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Abstract
Hypertension, hypercholesterolemia, diabetes and obesity are among a growing list of conditions
that have been designated as major risk factors for cardiovascular disease (CVD). While CVD risk
factors are well known to enhance the development of atherosclerotic lesions in large arteries,
there is also evidence that the structure and function of microscopic blood vessels can be
profoundly altered by these conditions. The diverse responses of the microvasculature to CVD risk
factors include oxidative stress, enhanced leukocyte- and platelet-endothelial cell adhesion,
impaired endothelial barrier function, altered capillary proliferation, enhanced thrombosis, and
vasomotor dysfunction. Emerging evidence indicates that a low-grade systemic inflammatory
response that results from risk factor-induced cell activation and cell-cell interactions may underlie
the phenotypic changes induced by risk factor exposure. A consequence of the altered
microvascular phenotype and systemic inflammatory response is an enhanced vulnerability of
tissues to the deleterious effects of secondary oxidative and inflammatory stresses, such as
ischemia and reperfusion. Future efforts to develop therapies that prevent the harmful effects of
risk factor-induced inflammation should focus on the microcirculation.
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Introduction
The morbidity and mortality of many human diseases are linked to either acute or chronic
inflammation. While inflammation often reflects a localized response to bacterial infection,
trauma or neoplasia, a generalized or systemic inflammatory response can result when
inflammatory mediators produced by an infected or injured tissue gain access to the blood
stream, and subsequently activate the innate and adaptive immune systems. Whether
localized or systemic, the inflammatory response appears to be a defensive measure to
eliminate the inciting agent, whose precise identity and mechanisms of action are often
unknown.

There is mounting evidence that the established risk factors for cardiovascular disease, i.e.,
hypertension, hypercholesterolemia, diabetes, obesity, and cigarette smoke, elicit a systemic
inflammatory response that underlies much of the vascular pathology that is associated with
these conditions. Although these risk factors induce very similar inflammatory and
functional changes in blood vessels, it remains unclear whether the shared risk factor-
induced vascular phenotype reflects common mechanisms through which the immune
system is activated and whether the resultant inflammatory response reflects a defensive
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effort by the immune system to rid of inciting agents that are directly linked to the risk
factor. [30,34,91]

The deleterious effects of CV risk factors are manifested in both macroscopic and
microscopic blood vessels, and the endothelium lining the walls of these vessels appear to be
the major cellular target for the risk factor-induced pathology. Risk factor-induced,
endothelium-dependent vascular dysfunction is observed early in the microcirculation, and
is evident in all vascular beds. However, the microcirculation may not only serve as a mere
target for the deleterious effects of risk factors. Inflammatory events linked to risk factor-
induced endothelial cell activation in the microcirculation, with its very large surface area,
have been implicated in the initiation and/or progression of large vessel disease. As both a
target and source of the inflammatory response induced by CV risk factors, a focus on the
microcirculation for the development of therapies that preserve the salutary, while
preventing the harmful, effects of risk factor-induced inflammation is well justified.
[30,34,86,88,91]

The overall objectives of this review are to summarize the responses of the microvasculature
to CV risk factors (Figure 1) that are consistent with the induction of an inflammatory
phenotype and to address the potential mechanisms that underlie these responses.
Endothelium-dependent responses that are typically associated with inflammation, such as
enhanced production of reactive oxygen species (ROS), impaired vasomotor function,
leukocyte- and platelet-endothelial cell adhesion and endothelial barrier dysfunction, are
addressed. In view of recent evidence linking both angiogenesis and thrombosis to
inflammation, a brief discussion of these microvascular responses to CV risk factors is also
included. The pathophysiological consequences of microvascular inflammation is also
considered within the context of whether risk factors render tissues more vulnerable to
damage induced by ischemia/reperfusion.

Oxidative stress
An imbalance between the production and detoxification of ROS in vascular endothelial
cells can result in the oxidative modification of cell components, impair cell function and/or
can enhance cell death via apoptosis or necrosis. The oxidative activation of enzymes (e.g.
phospholipase A2) and transcription factors (e.g. nuclear factor kB, NFkB) that accompanies
excess ROS production can also result in an enhanced biosynthesis of lipids (e.g., platelet
activating factor, leukotrienes) and proteins (adhesion molecules, cytokines) that promote
inflammation. Superoxide, by virtue of its ability to inactivate nitric oxide (an anti-
inflammatory molecule), is another link between oxidative stress and the induction of a pro-
inflammatory phenotype in the vasculature.

There is evidence that vascular ROS production is enhanced by all of the major CV risk
factors. This oxidative stress in the vessel wall is often accompanied by an increased
production of superoxide anion by circulating immune cells, and there is evidence for a
causal link between these two sources (circulating cells & vessel wall) of ROS. Different
enzymatic sources have been implicated in the enhanced ROS production, including
NADPH oxidase, xanthine oxidase, mitochondrial enzymes, and uncoupled nitric oxide
synthase. A lower production of NO, which can scavenge the superoxide anion, has also
been proposed as a mechanism of the enhanced ROS fluxes. [84,88]

Many animal models of hypertension (HTN), including spontaneously hypertensive rats,
chronic angiotensin II infusion and salt-retention (e.g. DOCA-salt) models, are associated
with enhanced ROS production. While the elevated microvascular pressure associated with
hypertension is largely confined to the arterial segment of the vascular tree, the increased
oxidative stress induced by this condition is evident in both arterioles and postcapillary

Granger et al. Page 2

Microcirculation. Author manuscript; available in PMC 2011 April 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



venules. The pathophysiological relevance of the increased ROS fluxes is evidenced by the
anti-hypertensive actions of genetic SOD overexpression or SOD mimetic treatment in these
models. It remains unclear whether the pro-hypertensive effects of the superoxide anion
relate to its ability to inactivate NO or to indirectly promote the production of endogenous
vasoconstrictors, such as endothelin. NADPH oxidase has received the most attention as a
potential source of ROS in HTN, followed by xanthine oxidase. Both endothelial cell- and
leukocyte-associated NADPH oxidase have been implicated in HTN-induced superoxide
production, and there is evidence linking both cellular sources of the enzyme to activation of
the angiotensin II type 1 receptor (AT1r) and to cytokines (TNF-alpha) derived from
circulating immune cells. [16,33,88,96]

Hypercholesterolemia (HCh) is also accompanied by increased ROS production in both
arterioles and venules. This response can be completely reversed by dietary correction of the
HCh. Endothelial cell denudation significantly reduces HCh-induced superoxide formation,
suggesting that these cells account for most of the production. The vessel wall oxidative
stress is not observed in either immunodeficient mice or in mice that are genetically
deficient in interferon-γ. Since adoptive transfer of wild type T-lymphocytes into IFN-γ−/−

mice restores the oxidative stress induced by HCh, it is proposed that T-cell derived IFN-γ
mediates this response. Both NADPH oxidase (endothelial cell and leukocyte) and xanthine
oxidase (endothelial cell) are proposed sources of the accelerated superoxide production
rates. Oxidatively modified lipoproteins (e.g., oxidized LDL), which are elevated in blood
during HCh, have been implicated in different HCh-induced responses, including
inflammation and eNOS uncoupling. [16,82,85]

The mechanisms that contribute to the oxidative stress in obesity appear to be site specific.
Vascular wall NADPH oxidase, which is presumably activated by the elevated blood levels
of cytokines (adipokines) released from adipose tissue, has been implicated in the peripheral
vascular oxidative stress in obese animals. However, mitochondrial uncoupling (caused by
the processing of excess fatty acids) has also received much attention as a cause of the
oxidative stress experienced by growing adipose tissue. The pro-oxidative environment in
adipocytes that results from mitochondrial uncoupling is amplified by the enhanced ROS
production that is linked to endoplasmic reticulum (ER)stress. Enhanced ROS production in
adipose tissue is reflected in the accumulation of malondialdehyde and conjugated dienes,
common surrogate markers of oxidative stress. [31,91]

Hyperglycemia is widely viewed as a major stimulus for the oxidative stress associated with
diabetes. Enhanced cellular uptake of glucose in insulin-independent tissues ultimately
enhances oxidant production and impairs antioxidant defenses. Hyperglycemia increases
superoxide production via glucose oxidase as well as NADPH oxidase, which is linked to
both the generation of advanced glycosylation end-products (AGE) and protein kinase C
activation. Mitochondria are the dominant site of the enhanced superoxide fluxes associated
with hyperglycemia. Adiponectin, a cytokine derived from adipocytes, inhibits the increased
ROS production by endothelial cells exposed to hyperglycemia via a cyclic AMP/protein
kinase A pathway. [16,44,60,78]

Impaired vasomotor function
A well-characterized response of the vasculature to CV risk factors is impaired endothelium-
dependent vasodilation (EDV) mediated by either pharmacological (e.g., acetylcholine) or
physiological (increased flow) stimuli. This response is widely considered to be an early and
sensitive indicator of the endothelial cell dysfunction in arterioles and arteries that
accompanies a variety of pathological conditions. Impaired EDV has also gained acceptance
as an early marker for the development of atherosclerosis and can be detected before
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structural changes to the vessel wall are evident with angiography or ultrasound. EDV has
been linked to an altered bioavailability of endothelial cell derived nitric oxide, either
resulting from diminished NO production and/or inactivation by superoxide (Figure 2). The
systemic low-grade inflammatory state induced by CV risk factors appears to predispose
arterial endothelial cells to both oxidative and nitrosative stresses that can lead to impaired
EDV. [10,17,42,92]

Many of the cardiovascular complications associated with hypertension are assignable, at
least in part, to endothelial cell activation and vasomotor dysfunction. While reduced NO
bioactivity has been ascribed a key role in HTN-induced vasomotor dysfunction, the
receptor-dependent and independent mechanisms that underlie the reduced NO levels have
not been resolved and remain an area of intense investigation. Receptors for endothelin-1
and angiotensin II have been implicated in the impaired EDV of HTN, providing the basis
for an improved tonic basal release of NO and lower vascular tone in hypertensive patients
treated with an ACE inhibitor or calcium antagonist. Some of the benefit may result from
the ability of these drugs to blunt the oxidative stress of HTN. There is also evidence
implicating a role for immune cells in the impaired EDV in HTN. It has recently been
proposed that AT1r-mediated T-lymphocyte activation leads to the release of TNF-α from
T-cells, and the cytokine subsequently induces a pro-oxidative environment in endothelial
cells, leading to impaired endothelium-dependent vasomotor function and hypertension.
[33,80]

Blood lipid levels also exert an influence on endothelium-dependent vasomotor tone, as
evidenced by studies reporting impaired EDV within 2–4 hours after ingestion of a lipid
meal and the ability of cholesterol-lowering statins to restore EDV in patients with coronary
artery disease. Enhanced superoxide production in endothelial cells, mediated by either
NADPH oxidase or xanthine oxidase, has been implicated in the HCh-induced impairment
of EDV. A role for platelet-associated NADPH oxidase has also been proposed. Immune
cell involvement in this response is indicated by the protection against HCh-induced
arteriolar dysfunction observed in mice that either lack lymphocytes or genetically deficient
in interferon-γ or either component of the CD40/CD40L dyad. [82,83,87,94]

Oxidative stress, resulting from hyperglycemia and insulin resistance, has been implicated in
the impaired vasomotor function associated with diabetes. The p47phox and gp91phox
protein subunits of NADPH oxidase as well as the AT1r receptor are upregulated in diabetic
vessels compared to non-diabetic controls. The pathophysiological relevance of these
changes is evidenced by the ability of an AT1r antagonist or NADPH oxidase inhibitor to
prevent the impaired NO-dependent vasodilation in diabetic animals. Other factors that have
been implicated in the diabetes induced vasomotor dysfunction include cytokines,
cyclooxygenase products, AGE, and endothelin. [4,81]

Obese subjects and animal models of obesity are also characterized by an impairment of
EDV. Since obesity is often accompanied by other conditions such as insulin resistance and/
or hypertension, it is difficult to clearly distinguish the influence of excess fat deposition
from its comorbidities. However, there is evidence that alterations in plasma adipokine
levels, namely leptin and adiponectin, can reproduce the impaired EDV that accompanies
obesity. [77,81]

Leukocyte-endothelial cell adhesion (LECA)
Patients with essential hypertension exhibit enhanced LECA, reflected in an increased
expression of adhesion molecules on leukocytes and a resultant increase in adhesivity to
vascular endothelial cells, which is not observed following treatment with an AT1r
antagonist. Animal studies have also revealed an ability of angiotensin II (AngII) to promote
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LECA in the microvasculature via an AT1-dependent mechanism. It has been proposed that
engagement of the AT1r results in oxidant-mediated NFkB activation and the subsequent
induction of redox-sensitive genes for certain endothelial CAMs (eg, VCAM-1), as well as
the mobilization of preformed endothelial P-selectin (Figure 3). Ang II can also engage the
AT1 receptors on leukocytes to promote β2-integrin upregulation. A role for blood pressure
has also been implicated based on the observation that leukocyte adhesion, NFkB activation
and endothelial CAM expression are significantly elevated (along with blood pressure)
proximal to the site of aortic constriction in rats, with no changes noted distal to the
constriction site, and despite a 10-fold increase circulating AngII concentration. A similar
dependency of CAM expression and LECA on intravascular pressure has been demonstrated
using in vitro models. However, there is evidence that the spontaneously hypertensive rat is
protected against the leukocyte adhesion observed in other models, most likely resulting
from a glucocorticoid-dependent, selectin mediated mechanism. [2,30,55,69,88,95]

The increased LECA that accompanies diabetes has been linked to both hyperglycemia and
oxidative stress. Acute increases in ambient glucose comparable to those seen in diabetic
patients elicits an increased rolling, firm adhesion and emigration of leukocytes in
postcapillary venules, and an increased expression of endothelial P-selectin. These responses
are markedly blunted by treatment with either insulin, superoxide dismutase, or a protein
kinase C inhibitor. Serum from diabetic patients enhances the adhesion of leukocytes to
cultured endothelial cells and this response can be mimicked by exposure of the endothelial
cells to advanced glycosylation end product-albumin. In this regard, it is noteworthy that
RAGE (receptor for AGE) has been proposed to function as an endothelial adhesion receptor
that binds to the leukocyte β2-integrin to promote leukocyte–endothelial cell adhesion.
[7,8,14,54,77]

Hypercholesterolemia is associated with LECA in both large and microscopic blood vessels.
A robust adhesion response is noted in postcapillary venules within 2 weeks after placing
animals on a cholesterol-enriched diet. The rolling, adherent and emigrating leukocytes
detected at this stage of HCh are largely neutrophils. NADPH oxidase-derived superoxide
has been implicated in the HCh-induced leukocyte recruitment, along with T-lymphocyte-
derived interferon-γ(IFN-γ) and the CD40/CD40L dyad. Studies in bone marrow chimeras
created from IFN-γ- CD40- or CD40L-deficient mice have revealed a role for both
circulating cells and vascular wall/extravascular cells as potential sources of the IFN-γ and
CD40/CD40L that mediates the HCh-induced microvascular responses. Little attention has
been devoted to identifying the specific cell populations involved. It has been proposed that
T-cell derived cytokines may contribute to the activation of NADPH oxidase, with the
resultant oxidative stress eliciting an upregulation of adhesion molecules that mediate the
HCh-induced LECA. In the absence of AT1r on leukocytes, HCh does not elicit the usual
LECA response, suggesting that AT1r activation is a critical component of the oxidant- and
immune cell-dependent mechanism underlying HCh-induced vascular inflammation.
[64,77,82,83,88]

While some adipokines have been shown to promote the expression of endothelial CAMs
and LECA (e.g., leptin), others (e.g., adiponectin) are known to exert an inhibitory effect on
these responses. The absence of LECA in the microcirculation of obese mice under basal
conditions suggests either that the pro- and anti-adhesive adipokines are in balance or that
the systemic plasma levels achieved by these mediators do not cause overt inflammation in
tissues distant from their source (adipose tissue). The latter possibility is supported by
evidence of an increased sensitivity (priming) of endothelial cells and leukocytes in obese
animals to inflammatory stimuli. However, within the microvasculature of adipose tissue, a
robust inflammatory response is noted under basal conditions, as reflected by an increased
expression of the endothelial cell adhesion molecules ICAM-1 and E- and P-select in, with
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an accompanying recruitment of rolling and firmly adherent leukocytes, and the formation
of platelet-leukocyte aggregates. The reduced LECA may be linked to adipnectin deficiency
since the adipokine is a potent inhibitor of LECA and its production/release is diminished
during adipogenesis. [56,57,77,91]

Endothelial barrier dysfunction
The endothelial barrier plays an important role in the partitioning of fluid and protein
between the plasma and interstitial compartments. Impaired barrier function alters
extracellular fluid volume homeostasis by allowing the egress of plasma into the interstitial
compartment. Interstitial edema, a consequence of endothelial barrier dysfunction, is a
characteristic feature of most acute and chronic inflammatory conditions. In view of this link
between inflammation and endothelial barrier function, it is not surprising that the CV risk
factors are typically associated a state of hyperpermeability.

Patients with essential hypertension and animal models of HTN exhibit a state of vascular
hyperpermeability that parallels other indices of endothelial cell dysfunction. This
endothelial barrier dysfunction can be life-threatening, as evidenced by the blood brain
barrier disruption, cerebral edema, and ischemia associated with hypertensive
encephalopathy. While the barrier dysfunction associated with HTN may reflect a pressure-
induced injury response, there is evidence linking the permeability response to angiotensin II
receptor activation, oxidative stress, and inflammation. Angiotensin II can increase vascular
permeability either via the release of reactive oxygen species, activation of redox-sensitive
transcription factors (NFkB, AP-1, HIF-1) and the subsequent production/secretion of
VEGF and prostaglandins. A role for the renin-angiotensin system is supported by reports
describing the beneficial effects of treatment with angiotensin-converting enzyme (ACE)
inhibitors or AT1 receptor blockers on the proteinuria elicited in patients with HTN. Studies
of the coronary microcirculation suggest that nitric oxide may mediate the enhanced protein
extravasation induced by angiotensin-II. [15,76,90,93,99]

Hypercholesterolemia is also associated with impaired endothelial barrier function.
Oxidative stress, VEGF, and endothelin-1 have been implicated in the HCh-induced
permeability response. Statin treatment has been shown to normalize the exaggerated
transvascular albumin leakage observed in patients with hypercholesterolemic
atherosclerosis, and this protection appears to be unrelated to changes in blood lipids. It
remains unclear whether the barrier protection afforded by statin treatment relates to the
ability of the drug to promote nitric oxide production from eNOS or to its anti-inflammatory
properties. [9,18,66,101]

Animal studies have revealed that coronary microvascular permeability is increased in early
obesity, i.e., prior to the development of insulin resistance. Adipokines such as leptin and
adiponectin are known to alter endothelial barrier function, with leptin increasing and
adiponectin decreasing vascular permeability. Adiponectin appears to protect against barrier
dysfunction induced by Ang II or TNF-α by modulating microtubule and cytoskeleton
stability via a cAMP/ PKA signaling cascade. Enhanced exposure of endothelial cells to
leptin and less exposure to adiponectin may account for the increased vascular permeability
observed in fat tissue during adipogenesis. [12,27,56,100]

Increased endothelial permeability is a common alteration observed both in animal models
of diabetes and diabetic patients. The major complications related to the hyperpermeability
of diabetes are retinopathy and nephropathy. The increased permeability has been linked to
hyperglycemia and the oxidative stress elicited by the elevated extracellular glucose. There
is also evidence implicating leukocyte adhesion, inflammatory mediators and the renin-
angiotensin system in the hyperpermeability of diabetes. The transcription factor peroxisome
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proliferator-activated receptor γ (PPARγ), protein kinase C, and VEGF are also believed to
play a role in diabetes-induced permeability responses. [1,26,43,65,79]

Microvessel density
While the structure and density of microvessels are relatively fixed under normal conditions,
the cardiovascular risk factors appear to induce significant remodeling of the
microvasculature with accompanying changes in microvessel density. Hypertension is
associated with a degenerative, reverse angiogenesis (rarefaction) that can result in the loss
of up to 50% of microvessels. The HTN-induced rarefaction may result from an impaired
angiogenic response to vascular growth factors such as VEGF. Since angiotensin II (acting
through the AT1r and VEGF) promotes vascular proliferation at subpressor concentrations,
the reduced microvessel density associated with hypertensive states characterized by low
AngII levels (e.g., low renin HTN or prolonged high salt intake) may reflect the loss of this
pro-angiogenic signal. Studies in spontaneously hypertensive rats have revealed a role for
apoptosis in the structural rarefaction occurring in arterioles, capillaries and venules. This
apoptosis apoptosis appears to result from a glucocorticoid driven mechanism.

Hypercholesterolemia is also associated with an impaired angiogenic response to VEGF and
other vascular growth factors, when compared with normocholesterolemic controls.
Superoxide-mediated inactivation of nitric oxide and an increased expression of the
antiangiogenic protein, endostatin have also been implicated in the impaired angiogenic
responses associated with HCh. [6,32,74]

An imbalance between pro-angiogenic and anti-angiogenic factors is also a key component
of the microvasculopathy associated with diabetes. In early disease development (non-
proliferative phase), hyperglycemia, oxidative stress, inflammation appear to contribute to
the loss of pericytes and endothelial cells, basement membrane thickening and capillary
closure in the retina. The resultant hypoxia and other biochemical changes lead to the
upregulation of different growth factors and an unregulated angiogenic response. Studies in
experimental models of diabetes have revealed that pharmacological blockade of the renin-
angiotensin system, with either ACE inhibitors or angiotensin receptor antagonists) reduces
retinal angiogenesis, and is accompanied by down-regulation of VEGF and its receptor.
[6,28,97]

Adipokines produced by growing fat tissue (e.g., leptin) have been shown to exhibit potent
pro-angiogenic properties. While these substances do not appear to exert an endocrine effect
on distant organs, the local paracrine actions on the microvasculature appear to be critical
for adipogenesis. This contention is supported by the close spatial and temporal relationships
noted between angiogenesis and adipogenesis, and is consistent with studies showing that
inhibition of angiogenesis reduces adipose tissue mass and ameliorates obesity. A role for
VEGF is implicated by studies demonstrating that anti-VEGF inhibits both angiogenesis and
adipogenesis. The dependency of adipogenesis on angiogenesis raised the possibility of
targeting vascular growth for the treatment of morbid obesity. [12,35,51,56]

Platelet recruitment & thrombosis
Alterations in platelet function and coagulation often accompany the CV risk factors, which
translates clinically into an increased risk for thrombosis. While the underlying cause(s) of
the risk factor-induced changes in platelet function and circulating levels of soluble
components of the coagulation pathway are poorly understood, some of the factors that have
been implicated in the risk factor-induced vascular dysfunction, such as oxidative stress and
reduced NO bioavailability, are also viewed as potential initiators/mediators of the altered
coagulant/thrombotic state (Figure 4). Inflammation, which is known to shift hemostatic
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mechanisms in favor of thrombosis, may also play a role in initiating the altered platelet and
coagulation factor responses. [22]

Hypertensive patients exhibit abnormalities in clotting factors, platelet activation/reactivity,
fibrinolysis and an increased risk for thrombosis. The platelet activation in HTN has been
attributed to increased shear forces, activation of the RAS, and an altered endothelial cell
production of platelet stimulants (endothelin) and inhibitors (prostacyclin, NO). Alterations
in platelet intracellular Ca++, pHi and NO are associated with the increased tendency for
aggregation, both under basal conditions’ and following exposure to agonists. The
abnormalities in platelet morphology and functional activity in HTN may also be linked with
defects of megakaryocytopoiesis and the production of immature, hyper-responsive
platelets. The prothrombotic state and accompanying abnormalities in endothelial and
platelet function, coagulation and fibrinolysis that are associated with HTN can be
recapitulated by angiotensin II administration. A role for the renin-angiotensin system is
supported by some clinical studies that demonstrate a reduction in prothrombotic events in
HTN patients treated with an ACE inhibitor or angiotensin receptor blocker.
[11,21,52,62,67]

Platelet hyper-reactivity, hypofibrinolysis and enhanced thrombus development are evident
in obese subjects and in obesity-associated animal models. While these responses may result
from the comorbidity of diabetes (increased insulin resistance) and/hypertension, there are
several lines of evidence that implicate adipokines. Obese subjects with increased plasma
leptin levels have a higher risk for thrombosis. Leptin administration promotes agonist-
induced activation and aggregation of human and murine platelets and promotes thrombosis
in vivo. When leptin binds with its receptor on platelets, it activates an intracellular
signaling cascade that involves JAK2, insulin receptor substrate, phosphatidiylinositol 3
kinases (PIK3), and protein kinases B/Akt, which elicits the release of intracellular calcium
stores, and the activation of phospholipase C and proteinkinase C. Platelets from leptin-
deficient ob/ob mice exhibit a defect in platelet aggregation. Both ob/ob mice and wild type
mice treated with a leptin-neutralizing antibody exhibit unstable thrombi and a depressed
arterial thrombotic response. Adiponectin-knockout mice, on the other hand, exhibit
accelerated thrombus formation, suggesting an antithrombotic effect of adiponectin. Overall,
these findings suggest that the increased leptin and reduced adiponectin levels associated
with adipogenesis may account for the prothrombotic state associated with obesity.
[3,23,29,45]

The hyper-responsiveness of platelets and enhanced thrombosis associated with
hypercholesterolemia appears to be linked to the increased levels and chemical modification
of low density lipoprotein (LDL) that results in this condition. Both native (nLDL) and
oxidatively modified LDL (oxLDL) enhance platelet responsiveness to agonists via apoE
receptor 2' (nLDL)- and lysophosphatidic acid (oxLDL)-mediated signaling pathways. HCh
also induces the formation of platelet-leukocyte aggregates and platelet microparticles,
which can activate the coagulation cascade through the induction of tissue factor. Platelet
adhesion in postcapillary venules is another consequence of HCh that occurs via a
mechanism that is dependent on platelet-associated P-selectin and NADPH oxidase.
Nonetheless, it has been demonstrated that HCh enhances thromboembolism in arterioles
(but not venules) and this response can be completely reversed by L-arginine
supplementation. The latter findings suggest that HCh (possibly through oxLDL) promotes
thrombosis by reducing NO bioavailability, which can be overcome by stimulating
endogenous NO production with excess L-arginine.[25,46,47,87]

The hypercoagulable, prothrombotic state in diabetes is associated with elevated plasma
concentrations of different clotting factors (fVII, fVIII, fXII), and markers of platelet
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activation (soluble P-selectin, platelet microparticles), and there is evidence of a down-
regulated fibrinolytic system. Basal and agonist-induced platelet reactivity is enhanced,
along with the production of thromboxane, and the expression of platelet surface adhesion
molecules and receptors. These changes are associated with abnormal platelet calcium
homeostasis, enhanced production of thromboxane and thrombin and disturbances in platelet
calcium homeostasis and the nitric oxide-cyclic GMP pathway. The ability of nitric oxide to
inhibit platelet activation is impaired. The platelet hyper-reactivity of diabetes appears to be
independent of changes in blood glucose and insulin levels. Advanced glycosylation end-
products have been implicated in the activation of tissue factor via an oxidant-sensitive
mechanism. While a pro-coagulant, prothrombotic phenotype is evident in streptozotocin-
induced diabetes, mice with a genetic predisposition to diabetes (db/db) or with diet-induced
type 2 diabetes do not demonstrate the hypercoagulability, platelet hyper-reactivity,
increased production of microparticles or elevated P-selectin expression observed in humans
with diabetes. [13,20,36–38,53,72,75,98]

Injury responses to ischemia-reperfusion
There is growing evidence that all of the cardiovascular risk factors render tissues more
vulnerable to the deleterious effects of ischemia and reperfusion (I/R). In postischemic brain
and heart, this influence of the risk factors is manifested as larger infarcts and a more intense
inflammatory response. The risk factors also appear to suppress the cardio- and cerebro-
protective responses conferred by ischemic preconditioning. Although the mechanisms that
underlie the injury promoting actions of risk factors remain poorly understood, the
exaggerated injury responses may be related to the ability of I/R and risk factors to
independently induce a pro-oxidative, pro-inflammatory and pro-thrombogenic phenotype in
the microvasculature. Evidence indicates, for example, that the oxidative stress experienced
by microvessels is much higher following I/R in either diabetic or hypercholesterolemic
animals, compared to control (no risk factor) animals. In both diabetes and HCh, the
aggravated brain injury and exaggerated oxidative stress appears to be linked to a greater
induction in NADPH oxidase. The risk factor-enhanced oxidative stress following I/R would
be expected to yield larger increases in oxidant-sensitive transcription factors (e.g., NFkB),
with corresponding enhancements of endothelial adhesion molecule expression, blood cell-
endothelial cell interactions, barrier dysfunction, and a further impairment of endothelium-
dependent vasodilation. The pro-oxidative environment produced by the combination of I/R
and risk factors is worsened as a result of the impaired production of NO by eNOS that
accompanies either condition. [5,24,41,50,58,73,89]

Hypercholesterolemia, diabetes and obesity have been shown to greatly intensify the
leukocyte- and platelet-endothelial cell adhesion induced in venules by I/R. However, the
oxidant-dependent inflammatory mediators that underlie this exaggerated recruitment
response differs among risk factors. The lipid mediators, leukotriene B4 and platelet
activating factor have been implicated in the diabetes-enhanced leukocyte recruitment
following I/R, while mast cell degranulation products appear to mediate the HCh-enhanced
response. In obese mice, the exaggerated recruitment of both adherent leukocytes and
platelets has been linked to MCP-1 and IL-6. With all risk factors, the increased blood cell
recruitment is associated with an exaggerated vascular permeability response to I/R. In the
presence of HCh (but not diabetes), the enhanced barrier dysfunction appears to be directly
linked to leukocyte recruitment, in as much as interfering with leukocyte adhesion also
prevents the enhanced permeability response. Although there is a limited amount of work
that addresses the influence of hypertension on the LECA and vascular permeability
responses to I/R, the available data indicates that LECA responds normally to I/R, while
vascular permeability is enhanced in spontaneously hypertensive rats (SHR). Furthermore,
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the exaggerated permeability response to HTN + I/R is abolished by blocking LECA.
[41,48,49,61,73,89]

Angiotensin II receptor (AT1r) activation has been implicated in the inflammatory and
injury responses to I/R, both in the presence or absence of a CV risk factor. Studies on the
cerebral and intestinal microcirculation have revealed a role for AT1r in I/R-induced
leukocyte and platelet adhesion. A link between I/R-induced AT1r activation is indicated by
the comparable effectiveness of AT1r antagonists and an NADPH oxidase inhibitor
(diphenyliodonium) in reducing I/R-induced blood cell-endothelial cell adhesion and
oxidant production after treatment with an AT1r antagonist. Since bone marrow chimeras
produced by the transplantation of marrow from AT1r−/− mice into wild type recipients
show similar protection against the I/R-induced blood cell recruitment as mice treated with
an AT1r antagonist, it appears likely that blood cell-associated AT1r activation accounts for
the observed microvascular responses. AT1r antagonists are also effective in blunting the
exaggerated I/R-induced inflammatory and tissue injury responses observed in experimental
diabetes, hypertension, and obesity. For example, transgenic mice carrying human renin and
human angiotensinogen genes exhibit enhanced superoxide anion production in brain tissue
and arteries, and worse neurological deficits following focal ischemic stroke (compared to
normal mice), and the exaggerated responses to I/R are blocked by an AT1r antagonist.
[19,39,40,59,63,64,68]

Conclusions & Future Directions
While the mechanisms that underlie the microvascular and inflammatory responses to
different cardiovascular risk factors have not been precisely defined, the available evidence
reveals the involvement of several common events and factors in the initiation and/or
progression of these responses. Endothelial cell activation, with the accompanying oxidative
stress and diminished bioavailability of nitric oxide, appears to be an early and critical
component of the microvascular responses to all of the risk factors. Activated leukocytes
and platelets also contribute to the risk factor-induced microvascular alterations. Whether
the cell activation responses to risk factors are the result of changes in circulating soluble
factors and/or cell receptor sensitivity/density induced by the risk factors remains unclear. In
this regard, cytokines and angiotensin II type-1 receptors are likely candidates. Another
unresolved issue is the extent to which the endothelial cell and blood cell (leukocytes,
platelets) activation responses are interdependent, i.e., is endothelial cell activation a
prerequisite for blood activation or vice versa. Irrespective of if/how these events are linked,
it is clear that the low-grade systemic inflammatory response that results from risk factor-
induced cell activation and cell-cell interactions renders tissues much more vulnerable to the
deleterious effects of secondary stresses, such as ischemia and reperfusion. Consequently,
the risk factors are a “double-edged sword” that enhances both the likelihood that tissues
experience an ischemic episode and then yield more tissue damage in response to a given
ischemic insult.

Although much progress has been made in characterizing and defining mechanisms
underlying the microvascular responses to single risk factors, much less attention has been
devoted to determining if/how combinations of risk factors influence the microvasculature.
Since several risk factors are known to individually induce similar phenotypic changes (pro-
oxidative, pro-inflammatory, pro-thrombogenic) in the microvasculature and appear to use
some common signaling pathways, it may be expected that combined risk factors would not
yield either additive nor synergistic responses. However, the limited available evidence in
the literature suggests otherwise. For example, in pigs with renovascular hypertension
(HTN) and diet-induced hypercholesterolemia (HCh), the two risk factors exert a synergistic
deleterious effect on endothelium-dependent dilation and oxidative stress in coronary
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arteries, compared to either risk factor alone, and the hypertension appears to amplify the
HCh-induced endothelial barrier dysfunction in coronary venules. Whether other risk factor
combinations also yield such synergistic deleterious effects on the microvasculature and
how this synergism might occur are worthy topics for future investigation. [70,71]
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Figure 1.
Microvascular responses to cardiovascular risk factors.
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Figure 2.
Oxidant-dependent mechanism underlying the impaired vasomotor function induced by
cardiovascular risk factors. AngII = angiotensin II, oxLDL = oxidized low density
lipoprotein, AGE = advanced glycosylation end-products, H2O2 = hydrogen peroxide, O2- =
superoxide, ROS = reactive oxygen species, NO = nitric oxide, cGMP = cyclic GMP.
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Figure 3.
Mechanisms implicated in the diminished endothelial barrier function and enhanced
leukocyte-endothelial cell adhesion associated with cardiovascular risk factors. Elevated
levels of vascular endothelial growth factor (VEGF) and reactive oxygen species (ROS)
result in the phosphorylation and subsequently disassembly of endothelial junctional
proteins, which leads to open interendothelial junctions and an enhanced permeation of
solutes and transendothelial migration of leukocytes. Transcription-dependent and –
independent redox signaling events also promote leukocyte recruitment by increasing the
expression of endothelial cell adhesion molecules. Pi, phosphate.
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Figure 4.
Cardiovascular risk factors induce a prothrombotic phenotype in the vasculature. AngII =
angiotensin II, oxLDL = oxidized low density lipoprotein, AGE = advanced glycosylation
end-products, ROS = reactive oxygen species, NO = nitric oxide, PGI2 = prostacyclin

Granger et al. Page 20

Microcirculation. Author manuscript; available in PMC 2011 April 6.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


