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Abstract
The vascular pathophysiology of sickle cell disease (SCD) is influenced by many factors including
adhesiveness of red and white blood cells to endothelium, increased coagulation and homeostatic
perturbation. The vascular endothelium is central to disease pathogenesis because it displays adhesion
molecules for blood cells, balances procoagulant and anticoagulant properties of the vessel wall and
regulates vascular homeostasis by synthesizing vasoconstricting and vasodilating substances.
Occurrence of intermittent vascular occlusion in SCD leads to reperfusion injury associated with
granulocyte accumulation and enhanced production of reactive oxygen species. The participation of
nitric oxide (NO) in oxidative reactions causes a reduction in NO bioavailability and contributes to
vascular dysfunction in SCD. Therapeutic strategies designed to counteract endothelial,
inflammatory and oxidative abnormalities may reduce the frequency of hospitalization, blood
transfusion, the incidence of pain and the occurrence of acute chest syndrome and pulmonary
hypertension in patients with SCD.
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Introduction
The presence of abnormal hemoglobin (Hb) in red cells of sickle cell disease (SCD) patients
was demonstrated by Pauling and colleagues in 1949 (1). By 1957, Vernon Ingram identified
the biochemical difference between normal and sickle hemoglobin (HbS) (2). Sickle
hemoglobin results from a glutamic acid to valine substitution at the sixth amino acid position
of the β globin chain, with minimal structural differences between hemoglobin A (HbA) and
HbS when the Hb molecule is liganded with oxygen. When HbS is deoxygenated however, the
mutant valine residue on the deoxy-HbS molecule participates in an intermolecular contact by
fitting into a hydrophobic pocket on a nearby Hb molecule present in both HbA and HbS (3).
This interaction leads to reversible polymer formation, with subsequent depolymerization
occurring without delay upon oxygenation. Irreversible polymerization only occurs in a
minority of severely dehydrated and oxidatively damaged cells (4).
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Typically, a red cell transits the arterial circulation in 1–2 sec, the microcirculation in 1 sec
and transits the the venous circulation in 15 sec (5). Thus, an erythrocyte passes through the
lung an average of four times a minute, with HbS polymerization and depolymerization in
individual red cells a chronic, recurring process for the life of the red cell. According to the
kinetic theory of HbS polymerization, there is a delay period between the generation of deoxy-
HbS and initiation of polymerization. This period is reported to be long enough for most
erythrocytes to reach the lung and be reoxygenated (4). From the perspective of polymerization
kinetics and oxygen binding, HbS remains unaggregated and behaves like HbA during this
time. If the capillary transit time exceeds this delay period, red blood cells (RBCs) sickle inside
the capillary, cause transient or permanent physical occlusion and initiate downstream
signaling events that affect hemodynamics.

The pathobiology of SCD is instigated by episodic vascular occlusion, with multiple inciting
events beyond frank HbS polymerization and mechanical obstruction induced by sickled
RBCs. This includes adherence of circulating blood elements with endothelial cells,
coagulopathy and endothelial dysfunction (6). These central pathophysiological mechanisms
leading to sickle cell vaso-occlusion and therapeutic strategies aimed to alleviate disease
progression will be discussed in the context of this review.

Increased red cell adhesion
Abnormal interactions between erythrocytes and endothelium are a primary initiating factor
in the development of microvascular occlusions in SCD. This view is supported by the
significant correlation between clinical severity of SCD and extents of RBC adhesiveness
(7), where increased sickle red cell adhesion to vascular endothelium occurs both in static and
dynamic flow conditions (8). Studies using static flow conditions reflect lower affinity binding
mechanisms of RBC surface structures, controlled by time and equilibrium, while dynamic
flow models largely reflect high affinity blood cell-endothelial interactions (9). Considering
that sickle red cells interact with not only vascular endothelial cells, but also leukocytes,
platelets, plasma proteins, and other erythrocytes (10), both experimental models are applicable
to understanding processes of cellular adhesion in SCD.

A number of adhesion molecules expressed by both normal and sickle RBCs have been
identified and play a key role in the pathogenesis of SCD (Table and Figure 1). Mature RBCs
in SCD are shown to express increased levels of Lutheran blood group glycoprotein (Lu gp)
(11) and LW glycoprotein (LW gp) (12). Sickle erythrocytes expressing increased Lu gp bind
significant amounts of laminin, an extracellular matrix (ECM) protein distributed throughout
most vascular beds (11). Endothelial damage observed in patients with SCD can bring the
underlying matrix laminin into direct contact with flowing blood (13), allowing adherence of
RBCs to exposed matrix elements. Furthermore, plasma levels of laminin are elevated in sickle
cell disease (14), suggesting that laminin may be deposited on the surface of the endothelium
where it could also serve as an adhesive substrate. Epinephrine elevates cAMP levels in sickle
RBCs and increases adhesion to laminin in a protein kinase A (PKA)–dependent manner
(15).

The LW gp, increased in sickle red cells, is homologous to members of the intercellular
adhesion molecule (ICAM) family and thus is also known as ICAM-4 (16). Studies have shown
that LW gp associates with specific integrins expressed on leukocytes [LFA-1 (αLβ2), Mac-1
(αMβ2)] (17) and platelets (αIIb,β3) (18), suggesting a potential physiological significance of
ICAM-4 mediated RBC–platelet interaction in hemostasis and thrombosis. A recent study has
shown that LW gp on HbS, but not HbA RBCs, can be activated via the adrenergic signaling
pathway to mediate adhesion to αVβ3 integrin on cultured endothelial cells (19). Epinephrine
is a major mediator of vascular stress under these conditions and induces a three-fold increase
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in sickle cell cAMP via stimulation of β-adrenergic receptors. Increased levels of cAMP cause
only minimal responses in normal RBCs, while up-regulating serine phosphorylation in sickle
red cell LW gp (19). This epinephrine-induced mechanism that results in increased cell
adhesiveness wherein Lu and LW gps bind to counter-receptors can contribute to the robust
relationship between SCD pain crises and stress responses.

Reticulocytes also participate in adhesive interactions in SCD, mediated by increased levels
of integrin VLA-4 (α4β1) and membrane glycoprotein IV (CD36) (20,21). Both molecules have
been shown to mediate sickle reticulocyte adhesion to different vascular ligands. VLA-4
mediates adhesion both to endothelial vascular cell adhesion molecule-1 (VCAM-1) and to
fibronectin, an abundant ECM protein that may be bound to the surface of activated
endothelium (21). As shown in figure 1, CD36 mediates adhesion through a thrombospondin
(TSP) bridge to αVβ3 integrin on activated microvascular and large vessel endothelium (22,
23). Thrombospondin in turn is a protein present both in the circulation and subendothelial
matrix (24). In the circulation, TSP is normally sequestered in platelet α-granules that, upon
activation, release TSP to cause increased plasma concentrations (25). Consistent with this,
patients with SCD have elevated plasma levels of soluble TSP (26). Immobilized
subendothelial TSP is a primary adhesive substrate for endothelial cells (27) and may be
exposed to circulating blood cells as a result of the vascular damage inherent in SCD patients
(13). Although sickle reticulocyte adherence can occur through CD36, the frequency and
characteristics of vaso-occlusive events do not significantly differ in CD36-deficient SCD
patients (28), indicating that a single type of adhesion molecule is insufficient to counteract
the promoting role of red cell adhesion in sickle cell vaso-occlusion.

Thrombospondin has also been shown to bind CD47 (integrin-associated protein; IAP)
expressed on both normal and HbS RBCs (29). Although HbA and HbS red cells express
approximately the same amount of CD47, adhesion to TSP differs significantly between the
two groups. Under basal flow conditions, CD47 is reported to be the primary cell-surface
adhesive molecule on HbS red cells for immobilized TSP, whereas on HbA red cells this
binding is negligible (29). It now appears that soluble TSP can up regulate the activity of CD47
to adhere immobilized TSP (30). The ability of soluble TSP to promote red cell adhesion to
immobilized TSP is relevant when considering that soluble TSP levels are elevated in SCD
(26). The signaling activity mediating red cell adhesion to immobilized TSP is enhanced when
red cells are exposed to shear stress, and can be mimicked using a specific CD47 agonist peptide
(30). Recent evidence indicates that CD47 mediates reticulocyte adhesion to immobilized TSP
through activation of integrin VLA-4 (α4β1) (31).

Von Willebrand factor (vWF), a multimeric plasma protein synthesized by megakaryocytes
(32) and endothelial cells (33), also mediates adhesive interactions between sickle RBCs and
the endothelium. High molecular weight forms of vWF secreted by cultured endothelial cells
promote sickle red cell adhesion to endothelium cultured in flow chambers (34). Likewise,
vWF also induces sickle erythrocyte adhesion to ex vivo mesocecum vasculature pretreated
with desmopressin, an agent which causes the release of large multimeric forms of the protein
from endothelial cells (35). GPIIb/IIIa-like receptors expressed on erythroid cells are thought
to promote red cell adhesion to vWF, which interacts with endothelial αVβ3 integrin (36) (figure
1).

Generation of transgenic mouse models and the application of intravital imaging of
microvascular networks has furthered understanding of in vivo microcirculatory flow
characteristics of HbA and sickle RBCs. Four different fractions of sickle RBCs, reticulocytes,
discocytes, dense discocytes, or irreversibly sickled cells (ISCs), have been identified in SCD
blood separated on a percoll-renografin density gradient (37). The relative contribution of red
cell density to adhesive and obstructive events was investigated in ex vivo mesoceum
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microvasculature of the rat. Microvascular adhesion of reticulocytes was greater than dense
discocytes and ISCs, suggesting that dense cells more readily deform and better contact the
endothelial cell surface (38). In vivo adhesion of sickle red cells was examined in the cremaster
muscle preparation of transgenic Antilles mice expressing human α, human βS and residual
mouse globins (39). In vivo flow experiments revealed that red cells adhered exclusively to
postcapillary venules in sickle, but not wild type, mice, thus identifying sickle cell vaso-
occlusion as a microcirculatory phenomenon (40). Data from ex vivo and in vivo experimental
systems support the hypothesis that sickle vaso-occlusion is a two step process, with initiation
due to endothelial adhesion of deformable red cells, followed by a propagation phase caused
by physical obstruction induced by dense ISCs (41).

Increased leukocyte adhesion
The participation of leukocytes in the pathophysiology of sickle cell disease is supported by
large epidemiologic studies that show high baseline leukocyte counts as a risk factor for disease
severity (42), acute chest syndrome (43) and silent cerebral infarcts (44). Notably, the
administration of granulocyte colony-stimulating factor causes fatal and severe sickle cell crisis
in homozygous and heterozygous SCD patients, respectively (45,46).

Experimental data demonstrating the significant role of leukocytes in sickle cell vasoocclusion
comes from studies utilizing intravital microscopy. These studies show that sickle RBCs
interact with adherent leukocytes in postcapillary venules, rather than directly with the
endothelium (47). It is important to note that in vivo leukocyte-endothelial interactions are
confined to the venular segments of the microcirculation and are rarely observed in arterioles
(48). The preferential adhesion of leukocytes to venular endothelium is not explained by the
existence of lower shear rates in venules, compared to arterioles (49), but rather suggests a
heterogenous distribution of adhesion molecules between arterioles and venules. In fact,
intravital confocal microscopy and immunofluorescent labeling has recently shown that the
spatial distribution and expression levels of adhesion molecules in the microcirculation
significantly impact on leukocyte adhesion in vivo (50).

Recurrent vaso-occlusive crisis and tissue ischemia induce a continuous inflammatory
response in SCD (6). One of the important features of inflammation is the migration of
leukocytes from the circulation, across the endothelium and into affected sites of tissue injury.
Figure 2 shows a scheme of inflammatory events leading to increased leukocyte adhesion in
SCD.

The migration of leukocytes from the center of blood flow to the vascular endothelium is
induced by pro-inflammatory mediators cytokines (51), including interleukin-1 (IL-1), IL-6,
IL-8, and tumor necrosis factor-alpha (TNF-α) secreted by tissue macrophages (52) and found
to be elevated in the plasma of SCD patients (53,54,55,56). Aside from tissue macrophages,
monocytes also serve as a source of increased serum levels of IL-1 and TNF-α in patients with
SCD. Unstimulated circulating monocytes from SCD patients have been shown to produce
more TNF-α and IL-1β compared to the control group (57). Interleukin-1 and TNF-α activate
vascular endothelial cells leading to increased expression of endotheial markers, E-selectin, P-
selectin, VCAM-1 and ICAM-1, which function as receptors for leukocyte adhesive proteins
(53). Circulating endothelial cells in patients with sickle cell disease, regardless of clinical
status, express elevated levels of all of these markers of endothelial-cell activation (13).
Interleukin-1, TNF-α and IL-6 also activate hepatocytes to synthesize acute-phase proteins,
some of which (alpha-1-antitrypsin, ceruloplasmin, alpha 2-macroglobulin, and C-reactive
protein) are significantly elevated in SCD patients (58).

Electron microscopy has shown that IL-8 can be immobilized on the luminal surface of the
endothelium after being secreted by tissue macrophages. Binding of IL-8 to the abluminal side
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of endothelial cells enables its internalization and transportation to the luminal surface (59).
Interleukin-8 bound to glycosaminoglycans on the surface of endothelial cells activates
leukocytes via transmembrane G protein-coupled receptors, allowing for rapid clustering of
cell surface integrins necessary for leukocyte arrest (60). The activation state of neutrophils
from SCD patients is determined by the expression of several surface antigens and levels of
circulating proteins released by neutrophils. The high-affinity Fc receptor (FcγR1/CD64)
expressed on immature neutrophils is considered a marker of PMN activation (61) and is
significantly increased in SCD patients, especially in crisis (62,63). Another sensitive marker
of neutrophil activation is decreased surface expression of L-selectin (CD62L), which is shed
upon PMN stimulation via proteolytic cleavage (64). CD62L is significantly decreased in non-
symptomatic SCD patients, which is further reduced in vaso-occlusive crisis (63). Neutrophil
activation also causes degranulation, leading to increased plasma levels of lactoferrin and
elastase (65), both of which are reported to be significantly increased in sickle vaso-occlusive
crisis (63).

Migration of leukocytes through vascular endothelium is a multistage process and involves
multiple adhesion molecules, listed in Table 2. Leukocytes first roll on activated endothelial
cells by an interaction mediated largely by P- and E-selectin on the endothelium and L-selectin
on the leukocyte, which bind to counter glycoprotein structures containing O-linked
oligosaccharide chains (66). Rolling leukocytes may become detached or alternatively arrest,
flatten, and transmigrate. Chemokines, such as the IL-8 found on the endothelial surface,
activate leukocytes and promote the rapid clustering of surface integrins necessary for
leukocyte arrest (60). This arrest phase is mediated by leukocyte α4β1 (CD49d/CD29; VLA-4),
αLβ2 (CD11a/CD18; LFA-1) and αMβ2 (CD11b/CD18; Mac-1) integrins binding to endothelial
counter-receptors that include VCAM-1, ICAM-1, ICAM-2 and ICAM-3 (67). Flow
cytometric analysis show that leukocyte adhesion molecules LFA-1 (CD11a/CD18), Mac-1
(CD11b/CD18) and L-selectin (CD62L) are normally expressed by sickle cell patient PMNs
in or out of crisis (62), suggesting that the endothelium plays a very prominent role in the
increased leukocyte adhesion observed in SCD. Indeed, sickle cell endothelial P- and E-selectin
doubly deficient mice (SSP−/E−) are protected from the occurrence of hypoxia-induced
vascular occlusion (47). Specifically, intravital microscopy studies employing a sickle mouse
model expressing human α (αH) globins and βS globins on a homozygous mouse βmajor

deletional background, αHβS[βMDD], revealed an attenuated leukocyte adhesion response in
posthypoxic cremasteric venules following treatment with a blocking antibody against P-
selectin (68). The dual radiolabeled mAb technique enabled the quantification of E- and P-
selectin expression in different vascular beds in Paszty βS transgenic mice, which are
heterozygous for murine β globin and human βS. Up regulation of P-selectin was demonstrated
in the lung, heart, small bowel, large bowel and penis, while E-selectin expression only
increased in the penis (69).

Increased coagulant activity
Whole blood tissue factor (TF), the physiologic initiator of coagulation, is significantly
elevated in patients with SCD (70). Tissue factor is present on cell surfaces as an integral
membrane protein. Under normal physiologic conditions no vascular cells display an active
TF, although endothelial cells, monocytes, polymorphonuclear leukocytes can all be induced
to express the protein (71). The inflammatory mediators reported to be increased in SCD
plasma, such as IL-1, TNF-α and C-reactive protein (53, 58), can induce TF synthesis in
monocytes and endothelial cells (66). Indeed, circulating endothelial cells express increased
amounts of TF in SCD (72). Likewise, TF bearing microparticles, shed from activated
monocytes and endothelial cells, are present in the blood of SCD patients (73). Immunostaining
of tissue sections from transgenic sickle mice reveals that endothelial expression of TF is
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confined almost exclusively to the pulmonary veins and is augmented by hypoxia/
reoxygenation (74).

The interaction of TF with factor VIIa results in hydrolysis of factors IX and X, which in turn
trigger the coagulation cascade (71). The rate of factor X hydrolysis is shown to be reduced
by approximately 50-fold when factor VIIa is assembled with solution-phase TF, indicating
the important influence of membrane surface properties on TF activation (75). Indeed, the
presence of phosphatidylserine (PS) in TF-bearing vesicles has been shown to significantly
enhance the hydrolysis of factor X (75). Externalized PS on sickle red cell surfaces also
provides a milieu for TF activation and increased coagulant activity associated with the disease
(76). Phosphotidylserine is normally sequestered on the inner leaflet of membrane bilayers,
but translocates to the outer surface following cell injury. There are energy-dependent enzyme
systems that maintain membrane phospholipid asymmetry in red blood cells (77). However,
membranes of sickle erythrocytes show substantial alteration of phospholipid asymmetry,
findings observed in both reticulocytes and mature erythrocytes (78).

Once hydrolyzed via TF, factor Xa forms a prothrombinase complex with factor Va and
participates in the cleavage of prothrombin into thrombin and fragment 1.2 (79). Increased
plasma concentrations of prothrombin fragment 1.2 (80) and reduced plasma levels of factor
V in sickle cell patients suggests increased thrombin generation in SCD (81). Thrombin cleaves
fibrinopeptides A and B from fibrinogen to form fibrin monomers that spontaneously
polymerize into a fibrin clot (82). High levels of fibrinopeptide A are also seen in SCD patients,
implying the presence of enhanced fibrinogen proteolysis. The degradation of cross-linked
fibrin by plasmin forms D-dimer, a product that has emerged as a potentially useful serological
coagulation marker (82). Plasma markers of fibrinolysis, D-dimer, and plasmin:antiplasmin
complex are reported to be significantly increased in asymptomatic subjects with SCD
compared to controls (80).

Thrombin self-production is inhibited by a negative feedback mechanism via the
thrombomodulin (TM)–protein C system (83). Thrombomodulin is an integral membrane
protein expressed on the surface of vascular endothelial cells that binds thrombin, localizing
thrombin to endothelial cell surfaces and inducing conformational changes such that the formed
protein complex can activate protein C (PC). Activated PC, with the aid of its nonenzymatic
cofactor protein S, inhibits multiple steps in the coagulation pathway (83). Patients with SCD
have low circulating levels of protein C and S (84,85). Protein C and protein S levels in children
with sickle cell anemia and stroke were compared to those with sickle cell anemia who were
neurologically normal. There were significantly decreased levels of both protein C and protein
S in patients with SCD who have had thrombotic strokes, compared to patients who have not
experienced cerebrovascular events (86). Reduced levels of protein C and S in SCD patients
may reflect low protein synthesis due to hepatic dysfunction, or may be the result of chronic
consumption due to increases in TF and thrombin generation.

Thrombin is a potent platelet activator that signals via at least two types of receptors, which
include the G protein-linked, proteolytically activated receptors PAR-1 and PAR-4 (87).
Platelet levels of both P-selectin (CD62P) and CD40 ligand, two markers of platelet activation
(88), are higher in children with SCD than in healthy control subjects (80,89). Activated
platelets bind monocytes and neutrophils through an interaction between P-selectin on platelets
and P-selectin glycoprotein ligand-1 (PSGL-1) on leukocytes (90). Indeed, platelet-WBC
complexes have been detected by FACS analysis in the blood of sickle cell patients (91).

In summary, multiple studies indicate increased coagulant activity in SCD subjects that is
induced by platelet activation, thrombin generation and fibrinolysis. Figure 3 illustrates the
scheme of events leading to increased coagulant activity and fibrinolysis in SCD.
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Altered nitric oxide bioavailability and impaired vascular function
An central aspect of sickle cell vasculopathy is the impairment of endothelial regulation of
vasomotor tone, thrombosis and inflammation (6). Reduced nitric oxide (NO) bioavailability
in SCD is a critical component of these underlying abnormalities (92). Nitric oxide, a diffusible
intercellular messenger, is produced by most mammalian cells including vascular endothelium,
neurons, smooth muscle cells, macrophages, neutrophils, platelets and epithelium (93). Once
formed by endothelial NO synthase (eNOS or NOS3), NO diffuses to nearby smooth muscle
cells, where it reacts with the ferrous iron of the heme group of guanylate cyclase, resulting in
enhanced synthesis of cyclic guanosine monophosphate (cGMP) from guanosine triphosphate
(GTP) (94). Cyclic GMP then activates protein kinase G (PKG), which in turn stimulates
Ca2+-ATPase-dependent refilling of intracellular calcium stores and lowering of intracellular
calcium levels, thus mediating smooth muscle cell relaxation (95). This cGMP/PKG-dependent
signaling mechanism also promotes a potent inhibition of platelet aggregation (96). Reduced
intracellular calcium levels in platelets lead to decreased P-selectin expression and suppress
expression of the active conformation of glycoprotein IIb/IIIa (GPIIb/IIIa) required for binding
fibrinogen (97).

Nitric oxide is also a potent antagonist of inflammation (98). This effect of NO is in part a
result of inhibition of nuclear factor-κB (NF-κB) activation through induction of expression
of the NF-κB inhibitor IκBα, and stabilization of the NF-κB/IκBα complex (99). NF-κB
controls the expression of a variety of genes involved in inflammatory and immune responses
(100), with VCAM-1, ICAM-1 and E-selectin key examples (101). Both antibody blocking of
integrins and inhibition of integrin gene expression profoundly inhibit inflammatory cell-
induced vascular dysfunction (102). Considering that sickle cell vaso-occlusion predominantly
occurs in the microcirculation (40,47), it is relevant that compensatory NO signaling
mechanisms are operative to inhibit the preferential adhesion of circulating blood cells to
venular endothelium. Inhibition of NO synthesis has no apparent effect on experimentally-
induced arteriolar thrombosis, but enhances thrombosis in venules (103). Furthermore,
exogenous L-arginine and NO donors have been shown to reverse the pro-thrombotic actions
of NOS inhibition in venules (103). Considering that cytokine stimulated leukocyte-endothelial
adhesions occur in the venular segments of the microcirculation in vivo (104) and that adhesion
molecules demonstrate a heterogenous distribution between arterioles and venules (45), the
venular actions of NO are particularly relevant.

Reduced NO bioavailability in SCD results from consumption of NO by plasma cell-free
hemoglobin (105) and reactive oxygen species (106) (Figure 4). Increased tissue rates of
reactive oxygen species production in SCD may arise from several factors, including increased
expression and activity of circulating and vessel bound xanthine oxidase (XO) (107,108) and
endothelial cell NADPH oxidase/Nox activities (109), as well as the uncoupling of eNOS
electron transfer (110).

Intravascular hemolysis and decompartmentalization of hemoglobin
Nitric oxide binds very rapidly to deoxyhemoglobin, forming a stable Hb (Fe+2)-NO complex
(111). Nitric oxide also reacts with and converts oxygenated Hb to methemoglobin and nitrate
(NO3

−) (112). Rates of intravascular NO scavenging are reduced significantly when
hemoglobin is sequestered within red cell membranes (113). Polymerization of hemoglobin S
in patients with SCD leads to destabilization of the red blood cell membranes and intravascular
hemolysis, releasing cell free hemoglobin into plasma (114). SCD patient plasma contains
approximately 0.001–0.033 g/dL cell-free ferrous hemoglobin, which stoichiometrically can
consume micromolar quantities of nitric oxide and abrogate forearm blood flow responses to
infusion of NO donors (105). Serum haptoglobin (hp), the hemoglobin scavenging protein, can
bind approximately 0.05– 0.15 g/dL free Hb (115), however hp levels are significantly reduced
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in patients with SCD relative to HbA study subjects (116). Moreover, a significant inverse
correlation exists between steady-state LDH and hp levels in SCD patients, indicative of
enhanced clearance of the hp/Hb complex formed via intravascular hemolysis (117).

Apart from releasing red cell hemoglobin into plasma, hemolysis also leads to the release of
erythrocyte arginase, which converts L-arginine, the substrate for NO synthesis, to ornithine
(118). Arginase activity is elevated almost two-fold in SCD patients with pulmonary
hypertension, resulting in a lower arginine/ornithine ratio and indicating the presence of
intravascular hemolysis (119). Intravascular hemolysis and subsequent decrease in NO
bioavailability is associated with clinical complications of SCD, including pulmonary arterial
hypertension, priapism and stroke (120). These clinical complications are also shared by other
hemolytic anemias (120). Indeed, mice expressing exclusively human sickle hemoglobin and
mice with acute alloimmune hemolytic anemia develop pulmonary hypertension that is
associated with blunted NO-induced vasodilation (121).

Chronic hemolysis in sickle cell disease requires the upregulation of enzyme systems to
catabolize the hemoglobin released from hemolyzed erythrocytes. Plasma hp-Hb complex
displays an epitope recognized by the hemoglobin-scavenger protein expressed on
reticuloendothelial cells (122). Receptor-ligand endocytosis of the complex rapidly clears it
from blood plasma and drives expression of heme-oxygenase 1 (HO-1) and biliverdin
reductase. Heme-oxygenase, found predominantly in Kupffer cells of the liver, is the rate-
limiting enzyme in the degradation of heme to biliverdin, also releasing carbon monoxide and
iron (123). Patients with sickle cell disease have increased cellular HO-1 protein levels in their
peripheral blood mononuclear cells compared with healthy volunteers (124). Increased HO-1
expression is also observed in renal tubular epithelial cells and circulating endothelial cells of
patients with sickle cell disease and could represent an adaptive response to the inflammatory
stress inherent in SCD (125).

Haptoglobin-related protein (Hpr) also binds to free plasma Hb. Circulating Hpr-Hb complex
is directed into specialized high-density lipoprotein particles, where they are sequestered with
apolipoproteins apoA-I and apoL-I (126). Interestingly, an apolipoprotein-A1 mimetic peptide,
L-4F, ameliorates the impaired carotid arteriole relaxation of mice expressing exclusively
human sickle hemoglobin (127). The effect of this apolipoprotein-A1 mimetic peptide in sickle
cell cerebrovascular responses may be due to the sequestration of the Hpr-Hb complex. If so,
it is plausible that apolipoprotein binding limits NO scavenging by the Hpr-hemoglobin
complex (128).

It is noted that cerebrovascular disease in SCD appears to involve predominantly large vessels
(129), in contrast to microvascular involvement and associated complications. Such clinical
manifestations have led scientists to propose two partially overlapping subphenotypes in SCD.
The first subphenotype is associated with increased white blood cell count, vaso-occlusive pain
crisis, acute chest syndrome, high steady state hemoglobin and low fetal hemoglobin levels,
while the second phenotype is linked with increased hemolysis, stroke and pulmonary
hypertension (130). The apparent localization of decreased venular vs. arteriolar NO
bioavailability may be relevant in determining the observed sub-phenotypes of SCD patients.

Increased vascular and tissue oxidant generation
Xanthine oxidase (XO), a source of vascular O2

•− and H2O2 production, is elevated in SCD
patient plasma and in the arteriolar and venular walls of SCD mice (107,131). Increased
circulating and vessel wall XO in SCD contributes to hemodynamic instability and contribute
to the pathogenesis of a broader systemic vascular dysfunction. This is exemplified by the
observation of impaired NO-dependent vasorelaxation in SCD mice (107) and affirms the
blunted vascular relaxation that occurs in SCD mouse vessels in response to a calcium
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ionophore and the NO donor DEA-NONOate (132). This impaired vessel relaxation is restored
by denudation of endothelium (132), supporting the concept of increased generation of NO-
inactivating species by the endothelium of SCD vessels (107). Importantly, the inhibition of
vessel relaxation observed in SCD mice is completely restored by an NO donor, sodium
nitroprusside (SNP). Because SNP is metabolized by smooth muscle cells (133), this excludes
the existence of an endorgan defect in NO signaling at the level of guanylyl cyclase and further
confirms that NO is being consumed by endothelial-derived redox reactions in SCD vessels.
Indeed, basal rates of O2

• − production are significantly increased in the aorta of SCD mice vs.
controls (107). The impairment of NO-dependent vascular relaxation by increased rates of
reactive oxygen species generation is further underscored by the observation that the
superoxide dismutase (SOD) mimetic MnTE-2-PyP restores ACh-dependent relaxation of
SCD mouse vessels (107).

Superoxide derived from endothelial cell NADPH oxidase also mediates microvascular
dysfunction in sickle cell transgenic mice (109). Vascular endothelial cells contain all requisite
phox proteins and the low molecular weight GTP binding protein of the multicomponent
phagocytic NADPH oxidase system (134). Leukocyte-endothelial and platelet-endothelial cell
adhesion was observed in the cerebral microvasculature of wild-type (WT), SOD1 transgenic
(SOD1-TgN), and gp91phox-deficient mice transplanted with bone marrow from sickle cell
transgenic mice. NADPH oxidase inactivation was as effective as SOD overexpression in
abolishing both the leukocyte and platelet adhesion responses typically observed in SCD mice
(109).

An increase in the production of superoxide uncoupled NO synthases (NOS) has also been
implicated in the pathogenesis of SCD (109,121). Nitric oxide is synthesized by a family of
NOS enzymes that have a C-terminal reductase and an N-terminal oxygenase domain (93).
The oxidative deamination of L-arginine to L-citrulline during NO formation requires the
cofactors NADPH, flavin adenine dinucleotide (FAD), flavin mononucleotide (FMN), iron
protoporphyrin IX (heme) and tetrahydrobiopterin (BH4) (135). Functionally, NOS catalyses
a multi-electron, rather than a two-electron, oxidation and thus performs two separate NADPH
oxidation cycles. The flavin cofactors FAD and FMN support NADPH-dependent heme
reduction during NOS turnover, forming stable semiquinone radical intermediates. For
endothelial and neuronal NOS, electron transfer is limited beyond the flavin centers, until the
enzymes are activated by Ca2+-calmodulin (CaM). Binding of CaM facilitates the transfer of
an electron from FMNH2, resulting in the reduction of the iron to the ferrous state (Fe2+).
Oxygen then binds, forming the Fe2+-dioxygen (Fe2+=O2) complex, which undergoes oxygen-
oxygen bond scission to induce hydroxylation of L-arginine to Nω-hydroxy-L-arginine (NHA).
Once NHA is formed, it is reduced to yield the final products NO and L-citrulline (136). NOS
enzymes have an absolute requirement for BH4, which provide an electron for the reaction that
hydroxylates L-arginine to NHA (137). In the absence of BH4 or L-arginine, the Fe2+=O2
complex decays under formation of superoxide and Fe3+ (138), a phenomenon that has been
termed ‘uncoupling’ of NOS.

Leukocyte and platelet adhesion responses are exacerbated in sickle cell transgenic mice that
show overexpression of eNOS in microvessels. Conversely, a significant attenuation of
endothelial leukocyte and platelet adhesion occurs when the vascular wall is rendered eNOS
deficient (109). The eNOS-mediated enhancement of blood cell adhesion is reversible by
pretreatment with a BH4 generating agent or polyethyleneglycol–superoxide dismutase,
implicating an adverse role for eNOS-dependent superoxide production (109).

The neutrophil-derived, heme-containing myeloperoxidase (MPO) catalytically consumes NO
directly and via the generation of radical intermediates, thereby modulating NO bioactivity
and adversely impacting vasomotor function (139). The NO metabolite nitrite is also a substrate
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for MPO and becomes oxidized to the reactive oxidizing and nitrating species nitrogen dioxide
(·NO2), explaining in part the close spatial correlation between NO2Tyr and MPO (140).
Importantly, the diffuse immunoreactivity of MPO along the subendothelial space in tissues
from patients with diverse inflammatory diseases, including SCD, reinforces ex vivo
observations describing discrete interactions between endothelial cells and MPO, in particular
the avidity of MPO for endothelial and other cells that results in its transcytosis into the
subcellular matrix (141). Of note, there is elevated MPO immunoreactivity throughout the
alveolar epithelium in lung tissues from patients with SCD, possibly contributing to the
pulmonary hypertension and acute chest syndrome prevalent in SCD (140).

Reperfusion injury and tissue damage
The initiation, progression and resolution of vaso-occlusive crisis in SCD presents features
common with reperfusion injury. The resupply of oxygen to ischemic tissues can,
paradoxically, support a more pro-inflammatory state and contribute to multiple organ damage
observed in SCD. Indeed, exposure of sickle cell mice to transient hypoxia (from 8 to 11%
O2) and reoxygenation induces NF-κB activation in kidney and liver (142) and a P-selectin-
dependent increase in vessel wall leukocyte adhesion (68)

Xanthine oxidoreductase (XOR) is an important source of the reactive species that mediate
much of the tissue damage in reperfusion injury (143). During experimental hypoxia,
conversion of XOR to the oxidant-generating XO is significantly greater in the liver and
kidneys of sickle cell mice expressing a mixture of human HbS and murine Hb (142). Extensive
hepatocellular injury, accompanied by increased plasma ALT levels, decreased liver XO
immunoreactivity and catalytic activity was observed in knockout-transgenic SCD mice, even
under normoxic conditions (107).

Increased expression of inducible NOS (iNOS or NOS2) and elevated tissue nitrite (NO2 −)
and nitrate (NO3 −) occurs in animal models of cardiac, liver, and kidney ischemia/reperfusion
(I/R). In many cases, NOS2 inhibitors significantly improve organ function in tissue I/R injury.
Similarly, I/R-induced tissue injury is attenuated in the liver and kidney of NOS2 −/ − mice
(144,145). Accelerated NO production during I/R injury is cytotoxic via direct reactions of NO
and its reactions with other oxygen-derived species, generating secondary products capable of
further oxidation and nitration reactions. The oxidation and nitration of lipids, amino acids,
and proteins will alter biomolecular structure and function and at the same time transduce the
pathogenic actions of reactive species in various disease processes. For example, enhanced
iNOS immunoreactivity and nitration of liver and kidney actin is prevalent in both SCD mice
and humans (146).

PATHOGENIC MECHANISM-TARGETED THERAPIES FOR SICKLE CELL
DISEASE
Inhibition of HbS polymerization

In a multicenter, randomized, placebo-controlled trial, SCD patients treated with hydroxyurea
had lower rates of vaso-occlusive crises (VOCs), increased time between crises, a lower
incidence of acute chest syndrome and a reduced need for blood transfusions (147). The
mechanism underlying these benefits is, in part, related to an increase in the proportion of cells
containing fetal Hb and an increase in the erythrocyte mean corpuscular volume, thereby
reducing the potential for Hb polymerization (147). Hydroxyurea has been shown to increase
both γ-globin mRNA levels and HbF significantly in mixed cultures of peripheral-blood
mononuclear and erythroid progenitor cells from normal donors (148). Of note, it has also been
demonstrated that hydroxyurea can be oxidized by heme groups to produce NO in vitro
(149) and in vivo (150). Studies have further shown that soluble guanylate cyclase activators
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or analogues increase fetal haemoglobin gene expression in erythroleukaemic cells and in
primary human erythroblasts (151). Agents other than hydroxyurea that increase the level of
HbF include 5-aza-2’-deoxycytidine (decitibine). The presence of a nitrogen in the 5th position
of the pyridine ring of cytidine analogs causes resistance to methylation. Hypomethylation
induces γ-globin gene transcription in primates and patients with sickle cell anemia (152). In
preliminary trials, patients who failed to respond to hydroxyurea with an increase in HbF
responded to decitibine with a sustained approximately 14% (153) increase of HbF.

Anti-adhesive and Anti-inflammatory therapy
Sulfasalazine is a potent inhibitor of NF-κB that controls the expression of a variety of genes
involved in inflammatory and immune responses (154). Intraperitoneal (IP) and oral
administration of this drug to SCD mice and humans, respectively, significantly reduced
endothelial cell expression of VCAM-1, ICAM-1 and E-selectin (155). Anionic
polysaccharides such as high molecular weight dextran sulfate (HDS), chondroitin sulfate A
(CSA) and heparin inhibit TSP-mediated adhesion of sickle erythrocytes to rat endothelium
ex vivo (156). Likewise, the blockade of αVβ3 integrin, a site of sickle cell-endothelium
interaction mediated by TSP, has also been suggested as a therapeutic approach to prevent cell-
endothelial interactions in SCD (157).

TBC772, a peptide antagonist of α4β1 integrin (VLA-4) on reticulocytes, significantly inhibits
sickle RBC retention in rat retina (158). Similarly, blocking endothelial monolayers with P-
selectin monoclonal antibody (9E1) reduced adherence of sickle red cells to untreated and
thrombin-treated endothelium by 30 and 67%, respectively (159). Peptides containing
arginine-glycine-aspartic acid (RGD) sequences have also been shown to inhibit plasma -
induced adhesion of sickle red cells to endothelium (160). As noted previously, high molecular
weight vWF and TSP both serve as plasma bridging proteins in sickle cell adherence to
endothelium.

Intravenous (i.v.) administration of polynitroxyl albumin, a superoxide dismutase and catalase
mimetic, in SCD mice inhibited hypoxia/reoxygenation-induced expression of NF-κB,
VCAM-1, ICAM-1 in tissues of the lung, liver and skin (161). Similarly, dexamethasone
treatment inhibited NF-kappaB, VCAM-1, and ICAM-1 expression in the liver, lungs, and skin
of sickle cell mice. However, rebound vasoocclusive crises were observed 3 days after
cessation of glucocorticosteroid treatment, an event also reflected by the responses of patients
with SCD (162).

Anticoagulant therapy
Despite the evidence for increased coagulant activity in SCD, randomized trials reveal that
chronic oral anticoagulation by high-dose warfarin was not beneficial, due to major bleeding
complications (163). However, a lower dose of warfarin therapy successfully reduced
prothrombin fragment 1.2 by 50% in seven patients with symptomatic SCD (164). Long term
minidose heparin adminstration to four SCD patients with severe recurrent painful crises
caused a 73% reduction in hospitalization days and 74% reduction in hours spent in emergency
rooms per year (165). A randomized double-blinded trial using ticlopidine blocked platelet
activation, but did not improve platelet survival or prevent sickle crisis in asymptomatic
patients with SCD (166). A pilot study of low-dose acenocoumarol in 22 patients with SCD
demonstrated significant decreases in prothrombin fragment 1.2 levels, thrombin–antithrombin
complexes and D-dimer fragments, but displayed no impact on the occurrence of vasoocclusive
crises (167). Finally, no clear clinical benefit was observed in small, nonrandomized clinical
studies of low dose aspirin (168) and aspirin plus dipyrimadole (169).
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Three month dietary supplementation with fish oil containing omega-3-fatty acids has been
shown to reduced prothrombotic activity in 10 sickle cell patients, as assessed by significantly
decreased plasma levels of prothrombin fragment 1.2 and D-dimer. The clinical improvement
produced by dietary fish oil therapy was reflected as reduced frequency of pain episodes in
patients enrolled in this study (170).

Low molecular weight antioxidants
Since oxidative stress has long been recognized as part of the pathophysiology of SCD, small
prospective studies have examined the effect of vitamin E supplementation on clinical
outcomes of the disease. In one study, Vitamin E supplementation in 6 sickle cell patients led
to an increase in α-tocopherol concentration from 0.7 ± 0.2 to 2.3 ± 0.3 mg/g lipid and a
significant reduction in irreversibly sickled cells (from 25 ± 3% to 11 ± 1%) (171). However,
no clinical outcomes were measured in this study. In another study, 13 patients with sickle cell
disease received α-tocopherol along with ascorbic acid, zinc and soybean oil. After 8 months,
there was a 37.5% reduction in the number of irreversibly sickled cells, but there was no effect
on hemoglobin concentrations or number of vaso-occlusive and aplastic crises (172).
Continuation of new trials of therapeutic interventions to reduce in vivo oxidative stress seem
relevant in patients with SCD. A possibly more effective mode of protective therapy would be
to start the therapeutic interventions at an earlier stage of the disease and target specific sites
of reactive species generation with more potent catalytic oxidant scavengers rather than
nutritional anti-oxidants.

Therapeutic strategies aimed to increase nitric oxide bioavailability
Therapeutic interventions that enhance NO in SCD include inhaled NO, L-arginine
supplementation and administration of sildenafil. Inhalation of 80 ppm NO gas for 1.5 hours
by patients with sickle-cell disease significantly reduces the NO scavenging potential of
hemoglobin within the circulatory system, producing a measurable decrease in arterial plasma
NO consumption (105). However, to date, only isolated case reports have described the use of
inhaled NO in the treatment of SCD patients. Inhaled NO was reported to be beneficial for
SCD patients with acute chest syndrome because of its ability to ameliorate pulmonary
hypertension and ventilation/perfusion mismatch (173,174,175). Inhalation of NO has also
been reported to decrease pain scores and opioid use in children with acute vaso-occlusive
crisis (176), providing support for future clinical investigation of this therapeutic modality.

The observation that patients with sickle cell anemia have significantly reduced concentrations
of arginine in their plasma and urine suggests that this group of patients may have increased
use or catabolism of this key substrate of NO biosynthesis, and therefore increased nutritional
requirements (177,178). Indeed, L-arginine levels are depressed in patients with sickle cell
disease, particularly during vaso-occlusive pain crisis and during acute chest syndrome (179).
The potential role of reduced arginine bioavailability in patients with pulmonary hypertension
secondary to SCD, and the effects of oral arginine therapy on pulmonary artery pressures, were
evaluated in sickle cell patients (180). Ten patients with sickle cell disease complicated by
secondary pulmonary hypertension were treated for five days with oral L-arginine. Pulmonary
arterial systolic pressure was estimated by echocardiographic measurement of the tricuspid
regurgitant jet velocity before and after the 5 days of treatment, and decreased by 15.2%.
Pulmonary pressure decreased in 9 of 10 patients, suggesting greater vascular responsiveness
and less end-stage vasculopathy than commonly observed in patients with primary pulmonary
hypertension. Furthermore, the study showed a trend toward a 20% improvement in oxygen
saturation after L-arginine supplementation. Plasma L-arginine levels rose significantly after
therapy and methemoglobin levels increased from 0.55 to 1.10%, support that there was an
increase in NO production.
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Another NO-based therapeutic strategy for SCD is the phosphodiesterase 5-inhibitor,
sildenafil, which potentiates the effect of NO by inhibiting cGMP degradation. Sildenafil
treatment of 12 SCD patients with pulmonary hypertension resulted in a 10 mmHg decrease
in estimated pulmonary artery systolic pressure and a 78 m improvement in the 6-min walk
distance (181).

Conclusions
The unifying theme of this review is that an altered vascular endothelial phenotype, induced
by sickled red cells, is central to the pathogenesis of the vaso-occlusion, reperfusion injury and
end-organ damage in SCD. The activation of endothelium results in increased adherence of
red cells, leukocytes and enhanced coagulation. Decreased bioavailability of the endothelial-
derived relaxing and anti-inflammatory activities of NO is an important component of this
pathophysiological setting in SCD. Nitric oxide induces vasorelaxation, inhibits platelet
aggregation, and decreases expression of pro-inflammatory adhesion molecules by the
endothelium. The application of pharmacologic strategies designed to increase NO levels,
suppress HbS polymerization and decrease endothelial adherence and coagulation show
clinical promise in decreasing the morbidity and mortality of this devastating vascular disease.
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Figure 1.
Increased red cell adhesion in sickle cell disease. Lu gp, Lutheran glycoprotein; PMN,
polymorphonuclear leukocytes;VCAM-1, vascular cell adhesion molecule-1; vWF, von
Willebrand factor.
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Figure 2.
Vascular inflammation in sickle cell disease. PMN, polymorphonuclear leukocytes; IL-1,
interleukin-1; IL-6, interleukin-6; IL-8, interleukin-8; TNF-α, tumor necrosis factor-alpha;
PGSL-1, P-selectin glycoprotein ligand-1; Fcγ, high-affinity Fc gamma receptor; ICAM-1,
intercellular adhesion molecule-1.
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Figure 3.
Pathogenesis of increased coagulant activity in sickle cell disease.
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Figure 4.
Increased intravascular consumption of nitric oxide in sickle cell disease. Superoxide (O2

•−)
generated by uncoupled endothelial nitric oxide synthase (eNOS), xanthine oxidase (XO) and
NADPH oxidase, reacts with nitric oxide (NO) to form peroxynitrite (ONOO −). Nitric oxide
is also consumed by plasma free hemoglobin, released by intravascular hemolysis.
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Table 1
Molecules Involved in Sickle Red Blood Cell Adhesion

Adhesion molecule and alternate name(s) Ligand /major location

Lutheran glycoprotein (B-CAM/LU) Laminin/ECM
LW glycoprotein (ICAM-4) LFA-1 (αLβ2)/leukocytes

Mac-1 (αMβ2)/leukocytes
αIIb, β 3/platelets
αVβ3/endothelial cells

VLA-4 (α4β1) VCAM-1/endothelial cells
Fibronectin/ECM

Glycoprotein IV (CD36) Thrombospondin/plasma, ECM
CD47 (integrin-associated protein; IAP) Thrombospondin/plasma, ECM
GP IIb/IIIa (CD41/CD61) Von Willebrand Factor/plasma

ECM; extracellular matrix.
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Table 2
Leukocyte Adhesion Molecules

Adhesion molecule and alternate name(s) Endothelial Ligand

L-Selectin (CD62L) L-Selectin Ligand
Leukocyte Function Associated Antigen (LFA-1; αLβ2; CD11a/CD18) ICAM-1, 2, 3
Mac-1 (αMβ2; CD11b/CD18) ICAM-1, 2, 3
VLA-4 (α4β1; CD49d/CD29) VCAM-1
P-Selectin Glycoprotein Ligand (PSGL-1; CD162) P-Selectin (CD62P)

E-Selectin (CD62-L)
Platelet-Endothelial Cell Adhesion Molecule-1 (PECAM-1; CD31) PECAM-1 (CD31)
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