glucose uptake [41, 42]. These studies have
provided the most direct evidence for a role for total limb
blood flow in regulating insulin-stimulated muscle glucose
uptake.

Physiological relevance of the effect of insulin on total limb
blood flow As noted above, under physiological conditions,
insulin has not uniformly been found to increase limb blood
flow in humans [33–36, 39, 43–45]. In addition, while there
is a report of physiological levels of insulin increasing
muscle blood flow within 30 min [42], more typically, 2 h
or more are required to see the effects of insulin on limb
blood flow. This is not easily reconciled with a significant

metabolic role for limb blood flow in regulating muscle
insulin delivery [37]. There is consensus that pharmaco-
logical insulin concentrations can more quickly increase
limb blood flow and glucose uptake (Table 1). However,
the significance of this is uncertain. Interestingly, increasing
limb blood flow in insulin-resistant individuals by co-
infusion of nitroprusside or bradykinin during a euglycae-
mic–hyperinsulinaemic clamp did not increase limb glucose
uptake [46–48], arguing against a significant contribution
of total blood flow to insulin resistance.

It is unfortunate that none of the limb balance studies
examining the effects of insulin on limb blood flow and
muscle glucose metabolism included measurements of
muscle insulin uptake or lymphatic or muscle interstitial
insulin concentrations. Such data could have provided
information on whether insulin resistance, as seen in
diabetes or obesity, affects peripheral insulin handling.
Nonetheless, on balance, there appears to be evidence that
insulin can promote increases in limb blood flow in
humans. Whether this occurs sufficiently rapidly at phys-
iologically encountered insulin concentrations to contribute
to IMGD in healthy individuals is uncertain. Consequently,
whether impairments in the effect of insulin on total muscle
blood flow play an important role in the derangements in
IMGD seen in obesity and type 2 diabetes remains to be
determined. However, these findings, and the controversy
that surrounded them, prompted the re-examination of the
discrete processes involved in the delivery of insulin to
muscle.

Extraction ratios of insulin and glucose across skeletal
muscle The interaction between the extraction ratios of
glucose and insulin across muscle and the delivery of these
compounds via changes in total blood flow deserves
discussion. In the basal state, the arterial–venous glucose
concentration difference across skeletal muscle in humans
is only approximately 0.1 mmol/l, or an extraction ratio of
1–2% [25, 31]. It is readily appreciated that increasing
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 (Fig. 3). However,
when insulin concentrations are markedly elevated, the
arterial–venous glucose gradient across muscle can ap-
proach 2–3 mmol/l under euglycaemic conditions in
insulin-responsive individuals [31, 41, 42]. Clearly, increas-
ing blood flow to a given vascular bed will have the effect
of increasing the plasma–interstitial glucose gradient at the
distal ends of the vascular bed and potentially cause a
significant increase in glucose uptake. It is under these
conditions that significant correlations between leg or
forearm blood flow and whole body glucose disposal
have been most consistently demonstrated [49]. It follows
that, in insulin-resistant individuals, in whom the arterial–
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venous glucose concentration difference is reduced for
any given insulin concentration, increasing blood flow
would increase the plasma–interstitial gradient within
muscle and promote glucose uptake to a lesser extent than
in controls. This may, in part, explain why the use of
vasodilators to increase limb blood flow has generally been
ineffective in increasing muscle glucose uptake in insulin-
resistant individuals [47, 50].

Conditions are only slightly more favourable for insulin
uptake than for glucose uptake by muscle in the post-
absorptive state. In healthy humans the insulin extraction
ratio across the human forearm is 10–15% after an
overnight fast [24, 25]. This ratio falls to ~7% during a
1 mU min−1 kg−1 insulin clamp [25]. As a result, increasing
total muscle blood flow could increase the intravascular–
interstitial insulin gradient and thereby increase tissue
insulin uptake only modestly. Such observations serve to
emphasise the importance of blood flow in circumstances in
which the extraction ratio is high (e.g. glucose extraction by
muscle can approach 50% under maximally insulinised
circumstances) and the relatively minor role of total blood
flow changes under circumstances in which the extraction
ratio for the observed metabolite or hormone is small.

Insulin action on muscle microvasculature:
microvascular recruitment to increase muscle insulin
delivery

We have previously emphasised that expansion of the
endothelial surface area available for exchange of
insulin, glucose or other nutrients through the recruit-
ment 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
[43]. It follows from simple consideration of Fick’s law,
F=PS(Cp−Ci), where F is the flux of insulin, Cp and Ci are
the plasma and interstitial insulin concentrations, respec-
tively, and PS is the product of the permeability and
surface area of the transporting endothelium (Fig. 4), that
an increase in endothelial surface area will increase flux
when all other variables are held constant. Whether
endothelial permeability to insulin may also be regulated
is discussed below. Progress in evaluating the potential
role of microvascular recruitment, particularly in clinical
studies, has been slowed by the lack of available methods
to quantify the microvascular volume perfused at a given

5.0 mmol/l 5.0 4.9
Fasting

(low flow)

Fasting 
(high flow)

5.0 mmol/l 5.0 5.0

40 pmol/l 37 34

40 pmol/l 38 37

High insulin
(low flow)

High insulin 
(high flow)

300 pmol/l 295 290

300 pmol/l 289 279

Arterial Venous Arterial Venous

Glucose        Insulin 

5.0 mmol/l 4.0 3.0

5.0 mmol/l 4.5 4.0

Fig. 3 The effect of increasing blood flow on the uptake of glucose
and insulin by muscle tissue for post-absorptive and steady-state
hyperinsulinaemic conditions. For glucose, after an overnight fast
there is a very small concentration gradient between the arterial and
venous ends of a capillary bed. Increasing the rate of blood flow will
only minimally raise the mean capillary glucose concentration and
will have a negligible effect on glucose uptake. In contrast, under high
insulin conditions the glucose concentration gradient between arterial
and venous plasma can reach 2–3 mmol/l. Increasing delivery of
glucose from the arterial system by increasing flow could therefore
substantially increase the mean capillary plasma glucose concentration

and have a significant impact on trans-endothelial glucose uptake. For
insulin, the circumstances that generate a concentration gradient are
different. After an overnight fast the concentration of insulin in plasma
draining skeletal muscle is 10–15% lower than that in arterial plasma.
Increasing flow might be expected to produce a modest increase in
mean capillary plasma insulin concentration and enhance insulin TET.
When insulin concentrations are raised the total insulin uptake
increases. However, the extraction fraction declines to approximately
7% at insulin concentrations of ~250 pmol/l (indicating that delivery
alone is not determining insulin uptake) and any increases in flow
would be predicted to have a minimally effect insulin TET
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time. Two methods—one based on measurement of
1-methylxanthine extraction (an index of endothelial
surface available for nutrient exchange) [51], and one that
uses contrast-enhanced ultrasound (which provides a
measure of microvascular volume) [52, 53]—have been
developed to assess the effect of insulin [51, 52, 54, 55],
feeding [56], muscle contraction [56, 57] and insulin
resistance [58, 59] on muscle microvasculature.

This process of microvascular recruitment involves the
dilation of terminal arterioles, each of which feeds 12–20
capillaries. Under basal conditions, vasomotion appears to
determine the extent of vasodilation of terminal arterioles
and, by consequence, the extent to which a capillary
network is perfused at any time. Insulin may act to simply
modulate the dilation or constriction rate constant to extend
the period of perfusion. The cellular mechanisms responsi-
ble for insulin- or exercise-induced microvascular recruit-
ment cannot be fully addressed using the methods available
at present. Efforts to examine this issue using video-
microscopic methods have shown that insulin can relax
very small muscle arterioles [60]. However, actually
visualising the recruitment process has been problematic.
Efforts to use video-microscopy of thin muscle preparations
(e.g. cremaster, spinotrapezius) have been hampered be-
cause the sensitivity of these preparations to the process of
surgical exposure and superfusate O2 and CO2 [61] is such
that in the ‘basal state’ the microvasculature is extensively
recruited, which means that further changes with insulin are
not reproducibly observed [62].

At present, successful efforts to visually examine the
microvascular action of insulin have come from work
examining skin microvasculature. Using capillary video-
microscopy and laser Doppler flowmetry, Stehouwer and
colleagues have reported that, in healthy individuals,
systemic hyperinsulinaemia increases skin microvascular

perfusion and increases the number of nailbed capillaries
carrying erythrocytes [63]. This provides direct evidence
for the regulation of capillary perfusion by insulin in
humans. The same investigators have demonstrated that
capillary recruitment in both the nailbed and skin is blunted
by the insulin resistance seen in hypertension [64], obesity
[65, 66], elevated plasma NEFA concentrations [67] and the
metabolic syndrome [68]. These last two observations are
particularly interesting as they suggest that altered micro-
vascular responses may be an early dysfunction in indi-
viduals at risk of diabetes.

There is concern as to whether the vascular responses
observed in skin reflect those in muscle, as the vasculature
of skin is highly specialised for processes such as heat
exchange. Nevertheless, these studies provide direct visual
evidence that insulin can regulate the microvasculature and,
specifically, can expand the surface area available for
nutrient exchange.

Relevance of microvascular recruitment to muscle insulin
resistance Impaired microvascular recruitment leading to a
decreased surface area available for nutrient exchange may
be important to skeletal muscle insulin resistance. Muscle
insulin resistance is considered to involve an impairment in
the recruitment of GLUT4 glucose transporters to the
myocyte sarcolemma [69, 70]. This appears to be secondary
to alterations early in the insulin signalling cascade,
involving the phosphorylation of serine residues of insulin
receptor substrates [71]. Available data in humans and
animals suggest that these myocyte processes occur in
parallel with impairments in insulin action within skeletal
muscle microvasculature. While studies have shown that
diminished IMGD is accompanied by functional changes in
the microvasculature, data demonstrating biochemical cor-
relates of this within microvascular cells in vivo are

Myofibre bundle

Blood vessel Collecting 
venule Collecting 

venuleTerminal
arteriole

Microvascular 
unit

+ Insulin

Fig. 4 Effect of increasing microvascular volume on the potential
uptake of insulin or glucose by muscle tissue based on Fick’s law. The
architecture of the microvascular unit is shown within the myofibre
bundle to the left of the white arrow. The terminal arteriole supplies a
small network of capillaries that run longitudinally along the
myofibre. The principal surface area available for nutrient exchange

is within the endothelial surface of the capillary bed. In the presence
of insulin the terminal arteriole relaxes and additional capillaries
within the microvascular unit are more richly perfused. Using the
contrast ultrasound method this is seen as an increase in microvascular
volume
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lacking. For example, the infusion of TNFα [72] or NEFA
[73] into rodents inhibits insulin-stimulated microvascular
recruitment and interferes with insulin signalling to nitric
oxide synthase in cultured ECs [74, 75]. Their effects on
NO generation in situ have not been defined, but in isolated
vessels, TNFα [76] and NEFA [77] are known to block
NO-dependent vasodilation. Clearly, there may be interre-
lated aspects to these observations, in that impaired insulin
transport into muscle interstitium, through diminished total
blood flow, decreased capillary recruitment or impaired
movement of insulin across the endothelial barrier (see
below), would affect muscle interstitial insulin concentra-
tions and therefore insulin action at the myocyte.

Relevance to hypertension The EC responds to insulin by
increasing the phosphorylation of endothelial nitric oxide
synthase (eNOS) on serine 1177, and this increases Ca2+-
independent nitric oxide synthase activity [78, 79]. Inter-
estingly, insulin also activates the mitogen-activated protein
kinase pathway in ECs, which enhances the generation of
the vasoconstrictor endothelin-1 [80]. This can lead to
insulin-stimulated vasoconstriction if signalling from the
insulin receptor to eNOS is inhibited pharmacologically or
downregulated by insulin resistance [62, 68, 76]. In this
manner, endothelial insulin resistance may contribute to the
development of hypertension and account in part for the
epidemiological relationship between hypertension and
insulin resistance [68].

Movement of insulin across the endothelial lining
of the microvasculature within muscle

Beyond the relaxing effect of insulin on resistance vessels
(increasing flow) and terminal arterioles (recruiting the
microvasculature), insulin may exert a third highly signif-
icant endothelial action to promote its own movement
across the EC barrier. As with studies on the effects of
insulin on total limb blood flow, studies on the trans-
endothelial transport (TET) of insulin have at times yielded
seemingly conflicting findings. For example, early work by
King and Johnson using cultured ECs reported that the
trans-endothelial movement of insulin was saturable and
blocked by antibodies to the exofacial domain of the insulin
receptor [81], and several additional studies supported this
finding [27, 82–84]. However, two other studies, both of
which reported observations in vivo, suggested that the
TET of insulin was not saturable and involved a passive
diffusional process, perhaps similar to the TET of inulin
[85, 86]. Indeed, whether insulin crosses the endothelium
by a cellular or a paracellular pathway has been a source of
some controversy. The continuous endothelium of muscle
forms a relatively tight barrier that could prevent insulin

from freely diffusing and thus sustain the significant
plasma–interstitial insulin gradient in muscle, discussed
above.

ECs express substantially more insulin-like growth
factor-I (IGF-I) receptors than insulin receptors [87].
Experiments using fluorochrome-labelled insulin and cul-
tured bovine aortic ECs grown on transwell plates
suggested that insulin TET is inhibited by insulin, IGF-I
and antibody to the IGF-I receptor [84]. Early studies
demonstrated that ECs accumulate and only slowly metab-
olise 125I-labelled insulin [27, 28]. Such observations
certainly suggest that a receptor-mediated trans-cellular
insulin transport process may mediate insulin TET.

Intravenously infused fluorescein isothiocyanate (FITC)-
labelled insulin was shown by confocal microscopy to be
rapidly localised within the vascular endothelium of
skeletal muscle in vivo [84]. There was no evidence for
movement of the labelled-insulin between ECs, and the
intensity of the EC labelling was substantial, suggesting
that the uptake process may even concentrate insulin within
the EC.

Role of caveolin-1 Further microscopic studies suggested
the co-localisation of insulin with the insulin receptor and
the caveolar structural protein caveolin-1 in ECs. Further-
more, the insulin receptor co-immunoprecipitated with
caveolin-1, and disruption of the caveolae using filipin,
cyclodextrin [84] or, more recently, small interfering
RNA directed against caveolin-1 [88] inhibited insulin
uptake by cultured ECs. In an early electron micro-
scopic investigation, exposure of the eel rete mirabili to
0.4 mmol/l immunogold-labelled insulin showed that
insulin associates with caveolae-like structures within
the EC [89]. Whether this reflects pathways used at
physiological insulin concentrations is unclear.

Evidence for a saturable insulin TET pathway If insulin
associates with its receptor for TET, it would be expected to
display saturation kinetics in response to stepwise incre-
ments in insulin concentration. Early in vitro studies by
King and Johnson [81] and others [90] suggested this was
the case. However, in the canine hindlimb [85], the
appearance of insulin in lymphatic drainage did not reach
saturation point when plasma insulin was raised from high
physiological to pharmacological concentrations. This
finding was interpreted as evidence against a receptor-
mediated process for insulin uptake. However, as the
endothelium contains an abundance of IGF-I receptors (that
are also capable of transporting insulin [84]), the observed
insulin TET in vivo might not follow simple saturation
kinetics, particularly at very high insulin concentrations,
when the IGF-I receptor contribution may dominate. A
recent study examined ‘saturability’ of insulin TET in vivo
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using insulin concentrations below those associated with
IGF-I receptor activation [25]. In this human forearm study,
insulin clearance decreased when plasma insulin concen-
trations were raised within the physiological range (ap-
proximately 30–300 pmol/l), implicating the involvement
of a saturable transport process in the movement of insulin
out of the vasculature. This observation, together with
findings from studies of insulin transport across EC
monolayers, strongly points to the EC insulin receptor as
a mediator of insulin entry into muscle (Fig. 5). The
possibility that insulin TET involves caveolae shows
remarkable similarities with current theories for albumin
TET [91, 92].

From the dimensions of caveolae (~800 Å diameter), one
can estimate that passive EC insulin uptake by caveolar
potocytosis would provide only one insulin molecule per
5,000 caveolae at physiological insulin concentrations. The
localisation of high-affinity insulin receptors within cav-
eolae would allow efficient insulin trapping and could
greatly increase the likelihood of insulin moving across the
endothelium. Beyond simply trapping insulin, which can
then shuttle between the luminal and ablumenal face of the
EC, an intriguing question is whether insulin acts on the

cell to stimulate caveolar-mediated insulin transport. By
parallel, albumin stimulates a Src kinase-mediated pathway
to enhance caveolar-mediated albumin uptake. Multiple
studies show that insulin can stimulate classical insulin
signalling pathways in ECs [74, 75, 93, 94]. As mentioned
above, eNOS is a substrate for Akt in the EC [93]. Nearly
all studies that have examined EC insulin signalling have
used insulin concentrations (10–100 nmol/l) that activate
both insulin and IGF-1 receptors. In a dose–response study,
100 pmol/l insulin enhanced the phosphorylation of Akt,
eNOS and ERK [95], and this was not blocked by pre-
incubation of the cells with an antibody to the exofacial
domain of the IGF-I receptor, arguing for a role for
physiological insulin concentrations. Recent data indicate
that inhibition of either phosphatidylinositol 3-kinase
(wortmannin), ERK (PD 98059) or tyrosine kinase activity
(genistein) diminishes endothelial uptake of FITC-labelled
insulin [96], suggesting that insulin, like albumin, can
promote its own movement into ECs [96].

Based on the data presented, it is reasonable to
hypothesise that insulin exerts yet a third action on
endothelium—facilitation of TET by binding to its receptor.
Indeed, beyond binding, it may also act on the EC to
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Fig. 5 The four potential pathways by which insulin may move from
the vascular lumen to the interstitium of muscle. The possibility of
movement via a paracellular pathway (1) through the junctional
structure appears to be unlikely in either the arteriole or capillary bed
within skeletal muscle, which has a continuous endothelium. This
pathway may be open in small venules, or under circumstances where
the endothelium is rendered ‘leaky’. Insulin could bind to a receptor
anywhere on the plasma membrane, leading to internalisation,
diffusion to the anti-luminal membrane of the EC and subsequent

release into the muscle interstitium (2). Caveolae may allow the
passage of insulin as part of a bulk fluid movement in the setting of
vesicular trafficking (3). Because of the low plasma concentration of
insulin, movement in this manner would be a relatively rare event.
Caveolae may also function as areas of insulin receptor localisation.
This would facilitate receptor-mediated association of insulin with
transporting caveolae and increase the probability of insulin transiting
the endothelium as part of a vesicular trafficking process (4)
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stimulate its own uptake and transport across the vascular
endothelium. In this line, inflammatory factors (e.g. TNFα)
and oxidative stress, which provoke insulin resistance both
in vivo and in vitro, have been observed to diminish both
insulin-induced activation of Akt and eNOS and insulin
uptake by cultured bovine aortic ECs [96].

A seeming difficulty with hypothesising a major role for
EC insulin action in the overall effects of insulin in muscle
is the that EC-specific insulin receptor deletion in mice did
not alter insulin sensitivity as assessed by the insulin clamp
[97]. It was not addressed whether mechanisms (e.g. greater
endothelial permeability, increased IGF-1 receptor concen-
tration) compensated for the loss of insulin receptors.
Recent observations that EC-specific knockout of IRS-2
[98] produced insulin resistance (insulin clamp) and
decreased both the transport of insulin to muscle intersti-
tium and insulin-induced changes in muscle blood flow
suggest an important role for EC insulin action. This
important adapter/signalling protein is downstream of both
the insulin and IGF-1 receptors.

Summary

Over the past two decades, it has been increasingly
recognised that vascular tissue, particularly the EC, is a
potentially important physiological target for insulin. It
appears that insulin can act on ECs at multiple levels of the
vasculature. In addition to the vascular actions explicitly
addressed in this review, insulin has been shown to acutely
relax conduit vessels in healthy, but not in insulin-resistant,
individuals [99]. This decreased compliance is unlikely to
influence insulin or glucose delivery to muscle, but may,
over time, contribute to vascular injury within the walls of
conduit vessels. At the level of resistance arterioles,
terminal arterioles and capillaries within muscle, resistance
to the actions of insulin may impede insulin delivery to
skeletal muscle interstitium and thereby contribute signif-
icantly to insulin resistance. Postprandially, the resulting
compensatory hyperinsulinaemia will promote hepatic
triacylglycerol synthesis as an alternative fate for ingested
carbohydrate. This could set up a positive feedback loop,
whereby elevated triacylglycerol or NEFA levels provoke
further increases in vascular insulin resistance [73]. The
quantitative contribution of slowed muscle insulin delivery
to overall insulin and glucose homeostasis in states of
insulin resistance will require considerable further study.
Fortunately, the tools necessary to probe this important
aspect of insulin action are increasingly becoming available.
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