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Sickle cell disease, the most common genetic blood disorder in the world, has high clinical variability, negatively
impacts quality of life and contributes to early mortality. Sickled erythrocytes cause blood flow obstruction,
hemolysis, and several hemostatic changes that promote coagulation. These events, in turn, induce chronic
inflammation, characterized by elevated plasma levels of pro-inflammatory markers, which aggravates the al-
ready unfavorable state of the circulatory system. Empirical evidence indicates that the hemostatic and in-

flammatory systems continuously interact with each other and thereby further propagate the hypercoagulability
and inflammatory conditions. In this review article, we discuss the pathophysiological aspects of sickle cell
disease and the hemostatic and inflammatory changes that underlie its pathogenesis.

1. Introduction

The sickle cell disease (SCD) consists a group of hereditary hemo-
lytic anemias whose clinical phenotype may result from several geno-
types [1]. In the United States, there are about 70,000 to 100,000 SCD
patients, and most of them declare to be black or African descent [2]. In
Brazil, an average of 3500 SCD children are born per year [3], being
recognized as the most common genetic disease in the world, impacting
on people's morbidity and mortality [4,5].

SCD is characterized by mutation in the sixth codon of beta globin
gene that promotes the replacement of adenine nitrogenous base by
thymine, and so the replacement of glutamic acid amino acid by valine,
thus producing hemoglobin (Hb) S [6-8]. This mutation may be
homozygous (SS), constituting the increased severity and frequency
form of disease, known as sickle cell anemia [9], or combined with
different hemoglobin abnormalities, such as Hb C, D, E and beta tha-
lassemia [10]. All symptomatic forms of this gene, whether homo-
zygous or in combination, are referred as SCD [11].

When deoxygenated, the Hb S depolymerizes, causing the ery-
throcyte to change its normal discoid shape and its flexibility, dehy-
drate, and acquire the sickle shape, giving rise to the disease name [12].
This event is reversible after reoxygenation, but its repetition frequent

damages the membrane of some erythrocytes, which remain deformed
independently of the intracellular state of Hb S, being the main de-
terminant for disease severity [6,13]. Irreversibly sickle cells have re-
duced half-life, causing hemolytic anemia [14]. However, the clinical
picture of SCD does not only depends on the symptoms caused by an-
emia, but mainly of occurrence of organic lesions caused by in-
flammation, vascular obstruction and sickle cell crises [14,15].

The varied clinical picture is a challenge for understanding and
management of SCD, which may range from the mild course of disease
to the most severe [16]. The most frequent clinical manifestations that
affect the individuals' quality of life are painful vaso-occlusive crises
[17-19], priapism, anemia, aplastic crises, splenic sequestration [20],
leg ulcers [21,22] and acute chest syndrome [23].

The complex pathophysiology of this genetic disease involves ab-
normal activation of coagulation cascade and fibrinolysis, evidenced by
the increased risk of thrombotic manifestations [24]. It is important to
emphasize that almost all components of hemostasis are changed and a
chronic proinflammatory environment with increased plasma levels of
varied inflammatory markers (e.g. cytokines, chemokines and en-
dothelin-1) is continuously favored, being able to activate coagulation
[25,26]. In this review article, we aim to discuss the pathophysiological
aspects of sickle cell disease, and the hemostatic and inflammatory
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changes that constitute this disease pathogenesis, as its complex inter-
relation.

2. Hemostatic changes in sickle cell disease

Patients with SCD have a high predisposition to thromboembolic
manifestations, leading to stroke [27,28], pulmonary embolism
[29,30], acute chest syndrome [23], damage to several organs and early
death [31].

SCD is characterized by a state of hypercoagulability [32,33], which
there is a tendency for blood clot formation and blood flow obstruction,
even in clinically stable patients [28,34]. The vaso-occlusion occur-
rence makes difficult the sickle cells flow on microcirculation, pro-
moting the adhesion of this cells to white blood cells and vascular en-
dothelium [12], due to presence of multiple adhesion molecules [35],
such as a4f1 integrin and P-selectin 1 glycoprotein (PSGL-1) [25]. As
result, venous stasis occurs, and the high adhesiveness of white blood
cells and sickle cells [36], unlike the normal ones, generates tissue
hypoxia, converting more Hb S molecules to the deoxy-Hb S, a situation
that aggravates circulatory status, which is already unfavorable
[7,37,38].

Hemolysis, ischemia-reperfusion injury, inflammation, nitric oxide
(NO) deficiency, exposure of membrane phospholipids, such as phos-
phatidylserine (PS), increase of circulating microparticles (MPs), von
Willebrand Factor (VWF) and thrombospondin (THBS) [39] are factors
that contribute to chronic activation of coagulation in SCD. Table 1
shows the main hemostatic events in the SCD.

The NO bioavailability reduction in SCD is mainly due to in-
travascular hemolysis, which is associated with PS exposure, release of
Hb, heme and enzymes arginase [40] and lactate dehydrogenase (LDH)
in the circulation [41]. Hb and heme in circulation consume NO, pro-
ducing inert nitrate and methemoglobin (MetHb), which is unable to
carry oxygen. Conversely the enzyme arginase converts L-arginine, the
substrate for NO production by endothelial nitric oxide synthases, into
ornithine, thus decreasing the availability of L-arginine for NO synth-
esis [42,43].

According to Frenette and Atwehe [36], PS is a membrane phos-
pholipid normally located on the cellular internal surface, however, in
SCD, as consequence of erythrocytes falcization in repeated cycles, PS
exteriorization occurs. This event leads to platelets and coagulation
proteins activation, increased expression of endothelial cell adhesion
molecules, as well as hemolytic anemia, since the phagocytic system
recognizes and removes these abnormal erythrocytes, reducing their
half-life in the blood circulation [44].

MPs are small vesicles (diameter 0.02 to 0.1 um) produced from
endothelial cell, erythrocyte, monocyte and platelet membranes, re-
leased after cellular activation or apoptosis [45]. Its pro-coagulant
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properties come from the presence of tissue factor (TF) [46] and PS on
its surface [47]. High MPs plasma levels already have been detected in
patients with SCD, both in the stable phase [48-53] and in vascular
occlusion crises [49,51,54], which may be associated with development
of thrombotic complications [55]. According to Garnier and colla-
borators [56], MPs derived from sickle cells promote coagulation, in-
crease the reactive oxygen species (ROS) production, and induce red
blood cells adhesion to endothelium.

VWEF is a plasma multimeric glycoprotein that mediates the platelets
adhesion to activated and injured vessels. Under physiological condi-
tions, when large VWF multimers are released from megakaryocytes
and endothelial cells, they must be cleaved and removed from the cir-
culation by ADAMTS13 enzyme [57]. SCD patients have higher VWF
multimers plasma levels [39,58,59], which may result from their pro-
teolysis resistance or deregulation of ADAMTS13. Thus, part of VWF
multimers remains anchored in endothelium through sickle cells ad-
hesion mediation and platelet aggregation, contributing to vaso-occlu-
sion and thrombogenic surface generation [28,40,60]. In the cohort
study with SCD patients performed by Sins et al. [61], during vaso-
occlusive crises, low platelet count and high VWF reactivity were ob-
served, perhaps justified by their resistance to proteolysis.

About THBS, BROWNE et al. [62] detected increased levels of this
plasma protein in patients with HbSS in the acute painful crises' pre-
sence. THBS is an important mediator in sickle cells adhesion to vas-
cular endothelium, besides collaborating in platelet aggregation, mod-
ulating fibrinolysis [25] and the angiogenesis inhibition [63].

Patients with SCD may exhibit increased platelet activation
[64-68]. The exact mechanism of chronic platelet activation in SCD has
not been well elucidated [69], but may be related to the increase in
megakaryocytes and concentration of some platelet agonists, such as
ADP, collagen, epinephrine, adrenaline and thrombin [22,70,71].
During the frequent painful crises, there is thrombocytopenia, probably
resulting from platelet deposition in endothelium, which is followed by
an increase in platelet and megakaryocyte counts, peaking 10 to
14 days after the crisis [62]. When compared with healthy people, there
is an increase in platelet activation markers, among them are the pla-
telet factors 3 [72] and 4 [73], thrombospondin-1 [62], P-selectin
[35,74], CD63, CD40L [65,74], activated glycoprotein IIb/Illa
[67,74,75], B-thromboglobulin [62,67] and PS exposition [71,76].

In SCD, TF expression is increased [27,62] in endothelial cells,
monocytes and MPs derived from these [77]. TF is a relevant initiator of
coagulation cascade, triggered by its interaction with factor VIla, which
results in the activation of serine proteases, including factors IX, X, XII
and thrombin [78]. Several plasma components may increase their
expression in endothelial or hematopoietic cells, such as C-reactive
protein (CRP), free heme resulting from intravascular hemolysis,
thrombin, endotoxin, interleukin-1 (IL-1), and tumor necrosis factor

Table 1

Main hemostatic changes in SCD.
Hemostatic events Changes References
Sickle cells-endothelium interaction Increased [12,36,163].
Platelets Activation Increased [62,64-68,133].
Tissue factor (TF) expression Increased [27,62,77,79-82].
Phosphatidylserine (PS) exposure Increased [36,71,76].
Thrombin generation Increased [73,88,90,164].
Natural anticoagulants Decreased [26,86-88,90,165].
Nitric oxide availability Decreased [166,167].
Von Willebrand Factor (VWF) Increased [39,58,59,61].
Thrombospondin (THBS) Increased [39,62,63].
Microparticles (MPs) Increased [48-56,67].
Fibrinolysis activation Increased [67,73,88].
D-Dimer (D-Di) Increased [32,67,77,83,85,88,90,95,96,100,164].
Plasminogen activator inhibitor-1 (PAI-1) Increased [96-98].
Prothrombin fragment 1 + 2 (F1 + 2) Increased [67,73,74,83].
Thrombin-antithrombin complex (TAT) Increased [27,67,73,168].
Plasmin-antiplasmin complex (PAP) Increased [67,73].
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alpha (TNF-a) [34,79]. In Ragab and Soliman [80], and Solovey et al.
[81] studies, increased monocytes TF expression during vaso-occlusive
crises was reported when compared to the stable status. When in-
vestigating the coagulation activation mechanism in a in vivo model,
Sparkenbaugh et al. [82] concluded that excess of free heme was able to
stimulates the activation of TF and its expression in leukocytes, and to
induces thrombin generation.

SCD patients have higher thrombin plasma levels, observed by their
prothrombin fragment 1 + 2 (F1 + 2) and thrombin-antithrombin
complex increased levels (TAT) [67,73,74,83]. Thrombin has pro-coa-
gulant action, as it converts fibrinogen to fibrin, activates platelets and
factors V, VIII, XI and XIII, which stabilizes the fibrin clot [84]. In ad-
dition, increased thrombin generation [85] may promote chronic con-
sumption of natural anticoagulant, including antithrombin (AT), C and
S proteins [86-88], which decrease even more in painful episodes
[26,89]. The Noubouossie et al. [90] study demonstrated an increase in
thrombin generation in children with SCD, but there was no significant
difference during vaso-occlusive crises and stable status.

Besides increased coagulation activation and reduction of natural
anticoagulant levels, in SCD there are important abnormalities in the
fibrinolytic system [67,73,88]. Fibrinolysis consists of fibrin clot lysis
and is regulated mainly by plasminogen activator inhibitor type 1 (PAI-
1) action. PAI-1 inhibits tissue plasminogen activator (t-PA) and ur-
okinase plasminogen activator (u-PA), thus preventing the conversion
of plasminogen to plasmin [91]. Plasmin is an enzyme that cleaves the
fibrin clot in degradation products, being D-Dimer (D-Di), a fragment
widely used as a biomarker for coagulation activation [92] in dis-
seminated intravascular coagulation and in venous thromboembolism
diagnosis and monitoring [58].

PAI-1 is synthesized by several cell types (e.g. vascular endothelium,
platelets, hepatocytes and fibroblasts) and its excess is related to
thrombosis increased risk [93]. Patel et al. [94] found PAI-1 high levels
in lung endothelial cells, alveolar macrophages, bronchial epithelial
cells and sickle cell plasma of mice. D-Di [32,73,83,85,95,96] and PAI-1
[96-98] are increased in SCD and seem to be correlated with painful
crises frequency, retinopathy and vaso-occlusion [99]. D-Di plasma
levels [26], when compared to healthy controls, seems to be higher in
SCD patients clinically stable [85,100] and during painful vaso-occlu-
sive episodes [32,95].

3. Inflammation in sickle cell disease

In SCD, the chronic inflammatory process is related to clinical
manifestations of unsatisfactory therapeutic solution, such as chronic
pain [101]. In some patients, traditional non-steroidal anti-in-
flammatory drugs do not relieve the severe pain, although in the acute
context this same intervention is effective [102]. In this disease, in-
flammation can affect almost the entire organism, which is evidenced
by the alteration of innumerable inflammatory markers, as described in
Table 2, which is important to mention: the increase in leukocyte
number and its activation [39], the cytokines [25,100,103], CRP [104],
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neutrophilic extracellular traps (NETs) [105,106], secretory phospho-
lipase A2 enzyme (s-PLA2) [107-109] platelet derived CD40 ligand or
CDA40L [74], placental growth factor (PEGF) [110] and urinary leuko-
triene E4 [111]. It is appropriate to mention that the abnormal mem-
brane of the sickle cells and the existence of chronic hemolysis are
important elements that trigger the inflammatory state [36].

SCD patients have chronic leukocytosis, especially with an increase
in neutrophils and monocytes [4,34,100]. These are highly activated
[112,113] and can induce the expression of E-selectin, P-selectin,
VCAM, ICAM in endothelial cells and other monocytes [114-116].
Leukocytosis is a risk factor for acute chest syndrome, stroke and early
mortality [38,102]. It is important to point that leukocytes interaction
with endothelium is essential to initiate the inflammatory response,
inducing adhesion molecules [114] and cytokines [14] expression. ROS
and cytokines stimulate the nuclear transcription factor kappa B (NF-
kB) to produce additional cytokines and chemokines, which contribute
to a higher increase of pro-inflammatory and procoagulant molecules
[112,117]. Therefore, the leukocytes, erythrocytes and platelets of pa-
tients with SCD have adhesion molecules higher expression, which
makes them more susceptible to inflammatory stimulus [103,118].

The inflammatory phenotype is characterized by increased levels of
proinflammatory cytokines [69,103,119-122] and acute-phase pro-
teins, such as CRP, and reduced levels of anti-inflammatory cytokines in
the stable status and during vaso-occlusive crises [103,122-124].

One of the first cytokines characterized as high levels in SCD people
plasma was the vascular endothelial growth factor (VEGF) [37], potent
activator of endothelial cells, also capable of promoting sickle cell ac-
tivation, hypoxia, vascular remodeling, angiogenesis and inflammation
[37]. However, it has an advantage in vessel tone regulation by in-
creasing NO production, partially overcoming its negative effects [125].

Interleukin-6 (IL-6), released at vaso-occlusion sites, stimulates the
hepatic production of fibrinogen, haptoglobin and CRP [126]. Micro-
vascular occlusions, infections and hemolysis also stimulate the synth-
esis of acute-phase proteins and cytokines [127]. Keikhaei et al. (2013)
[38] identified increased serum levels of IL-6, IL-17 and transforming
growth factor beta (TGF-f) in SCD patients in vaso-occlusive crises
compared to normal controls. IL-17 is a proinflammatory cytokine with
several biological actions, such as the induction of IL-1 synthesis, TNF-a
and neutrophil recruitment during inflammatory responses. TGF- is a
complex cytokine involved in inflammation, tissue injury, wound
healing, immunity, infection, cell proliferation, apoptosis, pulmonary
fibrosis, growth and activation of endothelial cells, and induce fetal Hb
synthesis [37].

In this genetic disease, the released cytokines stimulate the activa-
tion of vascular endothelium, sickle cells, reticulocytes, platelets, leu-
kocytes and these blood components adhesion to vascular wall through
different mechanisms, such as the production of chemokines, the in-
duction of fibronectin expression, VCAM and deregulation of en-
dothelial cell apoptosis, thus generating a vicious cycle that leads to
vaso-occlusion [123,128,129].

Neutrophils are sophisticated cells capable of effectively regulate

Table 2

Main inflammatory events in SCD.
Inflammatory events Changes References
White blood cell count Increased [4,34,39,100,107].
White blood cell activation Increased [64,112,113,139,145].
Expression of adhesion molecules in leukocytes Increased [114-116,133].
Proinflammatory cytokines Increased [14,38,69,100,103,119,121-123,169,170].
Anti-inflammatory cytokines Decreased [103,122-124].
Neutrophilic extracellular traps (NETs) Increased [105,106,134].
Secretory phospholipase A2 enzyme (SPLA2) Increased [107-109,136].
Placental growth factor (PEGF) Increased [37,110,113,138,139].
Leukotriene E4 Increased [35,111].
C-reactive protein (CRP) Increased [104,170].
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Fig. 1. Interrelation of hemostatic and inflammatory systems in SCD. Sickle cells favor hemolysis, vaso-occlusion and oxidative stress, which promote endothelial
activation along with inflammation. Thus, there is coagulation activation by stimulating PS exposure, TF expression, and increasing inflammatory markers, inducing
a hypercoagulable status. Coagulation activation establishes a positive return cycle (arrows in red) that contributes to inflammation, endothelial activation, vaso-
occlusion and hemolysis, through the PARs. Blue rectangles indicate increase. Yellow rectangles indicate reduction. TF: tissue factor; PS: phosphatidylserine; NETs:
Neutrophilic extracellular traps; PARs: protease-activated receptors; CRP: C-reactive protein; PEGF: placental growth factor; s-PLA2: secretory phospholipase A2
enzyme. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

the release of their granular enzymes, cytokines and chemokines, with a
relevant role in inflammation and immunity [130]. Among the immune
defense mechanisms of neutrophils, there is degranulation, phagocy-
tosis, the cytokines production, and NETs production, which consist of
deoxyribonucleic acid (DNA) networks where several proteins such as
histones are adhered, and in addition of 30 components of primary and
secondary granules, including cathepsin G, elastase, gelatinase, mye-
loperoxidase and lactoferrin [131,132]. NETs are released after chro-
matin decondensation, contributing to tissue damage, sepsis and organ
failure [130,133]. In the Schimmel et al. [106] and Schimmer et al.
[134] studies, higher concentrations of NETs were identified in SCD
patients in painful crises than in the stable status. Chen et al. [105]
concluded that heme plays an important role in NETs release in SCD,
since it acts as a plasma factor that stimulates neutrophils NETs release
both in vitro and in vivo, thus contributing to the pathogenesis of the
disease.

The class of enzymes called s-PLA2 hydrolyzes phospholipids from
cell membranes and lipoproteins, produces arachidonic acid, thus
generating an inflammatory events cycle [34,135]. Styles et al. [136],
detected high levels of this enzyme, 24 to 48 h before acute chest
syndrome clinical diagnosis in patients with SCD, demonstrating its
high sensitivity and specificity in prediction of this clinical complica-
tion occurrence. In the same sense, in the Styles et al. [109] study,
patients in undergoing blood transfusion with s-PLA2 previous increase
did not present acute chest syndrome episodes, thus suggesting the
potential of s-PLA2 as a useful biomarker.

PEGF is an angiogenic growth factor belonging to the VEGF family,
considered to be only produced in placenta, but is also released by
hematopoietic cells [137]. Brittain et al. [138] compared PEGF levels of
healthy controls and SCD patients, which were significantly elevated in
the last group. In the Perelman et al. [113] study it was observed that
elevated levels of PEGF in SCD patient's plasma induced monocytes
activation, with a consequent increase in cytokines secretion such as IL-
1 and IL-8. Sundaram et al. [110] concluded that PEGF high levels
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stimulated the release of endothelin-1 and, consequently, pulmonary
hypertension occurrence in rats with SCD. Selvaraj et al. [139] ob-
served that PEGF activated monocytes and increased mRNA levels of
chemokines and cytokines, such as IL-, IL-8 and TNF-a. Thus, this
growth factor is capable to promote the inflammatory mediators release
(e.g., TNF-a), which enhances endothelial dysfunction, activate
monocytes and increase adhesiveness of these to endothelium [37].

Field et al. [111] measured leukotriene E4 in urine samples from
children and adults with SCD in the basal status and during painful
crises, and found higher levels of E4 in the last ones, which reflects the
cysteinyl leukotrienes C4 and D4 synthesis, important inflammatory
mediators. These products are quickly catabolized in leukotriene E4,
which can be dosed in the urine [140,141]. Leukotrienes are involved
in leukocytes recruitment [142], in vascular occlusion process [143],
besides promoting endothelial cells adhesiveness [144].

The platelets adhere to each other, to endothelium and to mono-
cytes, inducing vaso-occlusion [145]. Besides, they are also new in-
flammatory cytokines sources [37].

4. Sickle cell disease, hemostasis and inflammation: interrelation

In SCD, as in other clinical abnormalities such as cancer [146,147],
asthma [148,149], pre-eclampsia [150], pregnancy complications
[151], diabetes mellitus [152,153] and dengue virus infections [154],
hemostasis and inflammation are not isolated or unidirectional systems,
quite the contrary, both interact continuously. In fact, the hemostatic
system is able to influence the inflammatory response and vice versa
[155]. New evidences indicate the interrelation between hemostasis
and inflammation in several points, with emphasis on TF, cytokines,
protein C system, thrombin, platelets [156,157], PEGF [113], besides
fibrinolysis activators and inhibitors [158].

In SCD, hemolytic anemia causes the Hb, heme and arginase enzyme
plasma release, and thus, inflammation status, endothelial dysfunction,
oxidative stress and vascular proliferation. Extracellular heme, in turn,
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constitutes a potent inflammatory agonist [32,70]. It is also believed
that this pathology chronic inflammatory condition may favor its
characteristic hypercoagulable status [7].

The vasculopathy refers to progressive arterial vasculature re-
modeling, which compromises blood flow [28]. The sickle cell vascu-
lopathy pathogenesis is not yet completely elucidated, but it is known,
however, that a generalized endothelial dysfunction, and contributions
of genetic factors, endothelial injury, intravascular hemolysis, in-
flammation and chronic activation of coagulation cascade are rela-
tioned, resulting in hypoperfusion and tissue damage [31,159]. In this
context, TF is very important not only for coagulation activation in-
itiating, but also for triggering other biological pathways, such as vas-
cular lesions and inflammation [28,160].

Fig. 1 outlines the main mechanisms of hemostatic and in-
flammatory processes and their interrelation in SCD. Chan-
trathammachart et al. [160] evaluated the TF function in coagulation
activation and inflammation using in vivo models trying to understand
the interrelation of these systems. The results indicate that FT con-
tributes to coagulation activation, inflammation and vascular injury.
They suggested that coagulation activation is capable of creating a
positive return cycle that induce vascular occlusion, endothelial acti-
vation and inflammation via PARs and thrombosis-dependent me-
chanisms [40,160].

Further studies are needed to clarify the mechanisms which TF and
coagulation factors, including thrombin and FXa, contribute to in-
flammation [40]. Sparkenbaugh et al. [161] state that SCD is one of
rare pathologies which TF expression occurs not only in leukocytes but
also in endothelium. They suggest that, according to TF expression site,
it has different roles. When it is in endothelial cells, TF contributes to
systemic inflammation by activation of PAR-2, FXa and thrombin.
However, when expressed in leukocytes, it stimulates the coagulation
activation, thrombin and fibrin generation. Furthermore, they affirm
that FXa and thrombin can induce multiple cellular effects through the
PARs activation.

5. Conclusions

SCD is a public health concern with high morbidity and early
mortality [5]. Its clinical variability directly affects the individual's
quality of life [18] and remains a challenge for the understanding of
this hereditary disease [16]. There is a lack of high-quality evidence on
the clinical management of SCD patients, corroborating to the existence
of innumerable gaps and discrepancies in the guidelines, ranging from
understanding of pathophysiological changes to the most appropriate
therapies selection for each case [2]. Thus, it is extremely important to
have a better knowledge of hemostatic and inflammatory changes, since
it will allow the development of scientific knowledge of the several
abnormalities that are related of hemostasis and inflammation systems
in SCD. Not least, the review about the interrelation of hemostatic and
inflammatory changes in this anomaly shows how closely linked these
systems are, which may contribute to future biomarkers elucidation
that allow the main SCD clinical complications occurrence prediction,
or even the best management of these conditions. In addition, it also
promotes the new therapeutic targets approach for drugs development
that are more effective in preventing acute and chronic SCD compli-
cations, and has lower side effects. With knowledge advances about this
disease, the greatest beneficiaries will be the patients, who will gather
higher expectation and quality of life [162].
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