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The pathogenesis of type 2 diabetes is intimately intertwined with the vasculature. Insulin must efficiently
enter the bloodstream from pancreatic ␤-cells, circulate throughout the body, and efficiently exit the
bloodstream to reach target tissues and mediate its effects. Defects in the vasculature of pancreatic islets
can lead to diabetic phenotypes. Similarly, insulin resistance is accompanied by defects in the vasculature
of skeletal muscle, which ultimately reduce the ability of insulin and nutrients to reach myocytes. An
underappreciated participant in these processes is the vascular pericyte. Pericytes, the smooth muscle-like
cells lining the outsides of blood vessels throughout the body, have not been directly implicated in insulin
secretion or peripheral insulin delivery. Here, we review the role of the vasculature in insulin secretion, islet
function, and peripheral insulin delivery, and highlight a potential role for the vascular pericyte in these
processes. (Endocrine Reviews 31: 343–363, 2010)
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I. Introduction
ype 2 diabetes is a growing world epidemic (1, 2).
There appear to be two key steps in the development
of type 2 diabetes: 1) the development of insulin resistance;
and 2) ␤-cell decompensation. Although both of these processes are beginning to be understood at the molecular
level, much remains to be elucidated. An important recent
development is the discovery of the role that blood vessels
play in the pathogenesis of these two conditions. The focus
of this review is an investigation of the role that blood

T

Abbreviations: Ang-1, Angiopoeitin-1; CEU, contrast-enhanced ultrasound; eNOS, endothelial NO synthase; FITC, fluorescein isothiocyanate; HIF-1␣, hypoxia-inducible factor-1␣;
IRS, insulin receptor substrate; MSC, mesenchymal stem cell; 1-MX, 1-methylxanthine;
NG-2, neuron-glial 2; NO, nitric oxide; PDGF, platelet-derived growth factor; PDGFR, PDGF
receptor; Pdx-1, pancreatic and duodenal homeobox 1; PI3K, phosphatidylinositol-3-kinase; PKC, protein kinase C; PKG, protein kinase G; RIP, rat insulin promoter; ␣-SMA,
␣-smooth muscle actin; Vegf-A, vascular endothelial growth factor-A; vSMC, vascular
smooth muscle cell; ZF, Zucker fatty (rats).
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vessels and their constituent endothelial cells, vascular
smooth muscle cells (vSMCs), and pericytes play in ␤-cell
function and the development of insulin resistance. Several
excellent reviews have described several of these topics (3,
4), but this review will have a broader focus including both
the role of blood vessels in islet development and function
and introducing the pericyte as a novel mediator of these
effects.

II. Endothelial Cells and the Heterogeneity of
Vascular Beds
Blood vessels in the vascular beds of different tissues exhibit large structural variability, especially in the number
of fenestrae and caveolae (5– 8). Fenestrae are the approximately 100-nm pores covered by a permeable diaphragm
resulting from the fusion of apical and basolateral plasma
membranes. Caveolae are the 60- to 80-nm plasma membrane pits thought to be involved in endocytosis and transcytosis. For example, the highly permeable liver endothelium is termed “discontinuous” and contains larger than
normal fenestrae that lack diaphragms (5). Liver endothelium also has many intercellular gaps that allow for easy
access of blood-borne molecules to hepatocytes (5). In
contrast, the nonfenestrated, caveolae-free endothelium
of the brain vasculature contains many tight junctions and
has very low permeability (5). This helps to form the bloodbrain barrier, which regulates the entry of blood-borne molecules into the brain and preserves ionic homeostasis (9).
The permeability characteristics of pancreatic islet and
muscle vasculature lie somewhere between these two extremes. Islet vasculature is relatively permeable, and although it does not have gaps between endothelial cells, the
endothelial cells are highly fenestrated to allow for facile
nutrient sampling from blood, enabling islets to respond
quickly to fluctuations in blood glucose and adjust insulin
secretion as needed (10, 11). In contrast, both cardiac and
skeletal muscle vasculature are relatively impermeable to
blood-borne macromolecules (5, 6, 12).
Endothelial cells form the inner lining of blood vessels.
They are critically involved in many physiological functions, including control of vasomotor tone, blood cell trafficking, hemostatic balance, permeability, proliferation,
survival, and immunity (5). However, endothelial cells are
not the only component of blood vessels. Pericytes and
vSMCs line the outer walls of blood vessels and play critical roles in blood vessel and endothelial cell function.
Interestingly, despite the recent interest in the role of blood
vessels in insulin secretion and insulin action, a role for
pericytes in these processes has not been well described.
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III. Islet Vasculature and Insulin Secretion
A. Introduction to islet vasculature

A complete understanding of the role of the vasculature
in islet function requires an understanding of islet vascular
architecture. Pancreatic islets are highly vascularized by a
dense network of capillaries. The islet capillary network is
approximately five times denser in islets than in the surrounding exocrine tissue (11). Although pancreatic islets
account for approximately 1% of total pancreatic mass,
they receive approximately 7–10% of total pancreatic
blood flow (13). Traditionally, blood has been thought to
flow from one to three arterioles into the intraislet capillary network and empty into venules in the islet periphery
(14). However, real-time fluorescent tracing of blood flow
patterns in mouse islets demonstrates that in the majority
of cases, islets exhibit an inner-to-outer flow pattern
where capillaries perfuse ␤-cells before other islet cell
types and larger vessels exhibit an efferent rather than
afferent flow pattern (15). ␤-Cells are intimately associated with islet endothelial cells and are usually no more
than one cell distant from the bloodstream (16). Islet
capillaries are highly fenestrated (10, 11); in fact, they
contain about 10 times more fenestrae than the surrounding exocrine tissue (8, 11). This presumably allows for delivery of nutrients and growth factors into
islets and enables efficient sampling of the blood to allow for rapid glucose-sensing.
Islet blood flow can be regulated by a number of metabolic and nonmetabolic factors. For instance, glucose almost doubles islet blood flow (17). Insulin decreases islet
blood flow, likely due to resultant hypoglycemia, rather
than a direct effect of hyperinsulinemia (18). ATP signals
through islet A1 adenosine receptors to increase islet
blood flow (19). This is in agreement with the effects of
glucose on islet blood flow and suggests that increased islet
cell metabolism promotes increased islet blood flow.
Other nutrients and hormones have indirect effects on islet
blood flow by interacting with vasodilators and vasoconstrictors (20, 21). Finally, the central nervous system
impacts islet perfusion; brain stem-dead donors have impaired islet hormone secretion (22). These studies demonstrate that islet blood flow is carefully controlled by
various nutrients and growth factors and is exquisitely
intertwined with the metabolic state of the organism.
B. The importance of the vasculature for
pancreas development

A close relationship between islet endocrine cells and
endothelial cells has been described, from early islet development through mature islet function. In the developing embryo, the pancreatic endoderm is located immediately beside the dorsal aorta, and the presence of the dorsal
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aorta is required for pancreatic differentiation and insulin
expression (23). Overexpression of vascular endothelial
growth factor-A (Vegf-a) in the developing pancreas under
control of the pancreatic and duodenal homeobox 1
(PDX1) promoter leads to a hypervascularized pancreas
with a 3-fold increase in islet number and islet area as well
as ectopic insulin expression in the developing gut, suggesting that the vasculature is not only critical for initiation of pancreas development but also remains important
for islet growth throughout maturity (23). The transcription factor PTF1A was identified as a crucial signal that is
induced by signals from aortic endothelial cells and
promotes the budding of the PDX1-positive pancreatic
endoderm as well as insulin and glucagon expression (24).
Subsequent to the early requirement for pancreatic
budding, endothelial cells, both directly and indirectly
through sphingosine-1-phosphate, promote growth and
budding of the dorsal pancreatic endoderm by induction
of mesenchymal cell proliferation (25, 26). This close relationship between islet endothelial cells and endocrine
cells continues during the period of postnatal islet expansion. During the pronounced expansion of islet endocrine
cells 1 wk after birth, there is an even more pronounced
expansion of islet endothelial cells, leading to a marked
increase in intraislet vascular density (27). Overexpression
of VEGF-A by a tetracycline-inducible pancreas-specific
bitransgenic system demonstrates increased islet endothelial cell formation. However, this actually causes reduced
postnatal ␤-cell mass, suggesting that islet angiogenic signals must be maintained within narrow limits (28). These
data indicate that endothelial cues are critically important
for initiation of pancreatic budding and that endothelial
cells remain vitally important for pancreas and islet
growth throughout later embryonic and early postnatal
development.
C. Proper vascularization is also required for mature
islet function

The close relationship between islet endocrine cells and
endothelial cells is important not only for pancreas development, but also for mature islet function. Knockout of
VEGF-A by Pdx1-promoter-driven Cre recombinase leads
to severely reduced islet vascular density, resulting in glucose intolerance (29). Interestingly, these mice display loss
of endothelial fenestrae and increased numbers of endothelial caveolae, suggesting that caveolae attempt to compensate for the loss of secretory capacity that is brought
about by the “tightening” of the remaining blood vessels
(29). It is somewhat surprising that these mice do not display more severe glucose homeostasis defects given the
severe reduction of islet vasculature. Additionally, no loss
of islet cell area was noted despite the evidence linking

edrv.endojournals.org

345

endothelial cell cues to islet proliferation, as described
above in Section III. B.
Several studies directly examined the role of VEGF-A
in adult ␤-cell function. Because Pdx1 is expressed at
high levels throughout the developing pancreas and at
lower levels in adult ␤-cells, these studies used rat insulin
promoter (RIP)-driven CRE to conditionally knock out
VEGF-A specifically in ␤-cells. Similar to the PDX1-CRE
knockout mice, the RIP-Cre VEGF-A knockouts displayed impaired glucose tolerance and defective in vivo
insulin secretion (30, 31). A role for VEGF-A in the adult
islet has also been directly tested: tamoxifen-inducible
PDX-1-CRE VEGF-A knockouts show glucose intolerance and reduced vessel density, although the effects of
VEGF-A loss are less severe than when VEGF-A is absent
from the beginning of pancreatic development (32). These
studies suggest that loss of islet endothelial cells can negatively affect insulin secretion and contribute to glucose
intolerance.
Not surprisingly, loss of islet endothelial cells has a
more severe effect in obese animals. RIP-CRE-mediated
deletion of VEGF-A in high-fat diet-fed animals leads to
more severe glucose intolerance and reduction in insulin
secretion than in lean knockouts (33). Interestingly, these
high-fat diet-fed mice are able to normally expand their
␤-cell mass, suggesting that normal islet endothelial cell
density is dispensable for compensatory islet hyperplasia
in response to obesity. Two potential explanations for the
preserved ability of these mice to expand their ␤-cell mass
could be residual VEGF-A due to inefficiency of the Cre
promoter, which can vary with the distance between loxP
sites (34), or the presence of other VEGF isoforms in islets
(35). Because Cre is usually not expressed in 100% of its
target cells, the remaining cells could produce enough
VEGF-A to explain the continued presence of some islet
endothelial cells. These remaining endothelial cells could
be sufficient to promote ␤-cell mass expansion.
In addition to VEGF-A, several other islet proteins have
been demonstrated to play a role in adult islet vascularization and function. Fyn-related kinase, when overexpressed under control of the RIP, causes reduced in vivo
insulin secretion and mild glucose intolerance, which appears to be due to reduced islet blood flow and abnormal
capillary morphology (36). Similarly, ␤-cell or pancreasspecific deletion of von Hippel-Lindau factor, the protein
that controls the degradation of hypoxia-inducible
factor-1␣ (HIF-1␣), leads to glucose intolerance and impaired insulin secretion, which is mediated through an
increase in Hif-1␣ expression (37). This study demonstrates that a direct effect of vessel loss (i.e., increased
hypoxia) is able to mediate the same effect as actual vessel
loss. This might seem somewhat paradoxical, because
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HIF-1␣ directly up-regulates Vegf-a expression and thus
would be expected to increase islet vascularization (38).
However, HIF-1␣ also directly alters the expression of
genes involved in ␤-cell function in these mice, reducing
the capacity of ␤-cells to mediate glucose uptake, glucose
metabolism, and insulin secretion (37). Conversely, mice
in which the antiangiogenic factor thrombospondin-1 is
knocked out have enlarged hypervascular islets (39).
Taken together, these data suggest that decreased islet vascularization or blood flow can have a deleterious effect on
islet insulin secretion and whole-body glucose tolerance.
Conversely, increased islet vascularization has the opposite effect.
In addition to the data gleaned from various knockout
mice, several animal models of diabetes suggest a close
relationship between islet vascularization and insulin secretion. For example, in Zucker fatty (ZF) and Zucker
diabetic fatty rats, islets become more vascularized during
the obesity-induced expansion of islet mass (40). Interestingly, as diabetes and loss of ␤-cell mass ensue in the
Zucker diabetic fatty rats, islet vasculature decreases (40).
A similar association between loss of islet capillary density
and progression of diabetes is observed in the OtsukaLong-Evans-Tokushima fatty rat model (41). These data
provide further evidence that islet mass and the amount of
islet vasculature are critically linked. Similarly, islet blood
flow and blood pressure are elevated in nonobese diabetic
GK rats, obese Zucker rats, obese Wistar rats, and GKWistar F1 hybrid rats (42– 44). Islet blood flow is similarly
increased in 1-month-old ob/ob vs. lean B6 mice during a
period of hyperglycemia, hyperinsulinemia, and ␤-cell expansion (45). Islet blood flow was normalized in 6- to
7-month-old ob/ob mice, suggesting that increased islet
blood flow is important during expansion of ␤-cell mass in
response to hyperglycemia. A number of islet capillary
changes were noted in adult db/db mice, including loss of
islet capillaries, increased capillary diameter, and pericyte
hypertrophy (46). Together, these data suggest that an
increase in islet vascularization and blood flow accompanies compensatory ␤-cell mass expansion in response to
hyperglycemia. When ␤-cells are no longer able to expand
and decompensation occurs, loss of islet vasculature also
occurs. Interestingly, insulin-deficient mice have more islet capillaries and bigger islets (47), which could indicate
that insulin inhibits islet vascularization. Alternatively,
this effect may be a compensatory response whereby islet
vasculature and islet size increase in response to insufficient levels of insulin secretion.
Islet endothelial cells have recently been shown to play
a critical role in producing islet basement membrane.
␤-Cells appear incapable of forming their own basement
membrane (48), and deletion of VEGF-A under the Pdx1
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promoter results in a loss of islet, but not acinar tissue
basement membrane (49). Vascular endothelium-produced laminin-411 and laminin-511 appear to be critical
for insulin gene expression and ␤-cell proliferation in a
␤1-integrin-dependent manner (49). Similarly, treatment
of islets with endothelium-conditioned culture medium
increases glucose-stimulated insulin secretion and islet insulin content, an effect that is blocked by addition of a
neutralizing antibody to the ␤1-chain of laminin (50). Purified islet endothelial cells can also stimulate ␤-cell proliferation through secretion of hepatocyte growth factor
(51). These results might shed some light on the described
link between islet hyperplasia and increased islet vascularization. Hyperglycemia could trigger VEGF-A secretion from islet endocrine cells. This in turn stimulates
vessel growth, basement membrane production, and hepatocyte growth factor production and secretion, which
ultimately leads to increased insulin production and ␤-cell
proliferation. Some caution is necessary in applying these
findings to human islets, however, because it was recently
demonstrated that blood vessels in human islets are surrounded by a unique double basement membrane (52).
D. The role of islet revascularization during
islet transplantation

One area in which the process of islet vascularization is
thought to be especially important is during islet transplantation. The success of islet transplantation can critically hinge on the ability of transplanted islets to establish
functional vasculature (53, 54). In addition to immunorejection of newly transplanted islets, islet survival has
proved a major challenge to the success of this procedure
(55). Isolation of islets for transplantation damages islet
endothelial cells and obviously involves the severing of
native vasculature (56 –58). Thus, newly transplanted islets must reestablish a functional vascular network, a process that is believed to involve angiogenesis and possibly
vasculogenesis (57). Not surprisingly, newly transplanted
islets are less vascularized immediately after transplant,
and even after several weeks they remain less vascularized
and maintain a lower oxygen tension than native pancreatic islets (59, 60). Islet death and apoptosis are common
problems after transplant, with islet cell apoptosis increasing and ␤-cell mass decreasing 1–3 d after transplant (61,
62). Given the important connection between islet endocrine cells and islet endothelial cells described in Section
III. C, it is not hard to imagine that lack of a functional
vasculature might play a direct role in this increased islet
death. Additionally, the resultant hypoxia and/or ischemia could also strongly contribute to increased islet apoptosis. In support of this, Hif-1␣ expression is increased
in newly transplanted islets, and suppression of Hif-1␣ in
transplanted islets reduces ␤-cell death (63). Once again,
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this might seem paradoxical, due to the ability of HIF-1␣
to increase Vegf-a expression (38), but HIF-1␣ also stimulates many other responses, including hypoxia-induced
growth arrest and apoptosis, both of which would negatively impact the survival of transplanted islets (64).
Endothelial cells from the transplant recipient were
originally thought to be the major contributor to posttransplantation vessel formation, but recent evidence suggests that donor endothelial cells also play an important
role in islet revascularization. By using lacZ- or GFPtagged donor endothelial cells, it has been demonstrated
that after transplantation, islet vasculature is chimeric and
is composed of host and donor endothelial cells, both of
which contribute to functional blood vessels (65– 67).
These data suggest that factors that stimulate angiogenesis
in isolated islets during culture and transplantation might
have a positive impact on the success of the transplantation process.
Considerable effort is being devoted to discover the
effects of proangiogenic factors on the success of revascularization and survival of newly transplanted islets. For
example, Vegf-a overexpression in transplanted mouse islets has been shown to cause increased vascularization of
and increased blood flow to newly transplanted islets, resulting in increased islet insulin content, improved recipient glucose tolerance, and increased ␤-cell survival (68 –
70). Similarly, overexpression of the proangiogenic growth
factor angiopoeitin-1 (Ang-1), which is normally produced by islets (30), in transplanted islets leads to increased glucose tolerance, glucose-stimulated insulin
secretion, islet vascular density, and islet survival (71).
Interestingly, Ang-1 can stimulate pericyte migration to
endothelial cells, so these studies may suggest a role for
pericytes in newly transplanted islets and revascularization. Pericytes are well-described to influence endothelial
cell maturation and proliferation, so proper pericyte coverage could be important in this regard. Conversely,
blockade of the angiogenesis inhibitor thrombospondin-1
in transplanted islets leads to increased vascularization
and improved glucose-stimulated insulin secretion (72).
Prolactin overexpression in newly transplanted islets has
similar beneficial effects on islet vascularization and functionality (73). Finally, coculture of human endothelial
cells and mesenchymal stem cells (MSCs) with isolated
islets increases islet angiogenesis and suggests a potential
method for increasing vascularization of newly transplanted islets (74). Each of these studies demonstrates the
utility of promoting efficient islet vascularization after
transplantation and demonstrates beneficial effects on
␤-cell survival and function. Therefore, the elucidation of
additional factors that are critical for islet vascularization
may contribute greatly to the treatment of diabetes.
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One fascinating new model for studying the revascularization of newly transplanted islets was recently
described. Isolated islets were transplanted onto the retina of nude mice, and this procedure was able to efficiently normalize streptozotocin-induced hyperglycemia
(75). In contrast to other sites of transplant, retinal islet transplant allows for real-time in vivo monitoring of islet revascularization and could provide a useful model system for
future studies of islet vascularization during transplantation.

IV. Peripheral Vasculature and Insulin Delivery
A. Introduction to peripheral vasculature and
insulin delivery

Insulin signaling in skeletal muscle is critical in glucose
disposal, accounting for almost 90% of whole-body glucose disposal in humans (76). This is compared with adipose tissue, which is estimated to account for less than 1%
of whole-body glucose disposal in humans and rodents
(77, 78). The role of the muscle vasculature is beginning to
be appreciated as a factor that influences the myocyte’s
response to insulin. Loss of skeletal muscle capillary density is observed in both insulin resistance and in type 2
diabetes, and insulin action is positively correlated with
capillary density (79). In cultured myocytes, insulin activates insulin receptor and insulin receptor substrate (IRS)
proteins and stimulates glucose uptake in a matter of minutes (80 – 82). This suggests that when insulin is present at
the myocyte cell surface, it is able to act almost instantaneously. Although it is tempting to assume that insulin can
act as swiftly in vivo, results from several groups suggest
that this is not the case. Measurements of insulin in lymph,
which is derived from interstitial fluid, suggest that lymph
insulin concentrations are reduced for up to 3 h during an
insulin infusion compared with plasma insulin levels (83).
Additionally, muscle glucose utilization correlates much
more strongly with lymph than with plasma insulin levels
(83). These data suggest that there is a delay between the
appearance of insulin in the bloodstream and its appearance in the muscle interstitium. As is the case in cultured
myocytes, insulin acts very quickly upon appearance in the
interstitium. In support of this latter statement, direct injection of insulin into the muscle interstitium triggers muscle glucose uptake within minutes and circumvents the
delay associated with iv insulin delivery (84).
Recently, the delivery of insulin to myocytes has come
under increased scrutiny for many of the reasons mentioned above. Wang et al. (85) demonstrated that after 10
min of fluorescein isothiocyanate (FITC)-insulin infusion,
the majority of FITC-insulin in muscle is localized within
endothelial cells, suggesting that insulin is rapidly transported from the bloodstream into endothelial cells. Inter-
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estingly, after 1 h, most FITC-insulin is still concentrated
in muscle endothelial cells, suggesting that transport from
endothelial cells to the muscle interstitium is a slow process (85). Several studies suggest that insulin is only degraded at low levels by endothelial cells and that muscle
lymph flow is relatively slow compared with other tissues,
suggesting that any clearance of insulin from the muscle
interstitium is likely due to uptake by myocytes (86 – 88).
These results suggest that the transendothelial transport of
insulin is a rate-limiting step in muscle insulin action. In
support of this conclusion, direct injection of insulin into
muscle lymph causes very rapid insulin action, suggesting
that direct injection sidesteps the rate-limiting step (84).
Interestingly, although the interstitial passage of insulin
does not appear to be a rate-limiting step under normal
conditions, injection of insulin into lymph of ob/ob mice
shows a delayed action as compared with lean mice, suggesting that the movement of insulin within the muscle
interstitium might be impaired under conditions of insulin
resistance (89).
The heterogeneity of the body’s vascular beds provides
further support for a muscle-specific delay in insulin action. As mentioned above, the liver vasculature is highly
permeable (5), and in fact, insulin-stimulated inhibition of
hepatic glucose output occurs much more quickly than
insulin-stimulated muscle glucose disposal (90). Although
the more rapid effect of insulin on liver has not been directly linked to increased delivery of insulin, the higher
permeability of liver vs. muscle blood vessels suggests that
this is a likely cause. Interestingly, inhibition of hepatic
glucose output occurs at even low levels of insulin infusion, suggesting that the highly permeable liver vasculature does not impede the transport of insulin as is the case
in muscle (91). In support of this, the concentration of
lymph insulin required to stimulate muscle glucose uptake
is similar to the plasma insulin concentration required to
inhibit hepatic glucose output (3, 91).
B. Transendothelial transport of insulin

The mechanism for insulin transport across the endothelium is not clear. Several in vitro studies suggest that the
endothelial uptake of insulin is mediated by the insulin
receptor (86, 92, 93). However, the study of a transendothelial transport process in vitro is complicated by the use
of cultured cells or the severing of native blood vessels.
Therefore, the in vivo setting seems to be a more reliable
place to study the vasculature. Indeed, in vivo results suggest that the transport of insulin across the endothelium
does not appear to be saturable, even at pharmacological
concentrations of insulin, suggesting that it is not a receptor-mediated process (94, 95). At a minimum, these data
seem to suggest that at least at high levels of insulin, transport can occur by a non-insulin receptor-mediated trans-
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cellular or paracellular process. In some respects, a paracellular transport process would be somewhat surprising
given the tightness of muscle endothelium (5, 6, 12).
Recent research has focused on possible mechanisms
for insulin transport across endothelial cells. In vitro studies in cultured endothelial cells support an insulin receptor-mediated pathway for insulin uptake because blockade of several insulin-signaling pathways inhibits this
process (96). Confocal imaging studies suggest colocalization of FITC-insulin with the insulin receptor in muscle
endothelial cells (85). These proteins also colocalize with
caveolin-1, a protein involved in the formation of caveolae. Interestingly, caveolae are also increased in ␤-cell-specific VEGF-A knockouts, which display a dramatic loss of
islet endothelial fenestrae, as mentioned in Section III. C.
In this situation, caveolae are thought to mediate the transendothelial transport of insulin from ␤-cells to the bloodstream to compensate for the loss of endothelial cell
fenestrae, so there is some precedent for caveolae-mediated transport of insulin across endothelial cells. Although
the cellular colocalization of labeled insulin, insulin receptor, and caveloae is intriguing, further studies will be
necessary to provide a conclusive link between transendothelial insulin transport in muscle and caveolae. Interestingly, transendothelial transport of insulin has been
directly demonstrated by using 125I-labeled insulin in
heart muscle (97).
C. Effects of insulin on blood flow

Insulin has been demonstrated to cause a number of
direct effects on the vasculature. Although somewhat controversial, insulin appears to increase total blood flow
within skeletal muscle. Baron (98) was the first to theorize
that the ability of insulin to increase limb/muscle blood
flow might be a critical part of its delivery and its ability
to stimulate glucose uptake. Although this has been supported by a number of studies in both normal and obese or
insulin-resistant situations (99 –111), there are also a
number of studies that failed to show an insulin-induced
increase in blood flow, especially at physiological levels of
insulin (112–119). This has led to some disagreement in
the field as to whether insulin can increase blood flow at
physiological levels (120, 121). There are a number of
theories to explain why an insulin-stimulated increase in
blood flow is not always observed. Barrett et al. (3) argue
that pharmacological doses of insulin clearly act to increase limb blood flow, but the necessity for large doses of
insulin and the long durations required to observe an effect
cast doubt on the normal physiological relevance of this
effect. Clark (4) and Barrett et al. (3) both suggest that
although there is not always an observed increase in total
blood flow, insulin can influence which vessels in muscle
are perfused without changing total blood flow. Specifi-
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cally, this switch involves the ability of insulin to increase
vasomotion, the relaxation of terminal arterioles, and shift
blood flow from a nonnutritive pathway, i.e., one that has
little or no exchange with the interstitial fluid surrounding
the muscle fibers, to a nutritive pathway, i.e., one where
blood flows through capillaries that allow for nutrient
exchange with the muscle interstitium that is underperfused in the basal state (4). This insulin-induced shift provides a greater surface area for nutrient exchange and may
be the primary vascular effect caused by insulin (4).
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D. Insulin-induced capillary recruitment

The ability of insulin to stimulate relaxation of terminal
arteries and promote flow through the nutritive pathway
is termed capillary or microvascular recruitment and, in
contrast to insulin-induced effects on total blood flow,
seems to be gaining general acceptance (3, 4). In normal
muscle tissue, only about two thirds of the vasculature is
normally perfused with erythrocytes at any given time
(122), although other studies have demonstrated by live
imaging that nearly all capillaries in the spinotrapezius
muscle and diaphragm are perfused at rest (123). Potentially, differences in flow rates and the extent of perfusion
between different muscle capillary beds could explain this
apparent inconsistency. By shifting blood flow from nonnutritive vessels to nutritive capillaries, insulin is able to
increase the available surface area for nutrient exchange
and theoretically increase the surface area for its own delivery and that of glucose to myocytes (3) (Fig. 1, A and B;
and a color version in Supplemental Fig. 1, published as
supplemental data on The Endocrine Society’s Journals
Online web site at http://edrv.endojournals.org).
Two notable experimental advances greatly aided the
elucidation of insulin’s ability to promote capillary recruitment: 1-methylxanthine (1-MX) metabolism (124),
and contrast-enhanced ultrasound (CEU) (125). In short,
1-MX is a substrate for the endothelial cell enzyme xanthine oxidase, which is found only in smaller arterioles and
capillaries and catalyzes the conversion of 1-MX to
1-methylurate (124). Disappearance of 1-MX from blood
suggests an increase in available endothelial cell area that
allows for 1-MX entry (124). Insulin administration significantly increases 1-MX metabolism, suggesting a dilation-mediated increase in endothelial cell area (124). CEU
uses gas-filled microbubbles as a contrast agent and a surrogate for erythrocytes to measure blood flow and has
demonstrated insulin-induced increases of muscle capillary volume without changes in total blood flow (125).
Importantly, both 1-MX metabolism and CEU have demonstrated the ability of physiological levels of insulin to
induce capillary recruitment (124 –127). Insulin-induced
capillary recruitment has also been investigated in skin,
which has the advantage of being much easier to access
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FIG. 1. Transendothelial transport of insulin and glucose to muscle
interstitium. A, In the normal state, insulin and glucose must travel
from the blood stream across endothelial cells and potentially pericytes
to reach the muscle interstitium and activate insulin signaling in
myocytes. The basal flow rate is depicted by the horizontal arrow. B,
Insulin induces vasodilation of muscle vasculature, which is thought to
increase nutritive blood flow, which increases transport of insulin and
glucose to the muscle interstitium. C, In insulin-resistant situations,
insulin exerts only vasoconstriction signals, which decreases nutritive
flow, leading to reduced glucose and insulin transendothelial
transport. D, Loss of pericytes is thought to increase muscle vessel
permeability and transendothelial transport. A color version of this
figure is available as Supplemental Figure 1.

and monitor (3, 4, 128). These results are generally consistent with those in muscle and have been reviewed in
detail elsewhere (3, 4).
E. Molecular mechanism of capillary recruitment

Insulin stimulates its vasodilatory actions associated
with capillary recruitment through up-regulation of endothelial nitric oxide synthase (eNOS) in muscle endothelial cells (129 –132) (Fig. 2A, and a color version in Supplemental Fig. 2). eNOS production is induced by insulin
receptor activation of the phosphatidylinositol-3-kinase
(PI3K) signaling cascade, which ultimately increases
eNOS expression and subsequent nitric oxide (NO) production for vasodilation (129, 131–133). Somewhat paradoxically, insulin can also stimulate vasoconstriction by
activating endothelin via the ERK 1/2 pathway (131, 134)
(Fig. 2B). Therefore, it seems that in the normal case, vessel
relaxation and constriction are tightly controlled by an
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organism’s metabolic state, and this suggests that perturbations to this balance might affect delivery of nutrients
and insulin itself to myocytes. Indeed, vessels from obese
ZF rats display reduced levels of eNOS protein compared
with lean rats, and insulin treatment stimulates only vasoconstriction, which presumably contributes to the development of insulin resistance (135). Similarly, blockade
of endothelin-1 receptors in obese humans results in significant vasodilation, but a similar effect is not seen in lean
humans (136). A shift toward insulin-induced vasoconstriction is also observed by pharmacologically inhibiting
eNOS with NO inhibitors, confirming the NO independence of this vasoconstriction (134, 135). As might be
predicted, eNOS knockout mice display insulin resistance
(137). These data suggest that under conditions of insulin
resistance, the balance of insulin action shifts toward vasoconstriction. This further exacerbates insulin resistance
by reducing the access of insulin and nutrients to myocytes
by decreasing nutritive flow and available capillary surface area.
F. Insulin resistance and muscle vasculature

As is the case in pancreatic islets, muscle vascular defects worsen with insulin resistance and type 2 diabetes.

Numerous studies demonstrate that the insulin-induced
increase in capillary recruitment is blunted in cases of insulin resistance and obesity (Fig. 1C). For example, insulin-resistant ZF rats show reduced capillary recruitment
(138). Similarly, insulin resistance induced by various
agents such as TNF-␣, intralipid/heparin, glucosamine, or
␣-methylserotonin also reduces capillary recruitment
(139 –142). Importantly, the extent of muscle capillary
recruitment is positively correlated with glucose uptake
(140, 141), suggesting a possible causal relationship between these two processes. Human type 2 diabetic patients
demonstrate a reduced muscle capillary permeability-surface area in response to hyperinsulinemia, suggesting a
defect in insulin-induced capillary recruitment (143). A
likely mechanism for these observations, as mentioned in
Section IV. E, is the insulin resistance-induced decrease of
eNOS activation, which leads to reduced vasodilation.
These data suggest that muscle vascular dysfunction accompanies insulin resistance.
Whether insulin resistance causes vascular dysfunction
or vice versa is not entirely clear. Evidence suggests that
muscle vascular defects are among the earliest phenotypes
observed as insulin resistance progresses and that dimin-
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ished NO production and increased vasoconstriction precede the development of type 2 diabetes (144). Due to the
importance of insulin signaling in capillary recruitment, it
would not be surprising if reduced eNOS activation was
mediated by the same mechanism as desensitization of
myocyte insulin signaling. Insulin resistance in myocytes
has been demonstrated to occur downstream of insulin
receptor binding, likely at the level of the IRS proteins
(145, 146). One can imagine that the same desensitization
of insulin signaling could blunt the PI3K pathway in
endothelial cells and subsequent eNOS activation, thus
leading to reduced vascular dilation. The subsequent reduction in available capillary surface area would likely
reduce transendothelial insulin transport to myocytes and
further blunt myocyte insulin signaling, continuing a vicious cycle. As the potential involvement of the insulin
receptor in transendothelial transport is further elucidated, defects in this process might also become important
for the development of insulin resistance.
Several animal models are informative regarding the
effects of insulin on muscle vasculature. Prominent among
these models are the vascular endothelial cell insulin receptor knockout (VENIRKO) mice, which somewhat surprisingly, are not insulin resistant (147). An initial reaction
to this result might be that insulin-mediated vasodilation
is not a critical process for muscle glucose disposal. This
suggests that insulin delivery to the periphery is possible
without the endothelial cell insulin receptor under normal
circumstances. However, both eNOS and endothelin-1
mRNA levels are reduced in the VENIRKO mice (147),
suggesting that the lack of insulin resistance in these mice
may not be surprising because the signals for both vasoconstriction and vasodilation are reduced, resulting in no
net changes in vasomotion. When considering these results, it is important to note that in lean mice, creating
insulin resistance has historically been somewhat complicated because even muscle-specific knockout of the insulin
receptor (MIRKO mice), one of the most critical proteins
involved in muscle insulin signaling, results in normal glucose tolerance and insulin sensitivity (148). Finally, the
insulin-like growth factor-1 receptor, which is found at
high levels in muscle endothelial cells (149), could also
compensate for loss of the insulin receptor. Additionally,
as mentioned in Section IV. E, eNOS knockout mice are
also insulin resistant (137). No studies linking knockout of
endothelin-1 to amelioration of insulin resistance have
been reported, but this result might be predicted.
G. Exercise-induced vascular changes

Exercise has been demonstrated to promote many of
the same changes in the muscle vasculature as insulin
(150). Exercise efficiently increases muscle capillary recruitment, as well as total muscle blood flow (151). Inter-
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estingly, the mechanism for insulin- and exercise-induced
increases in muscle perfusion appear distinct because the
exercise mechanism is NO-independent (152). Exerciseinduced vascular changes are not blunted by insulin resistance or obesity (153). These data suggest that even in
cases of prolonged disease progression, exercise might be
able to remedy some of the effects of insulin resistance on
the muscle vasculature.

V. Vascular Pericytes: More Than Inert
Contractile Cells
A. Introduction to pericytes

Although pericytes were first described almost 150 yr
ago, they are still not entirely understood. Charles Rouget
was the first to identify pericytes in 1873 when he described a population of perivascular cells that he regarded
as contractile elements (154). In 1923, Zimmermann
named these cells “Rouget cells” after their discoverer, or
“pericytes” because of their location in proximity to endothelial cells (peri, around; cyte, cell) (155). Together,
pericytes and the related vSMCs make up a class of cells,
termed mural cells, which provide support to blood vessels
of all sizes (156). By convention, the mural cells associated
with larger vessels such as arteries and veins are called
vSMCs, whereas those associated with smaller vessels,
such as capillaries, arterioles, and venules, are termed pericytes (157). vSMCs are highly contractile, typically express high levels of ␣-smooth muscle actin (␣-SMA), and
can form multiple concentric layers around blood vessels
(156). Additionally, vSMCs have their own basement
membrane, which is rich in elastin and fibrillar collagen
and is separate from the vascular basement membrane
(156, 158). Pericytes, on the other hand, typically form a
single discontinuous layer around smaller vessels (157).
They are intimately associated with endothelial cells and
reside in a shared basement membrane that is produced by
both pericytes and endothelial cells (159). Pericytes typically express high levels of cell-surface chondroitin sulfate
proteoglycan neuron-glial 2 (NG-2), which is commonly
used as a histological pericyte marker (155).
Pericyte coverage and morphology can vary between different vascular beds. Pericytes in certain tissues have acquired
specialized names, such as Ito cells in liver (named after their
discoverer, Toshio Ito) and mesangial cells in the kidney glomerulus (155, 160). The highest level of pericyte coverage is
seen in the central nervous system, where pericytes are
thought to play an important role in the formation and maintenance of the blood-brain barrier (161, 162).
Although pericytes were originally thought to be solely
involved in contractile processes, they have recently been
shown to have many additional functions. Pericytes, like
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vSMCs, can indeed mediate vessel contraction and influence vascular diameter and capillary blood flow (163).
Loss of pericytes leads to excessive endothelial membrane
folding and luminal cytoplasmic protrusions, which likely
impacts vessel perfusion and possibly nutrient exchange
(164). Pericytes can communicate with endothelial cells
through a variety of signaling pathways, and they promote
endothelial cell differentiation and maturation (165). Pericytes are also thought to limit endothelial cell proliferation; thus, loss of pericytes can lead to endothelial cell
hyperplasia (164). Pericytes also play a critical role in angiogenesis, because they are typically found near the tips
of sprouting vessels and where they are thought to guide
the sprouting processes by expressing VEGF (166 –170).
B. Platelet-derived growth factor-B: a key mediator of
pericyte function

Platelet-derived growth factor B (PDGF-B) and its receptor, PDGF receptor-␤ (PDGFR␤), are critically involved in pericyte recruitment and proliferation (157).
PDGF-B belongs to the PDGF family of proteins, which
shares structural homology with the VEGF protein family
(171, 172). In addition to PDGF-B, there are three other
mammalian PDGF family members, PDGF-A, PDGF-C,
and PDGF-D (172). PDGF was originally identified as a
constituent of whole blood that was absent in cell-free
plasma (173–175) and was later purified from human
platelets (176 –179). The PDGF family members function
as homo- and heterodimers (180). PDGF-B is normally
expressed in vascular endothelial cells, megakaryocytes,
and neurons, whereas PDGF-A and PDGF-C are highly
expressed in epithelial cells, muscle, and neuronal progenitor cells (172).
There are two PDGF receptors, PDGFR␣ and PDGFR␤.
Ligand binding causes homo- or heterodimerization of
PDGFRs, which activates their cytoplasmic tyrosine kinase domains and results in autophosphorylation of several tyrosine residues in their cytoplasmic tails (181). The
phospho-tyrosine residues create docking sites for a variety of adaptor proteins, leading to activation of a wide
variety of signaling pathways, including the RAS-MAPK,
JNK/SAPK, PI3K/AKT, and protein kinase C (PKC) pathways (182, 183). Interestingly, PDGFR signaling through
different pathways appears to be additive rather than
producing distinct outcomes. In a tour de force study,
Tallquist et al. (184) created an allelic series of tyrosine to
phenylalanine mutations, which resulted in blunted but
qualitatively similar developmental effects. Ligand occupancy promotes internalization and subsequent lysosomal
degradation of PDGFR complexes, limiting the duration
of signaling (185–187).
PDGFR␣ binds both PDGF-A and PDGF-B with high
affinity, whereas PDGFR␤ binds only PDGF-B with high
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affinity (180). However, the receptor complex thought to
mediate in vivo PDGF-B signaling is the PDGFR␤ homodimer (157, 158, 172). In addition, outside of human
platelets, the expression patterns of PDGF-A and PDGF-B
are generally nonoverlapping, suggesting that the PDGF-AB
heterodimer, which can bind to both PDGFRs, might have
limited in vivo significance (180, 183).
PDGF-A and PDGF-B are the best described PDGF ligands. Although PDGF-A is involved in a variety of diverse developmental and organogenesis processes (172),
the major function of PDGF-B is its role in stimulating the
migration of pericytes and vSMCs to growing blood vessels (172). PDGF-B is secreted as a homodimer from endothelial cells, where it is retained on the cell surface by a
C-terminal heparan-sulfate proteoglycan-binding retention motif (188, 189). PDGFR␤ on the surface of pericytes
and vSMCs binds to PDGF-B, thus recruiting mural cells
to the endothelial cell wall. Loss of the retention motif
leads to decreased retention of PDGF-B on the cell surface
(188 –190). Lindblom et al. (191) have generated and
characterized mice in which the PDGF-B retention motif
has been deleted by targeted mutagenesis, causing a reduction in PDGF-B signaling. These mice display a loss of
pericyte density, pericyte detachment, and abnormal capillary morphology in the developing brain, kidney, and
retina, as well as the postnatal kidney and retina (191).
PDGF-B and PDGFR␤ knockout mice display similar, but
more severe defects: a drastic loss of pericytes, widespread
vascular leakage, general heart defects, and perinatal lethality (164, 192–195).
Although PDGF-B and PDGFR␤ are critically important
for pericyte recruitment, the presence of pericytes in some
organs of PDGF-B/PDGFR␤ knockouts suggests that other
factors are also important for pericyte biology. Notably,
TGF-␤ is an important mediator of vSMC/pericyte differentiation (196, 197). Additionally, Ang-1 and its receptor, endothelium-specific receptor tyrosine kinase-2, are important
for signaling from pericytes/vSMCs to endothelial cells and
play a role in pericyte recruitment (157).
Although the importance of PDGF-B signaling and
pericyte coverage in the microvasculature has been
well described, little has been reported regarding any
influence pericytes might have on insulin secretion
and peripheral insulin action. Pericytes are found at
relatively high densities in skeletal and cardiac muscle
(198, 199) and in pancreatic islets (200). PDGF-B signaling can promote ␤-cell proliferation in vitro, but
only under conditions of PDGFR␤ ectopic overexpression; endogenous PDGFR␤ expression in ␤-cells is quite
low (201). Therefore, PDGF-B does not directly signal to
␤-cells.
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C. Diabetic complications: a key role for pericytes

Pericytes play a central role in diabetic complications. Loss of pericytes is one of the first observable
changes in diabetic retinopathy and is ultimately followed by increased vascular permeability (202). Interestingly, Geraldes et al. (203) recently demonstrated that
glucose increases the expression of PKC-␦, which results in
down-regulation of PDGFR␤/AKT survival signals and
pericyte death. The vasculature also plays a clear role in
the progression of nephropathy (204). Knockout of
PDGF-B/PDGFR␤ or loss of PDGF-B retention results in
defects in the pericyte-like mesangial cells, leading to defective glomerulogenesis, glomerulosclerosis (191, 194,
195), and proteinurea (191), a hallmark of diabetic
nephropathy. Diabetic neuropathy is characterized by reduced blood flow, capillary basement membrane thickening, and pericyte degeneration (205). Tilton et al. (206)
used transmission electron microscopy to study pericyte
morphology and density in a variety of skeletal muscles
from nondiabetic and diabetic humans. Similar to what is
observed in diabetic retinopathy, they noted an increased
degeneration of pericytes in the type 2 diabetic muscles.
Pericyte changes are therefore associated with diabetes
and are found in most of the microvascular complications
associated with diabetes.
D. Are pericytes multipotent progenitor cells?

One exciting new field of pericytes involves their potential role as MSC-like progenitor cells. MSCs, also
known as multipotent mesenchymal stromal cells, are undifferentiated, self-renewable cells that are present in bone
marrow and mesenchymal tissues (207). Interest in MSCs
in relation to diabetes intensified when it was reported that
transplanted bone marrow MSCs initiated pancreas regeneration and improved diabetes in mice and humans
(208 –210). However, other studies did not demonstrate
any evidence for transdifferentiation of bone marrow cells
into ␤-cells (211, 212), so this process could be dependent
on the stage of diabetes progression and/or the isolation
and transplantation techniques. Transplantation of purified MSCs was likewise able to normalize hyperglycemia
and promote islet growth in streptozotocin-treated mice
(213). Crisan et al. (214) recently demonstrated that pericytes isolated from human mesenchymal tissues, including
skeletal muscle, pancreas, and adipose tissue, were able to
serve as multilineage progenitor cells reminiscent of
MSCs. Specifically, this study demonstrated that purified
pericytes from any of these organs, when cultured in a
tissue-specific growth medium, could differentiate into
myocytes, adipocytes, osteocytes, and chondrocytes
(214). Although pericytes isolated from pancreas were
used as progenitor cells, the authors did not report on the
ability of isolated pericytes to differentiate into ␤-cells or
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any other pancreatic cell type. This presents the intriguing
question: can pericytes serve as ␤-cell progenitors? In vivo
lineage-tracing experiments using a tetracycline-inducible
CRE recombinase under the control of the adipogenic peroxisome proliferator-activated receptor-␥ promoter to indelibly mark cells with ␤-galactosidase demonstrate that
adipocyte progenitors are perivascular cells that express
several pericyte markers, including NG-2, PDGFR␤, and
␣-SMA (215). One can imagine using a similar system with
a ␤-cell-specific CRE recombinase such as Pdx1-CRE to
determine whether islet pericytes can analogously serve as
progenitors to ␤-cells.
E. Pericytes in normal islet function

The role of pericytes in normal islet function is not
completely understood, but islet pericyte changes associated with a number of pathological conditions have been
described. In obese animals, islet pericytes become more
hypertrophied and assume vSMC characteristics (46). Notably, pericytes take on more of a smooth muscle cell-like
appearance, and it has been speculated that this is potentially in response to increased islet blood pressure (46). We
and others have similarly observed an increase in ␣-SMA
and NG-2 staining densities in islets from ob/ob mice,
consistent with obesity-induced pericyte hypertrophy
(Ref. 216 and Supplemental Fig. 3). Similarly, hypertensive Ren2 rat islets have increased pericyte proliferation,
migration, hypertrophy, and ␣-SMA staining (217). In
rats overexpressing human islet amyloid polypeptide,
there is a reduction in both ␤-cell mass and islet capillary
density, along with increased pericyte apoptosis and loss
(218). Finally, in a rat model of type 2 diabetes, the matrix
between islets and the surrounding exocrine tissue widens,
due to an increase in pericytes and inflammatory cells in
this region (219). The authors of these studies noted evidence of pericyte differentiation into stellate cells, but the
use of ␣-SMA as a stellate-cell marker seems somewhat
questionable due to its well-described role as a vSMC
marker (155).
F. Pericytes in islet tumors

The role of pericytes in islet-cell tumors has been intensively investigated (220 –227). PDGFRs are expressed
in tumor pericytes, and treatment with a drug that selectively inhibits PDGFR␣ and PDGFR␤ blocks further
growth of end-stage tumors by causing pericyte detachment and disrupting tumor vasculature (220). Pericyte loss
induced by treatment with imatinib mesylate improves the
efficacy of metronomic chemotherapy by rendering endothelial cells more sensitive to the actions of the cytotoxic
drugs (224). Treatment with imatinib mesylate, metronomic chemotherapy, and a selective VEGFR inhibitor
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elicits regression of solid islet tumors and increases median
survival (224). Some of the effects of PDGFR␤ inhibition
in islet tumors are mediated by elimination of PDGFR␤positive perivascular progenitor cells, which can differentiate into mature pericytes (226). These data suggest that
lack of pericytes improves drug delivery to tumor cells and
might be beneficial for treatment.
Although the absence of tumor pericytes might be beneficial for drug delivery, it is also associated with increased
tumor metastasis. ␤-Cell tumors that are deficient for neural cell adhesion molecule have leaky blood vessels with
detached pericytes, which correlates with an increased incidence of metastasis (225). In agreement with this,
PDGF-B retention-deficient mice with ␤-cell tumors exhibit increased metastasis, demonstrating a direct causal
link between defective pericyte recruitment and increased
metastasis (225). These findings directly translate to humans, because decreased ␣-SMA-positive pericyte coverage of tumor vessels correlates with increased metastasis
and results in a poorer prognosis (228). Thus, although
inhibition of PDGFR is an attractive option for improving
tumor treatment, the benefits must be weighed against the
increased metastatic potential associated with reduced tumor pericyte coverage.
G. A role for PDGF-B signaling in glucose uptake?

PDGFR␤ has been investigated in relation to insulin
signaling because it can activate several of the same signaling pathways as the insulin receptor. Specifically, the
ability of PDGFR␤ to activate AKT/PI3K signaling (183)
has been investigated in relation to glucose uptake into
myocytes and adipocytes. PDGF-B signaling can induce
glucose transporter type 4 translocation in both cultured
adipocytes (229) and mouse skeletal muscle (230).
However, due to minimal endogenous expression of the
receptor, this is only possible under conditions involving
overexpression of PDGFR␤. These actions of PDGF-B are
mediated independently of IRS-1 activation (229, 230).
Interestingly, exogenous overexpression of PDGFR␤ in
skeletal muscle has been used to demonstrate that defects
in the insulin signaling pathway independent of IRS-1 can
lead to insulin resistance (231). These data suggest that
any effect of PDGF-B on insulin action is unlikely due to
a direct effect of PDGF-B on parenchymal cells.
Although PDGF-B does not normally signal directly to
myocytes, we have recently demonstrated that loss of
PDGF-B activity does impact peripheral insulin sensitivity
(200). In ob/ob mice, loss of PDGF-B retention causes
decreased in vivo insulin secretion without a change in
glucose tolerance (200). These mice have defective pericyte coverage in peripheral tissues involved in insulin action (200). Loss of pericytes can lead to increased vascular
leakage (164, 191–195), and indeed these mice display
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increased vascular permeability, especially in heart (200).
Ultimately, this leads to increased transendothelial transport of insulin and increased whole-body insulin sensitivity (200). These data demonstrate an important and novel
role for pericytes and PDGF-B in delivery of insulin to
peripheral tissues.
H. Inhibition of PDGFR␤ and diabetes therapy

One potentially interesting link between PDGF-B activity and diabetes concerns the effect of imatinib mesylate
(Gleevec). Imatinib mesylate inhibits several receptor tyrosine kinases, including c-abl, c-kit, and PDGFR␤ (232).
Several studies have reported that imatinib mesylate lowers fasting blood glucose levels in diabetic patients treated
for chronic myeloid leukemia (233–235). Another study
reported no effect of imatinib mesylate treatment on glucose levels (236). However, Han et al. (237) recently demonstrated that treatment of db/db mice with imatinib
mesylate drastically improves peripheral insulin sensitivity. The authors observed improved insulin sensitivity and
decreased in vivo insulin secretion in response to a glucose
challenge, but they attributed these effects to an amelioration of c-abl-induced endoplasmic reticulum stress in
liver and adipose tissues. However, it is also possible that
the observed increase in insulin sensitivity may also involve PDGFR␤ inhibition. In accordance with this, treatment of mice with imatinib mesylate or a soluble form of
PDGFR␤ both prevents and reverses type 1 diabetes,
whereas treatment with a c-kit inhibitor had little effect
(238). None of these studies investigated the effect of imatinib mesylate treatment on pericyte coverage of islets or
peripheral tissues, which could provide a potential mechanism for the improvement of diabetes. In support of this
possibility, tumor-bearing mice treated with imatinib mesylate demonstrate a decrease in pericyte coverage and
increased vessel leakiness, suggesting that a similar improvement of vascular permeability in peripheral tissues
could improve insulin or nutrient delivery and possibly
explain the effects of imatinib mesylate on diabetes (239).
This suggests that further investigation into the effects of
imatinib mesylate and other PDGFR␤ inhibitors on diabetes treatment and pericyte coverage may be informative.
I. A role for pericytes in insulin-induced
hemodynamic changes

In addition to the role for pericytes in insulin delivery
to myocytes, pericytes and vSMCs also play an important
role in insulin-induced capillary recruitment. NO produced
by endothelial-expressed eNOS diffuses into vSMCs where
it binds to and activates the heme moiety of guanylyl cyclase (240, 241) (Fig. 2A). This results in an increase of the
local concentration of cGMP, which increases cGMP-dependent protein kinase G (PKG) signaling (240, 241). This
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results in activation of myosin light-chain phosphatase
and the opening of KATP channels (240). NO can also
directly nitrosylate KATP channels, resulting in hyperpolarization of the vSMC plasma membrane and inhibition
of calcium entry (240). Each of these NO-mediated effects
results in vSMC relaxation and concomitant vasodilation.
Conversely, endothelin-1 signals through its G proteincoupled receptors on the surface of vSMCs, ETA and ETB,
to activate PKC signaling that results in increased calcium
levels and vascular contraction (242–244) (Fig. 2B). Interestingly, PKC signaling can be activated by lipid
by-products like diacylglycerol and long-chain acylcoenzyme A, which are increased in obesity (145) and can
further promote vasoconstriction and exacerbate insulin
resistance. Endothelin-1 and NO mediate their vasoconstriction and vasodilation effects on pericytes through similar mechanisms (163).
Modulation of vSMC or pericyte coverage and its effects on insulin-induced vascular constriction and dilation
have not been directly studied, although one can imagine
that loss of vSMCs or pericytes could reduce the ability of
vessels to respond to insulin-induced changes in vascular
tone. Additionally, loss of vSMCs/pericytes might lead to
general increases in vessel dilation and muscle perfusion,
resulting in increased capillary surface area and insulin/
nutrient transport to muscle interstitium. Conversely,
vSMC/pericyte hyperplasia might result in increased basal
vascular contraction. Notably, vSMCs isolated from ZF
rats showed reduced PKG activation by NO and cGMP,
suggesting that insulin resistance also impedes this step
in insulin-induced vasodilation (245). This defect was
thought to be due to increased levels of superoxide anions
because it was rescued by antioxidant treatment (245). In
keeping with this, NO can be consumed by reactive oxygen species, resulting in the production of peroxynitrite
(246). This suggests that increased metabolism and increased generation of metabolic by-products like reactive
oxygen species could begin to explain a mechanism for
defective eNOS/NO signaling in insulin-resistant animals
and humans.
PDGF-B could play a direct role in controlling vascular
dilation and constriction. Like insulin, PDGF-AB and to a
lesser extent PDGF-A and PDGF-B increase eNOS expression (247). This suggests that, in addition to decreasing
pericyte coverage, defects in PDGF signaling could directly contribute to the development of insulin resistance
by reducing eNOS levels and increasing vasconstriction.

VI. Summary/Conclusions
Type 2 diabetes is a growing worldwide epidemic. The
involvement of the vasculature in the processes of islet
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development, insulin secretion, and peripheral insulin
action is undeniable. Although most recent research has
focused on endothelial cells, the vascular pericyte is an
intriguing candidate to play a role in these processes. From
their involvement in diabetic complications to their function as mediators of insulin-induced vasodilation and vasoconstriction, the available information suggests a role
for pericytes in the development of insulin resistance and
type 2 diabetes. Future research will be critical to elucidate
the role of the vascular pericyte in these processes.

Acknowledgments
We are grateful to Robin Davies and Laura Vanderploeg for expert
assistance in preparing Figs. 1 and 2. We thank William Dove, Jon Odorico,
Anath Shalev, and Xin Sun for critical review of the manuscript and
helpful discussion.
Address all correspondence and requests for reprints to: Alan Attie,
University of Wisconsin-Madison, 433 Babcock Drive, Madison, Wisconsin 53706. E-mail: adattie@wisc.edu.
This work was supported by National Institute of Diabetes and
Digestive and Kidney Diseases Grants DK66369 and DK58037, National Institutes of Health Training Grant T32GN07215 (to O.C.R.
and S.M.R.), and a Wisconsin Alumni Research Foundation fellowship (to O.C.R.).
Disclosure Summary: The authors have nothing to disclose.

References
1. Mokdad AH, Bowman BA, Ford ES, Vinicor F, Marks JS,
Koplan JP 2001 The continuing epidemics of obesity and
diabetes in the United States. JAMA 286:1195–1200
2. Diamond J 2003 The double puzzle of diabetes. Nature
423:599 – 602
3. Barrett EJ, Eggleston EM, Inyard AC, Wang H, Li G, Chai
W, Liu Z 2009 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
4. Clark MG 2008 Impaired microvascular perfusion: a consequence of vascular dysfunction and a potential cause of
insulin resistance in muscle. Am J Physiol Endocrinol
Metab 295:E732–E750
5. Aird WC 2007 Phenotypic heterogeneity of the endothelium. I. Structure, function, and mechanisms. Circ Res 100:
158 –173
6. Aird WC 2007 Phenotypic heterogeneity of the endothelium. II. Representative vascular beds. Circ Res 100:
174 –190
7. Parton RG, Simons K 2007 The multiple faces of caveolae.
Nat Rev Mol Cell Biol 8:185–194
8. Zanone MM, Favaro E, Camussi G 2008 From endothelial
to ␤-cells: insights into pancreatic islet microendothelium.
Curr Diabetes Rev 4:1–9
9. Stamatovic SM, Keep RF, Andjelkovic AV 2008 Brain endothelial cell-cell junctions: how to “open” the blood brain
barrier. Curr Neuropharmacol 6:179 –192
10. Bearer EL, Orci L 1985 Endothelial fenestral diaphragms:
a quick-freeze, deep-etch study. J Cell Biol 100:418 – 428

356

Richards et al.

The Vasculature and Insulin Action

11. Henderson JR, Moss MC 1985 A morphometric study of
the endocrine and exocrine capillaries of the pancreas. Q J
Exp Physiol 70:347–356
12. Simionescu M, Gafencu A, Antohe F 2002 Transcytosis of
plasma macromolecules in endothelial cells: a cell biological survey. Microsc Res Tech 57:269 –288
13. Jansson L, Carlsson PO 2002 Graft vascular function
after transplantation of pancreatic islets. Diabetologia
45:749 –763
14. Bonner-Weir S, Orci L 1982 New perspectives on the microvasculature of the islets of Langerhans in the rat. Diabetes 31:883– 889
15. Nyman LR, Wells KS, Head WS, McCaughey M, Ford E,
Brissova M, Piston DW, Powers AC 2008 Real-time, multidimensional in vivo imaging used to investigate blood
flow in mouse pancreatic islets. J Clin Invest 118:3790 –
3797
16. Olsson R, Carlsson PO 2006 The pancreatic islet endothelial cell: emerging roles in islet function and disease. Int
J Biochem Cell Biol 38:710 –714
17. Jansson L, Hellerström C 1983 Stimulation by glucose of
the blood flow to the pancreatic islets of the rat. Diabetologia 25:45–50
18. Jansson L, Andersson A, Bodin B, Källskog O 2007 Pancreatic islet blood flow during euglycaemic, hyperinsulinaemic clamp in anaesthetized rats. Acta Physiol (Oxf)
189:319 –324
19. Carlsson PO, Olsson R, Källskog O, Bodin B, Andersson
A, Jansson L 2002 Glucose-induced islet blood flow increase in rats: interaction between nervous and metabolic
mediators. Am J Physiol Endocrinol Metab 283:E457–
E464
20. Ballian N, Brunicardi FC 2007 Islet vasculature as a regulator of endocrine pancreas function. World J Surg 31:
705–714
21. Carlsson PO, Iwase M, Jansson L 1999 Stimulation of intestinal glucoreceptors in rats increases pancreatic islet
blood flow through vagal mechanisms. Am J Physiol 276:
R233–R236
22. Brunicardi FC, Dyen Y, Brostrom L, Kleinman R, Colonna
J, Gelabert H, Gingerich R 2000 The circulating hormonal
milieu of the endocrine pancreas in healthy individuals,
organ donors, and the isolated perfused human pancreas.
Pancreas 21:203–211
23. Lammert E, Cleaver O, Melton D 2001 Induction of pancreatic differentiation by signals from blood vessels. Science 294:564 –567
24. Yoshitomi H, Zaret KS 2004 Endothelial cell interactions initiate dorsal pancreas development by selectively
inducing the transcription factor Ptf1a. Development
131:807– 817
25. Edsbagge J, Johansson JK, Esni F, Luo Y, Radice GL, Semb
H 2005 Vascular function and sphingosine-1-phosphate
regulate development of the dorsal pancreatic mesenchyme. Development 132:1085–1092
26. Jacquemin P, Yoshitomi H, Kashima Y, Rousseau GG,
Lemaigre FP, Zaret KS 2006 An endothelial-mesenchymal
relay pathway regulates early phases of pancreas development. Dev Biol 290:189 –199
27. Johansson M, Andersson A, Carlsson PO, Jansson L 2006
Perinatal development of the pancreatic islet microvasculature in rats. J Anat 208:191–196

Endocrine Reviews, June 2010, 31(3):343–363

28. Cai Q, Brissova M, Shostak A, Powers AC 2009 Increased
expression of VEGF-A in ␤-cells increases endothelial cells
but impairs islet morphogenesis and postnatal ␤-cell
growth. Diabetes 58(S1):A56 (Abstract)
29. Lammert E, Gu G, McLaughlin M, Brown D, Brekken R,
Murtaugh LC, Gerber HP, Ferrara N, Melton DA 2003
Role of VEGF-A in vascularization of pancreatic islets.
Curr Biol 13:1070 –1074
30. Brissova M, Shostak A, Shiota M, Wiebe PO, Poffenberger
G, Kantz J, Chen Z, Carr C, Jerome WG, Chen J, Baldwin
HS, Nicholson W, Bader DM, Jetton T, Gannon M, Powers
AC 2006 Pancreatic islet production of vascular endothelial growth factor-a is essential for islet vascularization,
revascularization, and function. Diabetes 55:2974 –2985
31. Iwashita N, Uchida T, Choi JB, Azuma K, Ogihara T,
Ferrara N, Gerber H, Kawamori R, Inoue M, Watada H
2007 Impaired insulin secretion in vivo but enhanced insulin secretion from isolated islets in pancreatic ␤ cell-specific vascular endothelial growth factor-A knock-out mice.
Diabetologia 50:380 –389
32. Reinert RB, Brissova M, Kantz J, Powers AC 2009 Isletderived vascular endothelial growth factor-A (VEGF-A) is
important for maintenance of islet vasculature and function in adult mice. Diabetes 58(S1):A56 (Abstract)
33. Toyofuku Y, Uchida T, Nakayama S, Hirose T, Kawamori
R, Fujitani Y, Inoue M, Watada H 2009 Normal islet vascularization is dispensable for expansion of ␤-cell mass in
response to high-fat diet induced insulin resistance. Biochem Biophys Res Commun 383:303–307
34. Branda CS, Dymecki SM 2004 Talking about a revolution:
the impact of site-specific recombinases on genetic analyses
in mice. Dev Cell 6:7–28
35. Inoue M, Hager JH, Ferrara N, Gerber HP, Hanahan D
2002 VEGF-A has a critical, nonredundant role in angiogenic switching and pancreatic ␤-cell carcinogenesis. Cancer Cell 1:193–202
36. Annerén C, Welsh M, Jansson L 2007 Glucose intolerance
and reduced islet blood flow in transgenic mice expressing
the FRK tyrosine kinase under the control of the rat insulin
promoter. Am J Physiol Endocrinol Metab 292:E1183–
E1190
37. Cantley J, Selman C, Shukla D, Abramov AY, Forstreuter
F, Esteban MA, Claret M, Lingard SJ, Clements M, Harten
SK, Asare-Anane H, Batterham RL, Herrera PL, Persaud
SJ, Duchen MR, Maxwell PH, Withers DJ 2009 Deletion
of the von Hippel-Lindau gene in pancreatic ␤ cells impairs
glucose homeostasis in mice. J Clin Invest 119:125–135
38. Forsythe JA, Jiang BH, Iyer NV, Agani F, Leung SW, Koos
RD, Semenza GL 1996 Activation of vascular endothelial
growth factor gene transcription by hypoxia-inducible factor 1. Mol Cell Biol 16:4604 – 4613
39. Crawford SE, Stellmach V, Murphy-Ullrich JE, Ribeiro
SM, Lawler J, Hynes RO, Boivin GP, Bouck N 1998
Thrombospondin-1 is a major activator of TGF-␤1 in vivo.
Cell 93:1159 –1170
40. Li X, Zhang L, Meshinchi S, Dias-Leme C, Raffin D,
Johnson JD, Treutelaar MK, Burant CF 2006 Islet microvasculature in islet hyperplasia and failure in a model of
type 2 diabetes. Diabetes 55:2965–2973
41. Mizuno A, Noma Y, Kuwajima M, Murakami T, Zhu M,
Shima K 1999 Changes in islet capillary angioarchitecture
coincide with impaired B-cell function but not with insulin

Endocrine Reviews, June 2010, 31(3):343–363

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

resistance in male Otsuka-Long-Evans-Tokushima fatty
rats: dimorphism of the diabetic phenotype at an advanced
age. Metabolism 48:477– 483
Carlsson PO, Jansson L, Ostenson CG, Källskog O 1997
Islet capillary blood pressure increase mediated by hyperglycemia in NIDDM GK rats. Diabetes 46:947–952
Atef N, Ktorza A, Picon L, Pénicaud L 1992 Increased islet
blood flow in obese rats: role of the autonomic nervous
system. Am J Physiol 262:E736 –E740
Svensson AM, Abdel-Halim SM, Efendic S, Jansson L,
Ostenson CG 1994 Pancreatic and islet blood flow in F1hybrids of the non-insulin-dependent diabetic GK-Wistar
rat. Eur J Endocrinol 130:612– 616
Carlsson PO, Andersson A, Jansson L 1998 Influence of
age, hyperglycemia, leptin, and NPY on islet blood flow in
obese-hyperglycemic mice. Am J Physiol 275:E594 –E601
Nakamura M, Kitamura H, Konishi S, Nishimura M, Ono
J, Ina K, Shimada T, Takaki R 1995 The endocrine pancreas of spontaneously diabetic db/db mice: microangiopathy as revealed by transmission electron microscopy. Diabetes Res Clin Pract 30:89 –100
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Gaengel K, Genové G, Armulik A, Betsholtz C 2009
Endothelial-mural cell signaling in vascular development and
angiogenesis. Arterioscler Thromb Vasc Biol 29:630 – 638
Armulik A, Abramsson A, Betsholtz C 2005 Endothelial/
pericyte interactions. Circ Res 97:512–523
Mandarino LJ, Sundarraj N, Finlayson J, Hassell HR 1993
Regulation of fibronectin and laminin synthesis by retinal
capillary endothelial cells and pericytes in vitro. Exp Eye
Res 57:609 – 621
Suematsu M, Aiso S 2001 Professor Toshio Ito: a clairvoyant in pericyte biology. Keio J Med 50:66 –71
Balabanov R, Dore-Duffy P 1998 Role of the CNS microvascular pericyte in the blood-brain barrier. J Neurosci Res
53:637– 644
Kunz J, Krause D, Gehrmann J, Dermietzel R 1995
Changes in the expression pattern of blood-brain barrierassociated pericytic aminopeptidase N (pAP N) in the
course of acute experimental autoimmune encephalomyelitis. J Neuroimmunol 59:41–55
Rucker HK, Wynder HJ, Thomas WE 2000 Cellular mechanisms of CNS pericytes. Brain Res Bull 51:363–369
Hellström M, Gerhardt H, Kalén M, Li X, Eriksson U,
Wolburg H, Betsholtz C 2001 Lack of pericytes leads to
endothelial hyperplasia and abnormal vascular morphogenesis. J Cell Biol 153:543–553
Gerhardt H, Betsholtz C 2003 Endothelial-pericyte interactions in angiogenesis. Cell Tissue Res 314:15–23
Ozerdem U, Grako KA, Dahlin-Huppe K, Monosov E,
Stallcup WB 2001 NG2 proteoglycan is expressed exclusively by mural cells during vascular morphogenesis. Dev
Dyn 222:218 –227
Ozerdem U, Stallcup WB 2003 Early contribution of pericytes to angiogenic sprouting and tube formation. Angiogenesis 6:241–249

Endocrine Reviews, June 2010, 31(3):343–363

168. Gerhardt H, Golding M, Fruttiger M, Ruhrberg C,
Lundkvist A, Abramsson A, Jeltsch M, Mitchell C, Alitalo
K, Shima D, Betsholtz C 2003 VEGF guides angiogenic
sprouting utilizing endothelial tip cell filopodia. J Cell Biol
161:1163–1177
169. Redmer DA, Doraiswamy V, Bortnem BJ, Fisher K,
Jablonka-Shariff A, Grazul-Bilska AT, Reynolds LP 2001
Evidence for a role of capillary pericytes in vascular growth
of the developing ovine corpus luteum. Biol Reprod 65:
879 – 889
170. Evensen L, Micklem DR, Blois A, Berge SV, Aarsaether N,
Littlewood-Evans A, Wood J, Lorens JB 2009 Mural cell
associated VEGF is required for organotypic vessel formation. PLoS One 4:e5798
171. Reigstad LJ, Sande HM, Fluge Ø, Bruland O, Muga A,
Varhaug JE, Martinez A, Lillehaug JR 2003 Plateletderived growth factor (PDGF)-C, a PDGF family member
with a vascular endothelial growth factor-like structure.
J Biol Chem 278:17114 –17120
172. Andrae J, Gallini R, Betsholtz C 2008 Role of plateletderived growth factors in physiology and medicine. Genes
Dev 22:1276 –1312
173. Kohler N, Lipton A 1974 Platelets as a source of fibroblast
growth-promoting activity. Exp Cell Res 87:297–301
174. Ross R, Glomset J, Kariya B, Harker L 1974 A plateletdependent serum factor that stimulates the proliferation of
arterial smooth muscle cells in vitro. Proc Natl Acad Sci
USA 71:1207–1210
175. Westermark B, Wasteson A 1976 A platelet factor stimulating human normal glial cells. Exp Cell Res 98:170 –174
176. Antoniades HN, Scher CD, Stiles CD 1979 Purification of
human platelet-derived growth factor. Proc Natl Acad Sci
USA 76:1809 –1813
177. Deuel TF, Huang JS, Proffitt RT, Baenziger JU, Chang D,
Kennedy BB 1981 Human platelet-derived growth factor.
Purification and resolution into two active protein fractions. J Biol Chem 256:8896 – 8899
178. Heldin CH, Westermark B, Wasteson A 1979 Platelet-derived growth factor: purification and partial characterization. Proc Natl Acad Sci USA 76:3722–3726
179. Raines EW, Ross R 1982 Platelet-derived growth factor. I.
High yield purification and evidence for multiple forms.
J Biol Chem 257:5154 –5160
180. Heldin CH, Westermark B 1999 Mechanism of action and
in vivo role of platelet-derived growth factor. Physiol Rev
79:1283–1316
181. Kelly JD, Haldeman BA, Grant FJ, Murray MJ, Seifert RA,
Bowen-Pope DF, Cooper JA, Kazlauskas A 1991 Plateletderived growth factor (PDGF) stimulates PDGF receptor
subunit dimerization and intersubunit trans-phosphorylation. J Biol Chem 266:8987– 8992
182. Kazlauskas A, Cooper JA 1989 Autophosphorylation of
the PDGF receptor in the kinase insert region regulates
interactions with cell proteins. Cell 58:1121–1133
183. Hoch RV, Soriano P 2003 Roles of PDGF in animal development. Development 130:4769 – 4784
184. Tallquist MD, French WJ, Soriano P 2003 Additive effects
of PDGF receptor ␤ signaling pathways in vascular smooth
muscle cell development. PLoS Biol 1:E52
185. Heldin CH, Wasteson A, Westermark B 1982 Interaction
of platelet-derived growth factor with its fibroblast recep-

edrv.endojournals.org

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

361

tor. Demonstration of ligand degradation and receptor
modulation. J Biol Chem 257:4216 – 4221
Sorkin A, Westermark B, Heldin CH, Claesson-Welsh L
1991 Effect of receptor kinase inactivation on the rate of
internalization and degradation of PDGF and the PDGF
␤-receptor. J Cell Biol 112:469 – 478
Mori S, Kanaki H, Tanaka K, Morisaki N, Saito Y 1995
Ligand-activated platelet-derived growth factor ␤-receptor is degraded through proteasome-dependent proteolytic
pathway. Biochem Biophys Res Commun 217:224 –229
LaRochelle WJ, May-Siroff M, Robbins KC, Aaronson SA
1991 A novel mechanism regulating growth factor association with the cell surface: identification of a PDGF retention domain. Genes Dev 5:1191–1199
Ostman A, Andersson M, Betsholtz C, Westermark B,
Heldin CH 1991 Identification of a cell retention signal in
the B-chain of platelet-derived growth factor and in the
long splice version of the A-chain. Cell Regul 2:503–512
Raines EW, Ross R 1992 Compartmentalization of PDGF
on extracellular binding sites dependent on exon-6-encoded sequences. J Cell Biol 116:533–543
Lindblom P, Gerhardt H, Liebner S, Abramsson A, Enge
M, Hellstrom M, Backstrom G, Fredriksson S, Landegren
U, Nystrom HC, Bergstrom G, Dejana E, Ostman A,
Lindahl P, Betsholtz C 2003 Endothelial PDGF-B retention
is required for proper investment of pericytes in the microvessel wall. Genes Dev 17:1835–1840
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