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ABSTRACT

Sickle cell disease (SCD) is a genetic disorder charac-
terized by a chronic inflammatory process, and new
biomarkers have been studied as promising molecules
for understanding the inflammation in its pathophy-
siology. The hemolysis and the release of molecules
associated to the hemoglobin (Hb) catabolism, such as
free Hb, iron, and heme, generate an oxidant envi-
ronment with production of reactive oxygen and ni-
trogen species. The immune system plays a very im-
portant role in the inflammation, with cells secreting
pro-inflammatory cytokines and chemokines. There
is also a nitric oxide (NO) resistance state, with an
impaired NO bioactivity, leading to a vascular dys-
function; activation of platelet, leukocytes, erythro-
cytes, and endothelial cells, with expression of adhe-
sion molecules and its ligands, and several receptors,
that altogether participate at inflammatory process.
During inflammation, there is an increase of dendritic
cells (DCs) expressing toll like receptors (TLR), but
the role of DCs and TLR in SCD pathogenesis is un-
clear. Also, there are molecules contributing for en-
hance the endothelium dysfunction, such as homo-
cysteine that has been associated with vascular com-
plications in the pathology of other diseases and it
may contribute to the vascular complications pre-
sented by SCD patients. Circulating microparticules
(MPs) levels are augmented in several diseases and
have been described in SCD, where cells membrane
compounds are associated to cell’s thrombotic and
coagulation state, such as tissue factor and phos-
phatidylserine (PS), which may contribute to endo-
thelial dysfunction. The knowledge of all these bio-
markers may contribute to new therapeutic approach
discover, improving SCD patient life quality.
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1. INTRODUCTION

Sickle cell disease (SCD) is a genetic disorder, and the
sickle cell anemia (HbSS) is the more severe genotype.
The disease is characterized by the presence of the he-
moglobin S (HbS), where valine replace glutamic acid
(B ¢ 9~V at the beta globin chain, that has a single
point mutation (GAG —GTQG) at the sixth codon of the
[-globin (HBB) gene [1].

Sickle cell disease clinical outcome vary widely from
mild to severe and has been associated with multi-organ
damage and risk of early mortality [1], with acute and
chronic clinical manifestations, including vaso-occlusive
episodes (VOE), painful crisis, tissue ischemia/reper-
fusion injury, hemolysis, impaired blood flow as a result
of intravascular sickling in capillary and vessels, inflam-
mation processes and high susceptibility to infection,
encephalic vascular accident (EVA), dactylitis, leg ulce-
ration, pulmonary hypertension, acute chest syndrome,
and priapism [1,2].

Moreover, the disease pathogenesis comprehends a
complex network of mechanisms, involving the vaso-
occlusive phenomenon and tissue ischemia, with surface
and ligands molecules activation from stressed reticulo-
cytes, sickled erythrocytes, leukocytes, platelets and en-
dothelial cells [1-3]; there is also an increase of oxidative
stress, secondary to the hemolysis episodes and heme
cytotoxicity, electron donation from the iron atom when
yet inside the protoporphyrin IX ring, with the generation
via Fenton reaction of reactive oxygen and nitrogen spe-
cies (ROS; RNS), that has a very strong pro-oxidant ca-
pacity. Also, there is an increase of nitric oxide (NO)
scavenger molecules, a vasodilator that play important
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role as regulators of vascular homeostasis in SCD patho-
genesis [1,4].

Acute and chronic inflammatory phenomenon’s can
contribute to activate several cells types and may play
important role in the steady- and crisis-states of SCD
patients. The immune system pathway, has several me-
chanisms and needs to be better understood, including
the participation of inflammation and cells markers, ac-
tivation of molecules related to hemolysis, nitric oxide
resistance, and some very important inflammatory me-
diators involved in the arachidonic acid pathway, includ-
ing the synthesis of molecules such as, prostaglandin E2
(PGE2), thromboxane, and leukotrienes B4 (LTB4) [1].

There are many chemistry and genetic markers, which
can modulate symptoms presented by SCD patients, such
as alpha-thalassemia presence, reticulocytes count, lac-
tate dehydrogenase (LDH) and bilirubin serum levels [5].
Currently, new biomarkers have been studied as promis-
ing molecules for understanding inflammation process in
SCD, and have been highlighted the role of lipids me-
tabolism and its participation in vascular injury, C-reac-
tive protein (CRP) and inflammation, and the myelope-
roxidase (MPO), a enzyme that had been related with
patients susceptibility to infection [6-8].

Bilirubins are resulted of protoporphyrin IX metabo-
lism, which in turn is a heme component. Sickle cell
disease patients, particularly those HbSS, are at risk for
bile pigment cholelithiasis due to the association of this
disease with hemolysis, which produces an unconjugated
hyperbilirubinemia [9]. Cholecystitis presents with ab-
dominal pain, nausea and vomiting, fever, and/or jaun-
dice, a constellation of symptoms that has multiple pos-
sible etiologies in SCD [10].

C-reactive protein (CRP), an acute-phase protein, in-
creases significantly in inflammatory disorders and now-
adays CRP has been used for evaluation of cardiac risk.
CRP is produced not only by the liver but also in athero-
sclerotic lesions by vascular smooth muscle cells and
macrophages in response to stimulation by the pro-in-
flammatory cytokine interleukin-6 (IL-6) [11]. SCD is
associated with elevated cardiac output and cardiome-
galy to partly compensate for the reduced oxygen-carry-
ing capacity associated to hemolysis and oxidative stress.
The combination of these events has been associated
with increased levels of CRP in SCD since the childhood
[12-14].

Myeloperoxidase is a lysosomal enzyme and plays an
important role in the host defense system. MPO defi-
ciency was associated with a higher occurrence of severe
and chronic inflammatory processes in SCD patients, and
the 463G > A MPO gene polymorphism may be a sig-
nificant genetic modulator that makes HbSS patients
more susceptible to infection [13].

An association between increased low-density lipopro-
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tein cholesterol (LDL-C) and low plasma levels of high-
density lipoprotein cholesterol (HDL-C) is an important
risk factor for coronary disease. Actually it has been
showed an association between coronary heart disease,
high levels of LDL-C and MPO, since MPO catalyses
the conversion of chloride and hydrogen peroxide (H,O,)
to hypochlorous acid (HOCI), resulting in LDL-C oxida-
tion and conversion into high-uptake forms, such as ox-
LDL for macrophages, leading to cholesterol deposition
and foam cell formation in vivo [14]. Data from our re-
search group showed that some SCD patients can have a
specific dyslipidemic subphenotype, characterized by
low HDL-C with hypertriglyceridemia and high very low
density lipoprotein cholesterol (VLDL-C) in association
with other biomarkers, including those related to in-
flammation like ferritin and CRP [15]. These biomarkers
may help in understanding the inflammatory mechanism
associated with SCD as well as be used as predictor tests
for severe events.

2. VASCULAR DYSFUNCTION AND
INFLAMMATION: NITRIC OXIDE
SCAVENGING AND ARGININE
METABOLISM

In regard to the vascular complication of the HbSS, the
decrease of nitric oxide (NO) bioavailability is now as-
sociated with the intravascular hemolysis [16], that par-
ticipate in several important complication of HbSS pa-
tients, including pulmonary hypertension, leg ulcers,
priapism and different types of stroke [16-18].

The nitric oxide is a diatomic gas produced by vascu-
lar endothelial cells that act as a potent vasodilator on
smooth muscle cells. The NO synthesis is from the
amino acid L-arginine, via an oxidation reaction cata-
lyzed by the enzyme nitric oxide synthase (NOS) [19].
Nitric oxide also tonically inhibits platelet activation and
the expression of endothelial adhesion molecules, thus
participating in health endothelial function and in the
maintenance of blood flow [20,21]. The reaction involve-
ing vascular NO can have a beneficial antioxidant effect.
Moreover, NO has been demonstrated to have a cytopro-
tective effect by scavenging reactive oxygen species
(ROS) [22]. Solovey et al. [23] examined the hypothesis
that enhanced endothelial tissue factor (TF) expression is
modulated by endogenous NO produced by endothelial
nitric oxide synthase (eNOS) in animal models. The
mechanism by which NO exerts its inhibiting effect on
TF have not been completely defined, although it is ac-
companied by parallel changes in amount of TF mRNA.
Because NO exerts the same regulatory influence on vas-
cular cellular adhesion molecule-1 (VCAM-1) expres-
sion, current results also have implications beyond in-
flammation and coagulation system, but also with
VCAM-1 inflammatory expression.
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Chronic elevated level of cell-free hemoglobin in SCD
patients with intravascular hemolysis range from 2 to 20
uM per heme during steady-state and increase to appro-
ximately 20 to 40 uM during vaso-occlusive crises [24].
HbSS patients present a NO resistance state, associated
with an impaired NO bioactivity that can be due by
cell-free hemoglobin accumulation in plasma, intensify-
ing the NO endogenous consumption that contribute for
several cellular dysfunction, such as vasoconstriction and
inflammation by leukocytes, platelets and endothelial
cells activation [25]. Also, ROS are generated by hemo-
lysis, and can react with NO, limiting its bioavailability
and contributing to its state of resistance in HbSS pa-
tients [18]. The heme that is released from hemolysis
also induces the expression of adhesion molecules from
leukocytes, such as intercellular adhesion molecules-1
(ICAM-1), and from endothelium, such as VCAM-1.

Another mechanism of NO depletion during the hemo-
lysis is the release of arginase-1 from lysed RBC that
converts arginine to ornithine, which competes with the
substrate, the eNOS, for L-arginine synthesis [26]. In
recent research by our team, we confirm an increased
levels of serum arginase-1 in HbSS patients when com-
pared to health controls, as well as an association of se-
rum arginase-1 with biochemical hemolysis markers and
cytokines involved in Th17 response, levels of soluble
intercellular adhesion molecule-1 (SICAM-1) and soluble
vascular cell adhesion molecule-1 (sVCAM-1) [27]. A
very new insight in this metabolism lays on a shift in
arginine catabolism, where transforming grow factor beta
(TGF-beta) may induces the arginase pathway instead of
the NO pathway, with a possible involvement of the
vascular activation and the increase of serum arginase in
chronic hemolysis among HbSS patients.

3. HOMOCYSTEINE AND SICKLE CELL
DISEASE

Homocysteine (Hcy), a sulfur-containing amino acid, is
found at low concentration in blood and cells and is an
important intermediate molecule involved in the biosyn-
thesis of methionine and cysteine [28]. The high plasma
concentration of Hcy is a well-established risk factor for
several disorders, including cardiovascular disease (CVD)
and stroke [29], venous thrombosis and arteriosclerosis
[30].

Hyperhomocysteinemia play an important role in vas-
cular disorders and may act through increase cytotoxic
activity, especially for endothelial cells; elevating H,O,
levels and decreasing NO synthesis, with pro-inflam-
matory cytokines synthesis, pro-coagulant factors active-
tion, and lipid metabolism dysregulation, characterized
by LDL-C oxidative modification, enhancing of athero-
genesis [31]. High levels of Hcy have also been impli-
cated in changes in the rheological properties of blood,
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such as decreasing antithrombin III and tissue plasmino-
gen activator (TPA), and increasing factor VII and CRP
[32]. Additionally, Hey is reported to enhance endothelial
leukocyte interactions [33].

A chronic inflammatory state in vascular tissue is rec-
ognized to contribute to thrombotic and vaso-occlusive
events in HbSS patients [34]. Since Hcy has been associ-
ated with vascular complications in the pathophysiology
of other disease, it may contribute to vascular complica-
tions presented by HbSS patients.

The possibility that Hcy may contribute to the ische-
mic phenomena present in HbSS has attracted some in-
terest in plasma total Hcy. Lowenthal ef al. [31] showed
that the median plasma concentration of Hcy among
HbSS subjects was approximately 1.5-fold higher than
that of healthy controls. Additionally, SCD patients have
higher plasma Hcy concentration in spite of elevated
plasma folate levels and vitamin B12 concentration
similar to those observed in controls. In a recent study
(2012) from our team, we found significant associations
between Hcy levels and increased expression of pro-
inflammatory cytokines and adhesion molecules (data
not published) in HbSS patients, supporting the hypothe-
sis that Hcy levels contribute to the vascular activation
and with the inflammatory state presented by HbSS pa-
tients, and probably has an important role in vaso-occlu-
sive mechanism.

4. INNATE IMMUNITY AND
INFLAMMATION IN SCD

Individuals with SCD have transient and periodic painful
vaso-occlusive episodes with exposure of organ to ische-
mia and reperfusion, which may activate inflammatory
response in other organs, leading to multiple organ fai-
lure [35,36]. Despite ischemia and reperfusion occur in a
sterile environment, and activation of innate and adaptive
immune responses contribute to injury, including active-
tion of pattern-recognition receptors, such as Toll like
receptors (TLRs) and inflammatory cell trafficking into
the damaged organ [37]. Moreover, is well known that
the presence of immunodeficiency should be associated
with SCD, but no directly deficiency has been related to
the immune system was observed to explain the amount
of recurrent infections presented by these individuals
[34]. On the basis of these, the immune response system
seems to be related with health and inflammation in
SCD.

The innate immune system is the first line of protect-
tion against invading microbial pathogens and of re-
sponses to inflammatory stimuli that are mediated by
phagocytes, polymorphonuclear leukocytes (PMN), mo-
nocytes, macrophages, dendritic cells (DCs), and in-
flammatory T cell subsets (Thl1 cells and Natural Killer T
cells). This immune response relies on recognition of
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evolutionarily conserved structures on pathogens, named
pathogen associated molecular patterns (PAMPs), through
a limited number of germ line-encoded pattern recogni-
tion receptors (PRRs), of which the family of TLRs has
been studied most extensively [38].

TLRs are integral glycoprotein characterized by an
extracellular or luminal ligand binding domain contain-
ing leucine rich repeat (LRR) motifs and a cytoplasm
signaling Toll/interleukin-1 (IL-1) receptor homology
(TIR) domain [38]. Ligand binding to TLRs through
PAMP-TLR interaction induces receptor oligomerization,
which subsequently triggers intracellular signal transduc-
tion. To date, 10 TLRs have been identified in humans,
and they can recognize distinct PAMPs derived from
various microbial pathogens, including viruses, bacteria,
fungi, and protozoa. TLRs can be divided into subfami-
lies primarily recognizing related PAMPs; TLR1, TLR2,
TLR4, and TLR6 recognize lipids, whereas TLR3, TLR7,
TLR8, and TLR9 recognize nucleic acids [39].

Cell types expressing TLRs are APCs, including
macrophages, DCs, and B lymphocytes. TLRs have been
identified in most cell types, expressed either constitu-
tively or in an inducible manner in the course of infec-
tion [39]. During inflammation, increased numbers of
DCs are rapidly recruited and efficiently capture antigens
due to their high phagocytic ability. Subsequent to anti-
gen capture DCs become activated and the mature DCs
by pathogens can migrate into draining lymph nodes or
the spleen and transforming to powerful antigen-present-
ing cells that are capable of activating naive T cells. The
transition from immature to mature state is followed by
production of several cytokines and chemokines by the
DCs that regulate their ability to interact with naive T
cells to direct T cell differentiation [40].

Two major DCs subsets can be detected in the periphe-
ral blood, with distinct, but overlapping functions. Mye-
loid DCs (mDCs) express human leukocyte antigens
(HLA) DR, CDllc, and CDlc and are the main produc-
ers of interleukin-12 (IL-12), while plasmacytoid DCs
(pDCs) express HLA DR, CDI123, and blood dendritic
cell antigen 2 (BDCA2), and are the main producers of
interferon-a (IFN-a) [41]. However, HbSS patients in
steady-state seems to have a particular CD1-positive phe-
notype expression of CDla, b, and ¢ molecules at DCs,
while the classical phenotype found among the general
population, in which only 15% of the individuals express
the CD1 molecules at the surface of their monocytes [42].
According to Sloma et al. [43], the elevated concentra-
tion of cytokines associated with monocyte activation in
HbSS patients can contribute for their activated status
and it may be hypothesized that CD1 expression on DCs
from HDbSS patients is a consequence of the elevated
plasma levels of endothelin.

The role of DCs in malaria affected population and its
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association with hemoglobinopathies have been de-
scribed and show that the activation of mDCs and pDCs
during acute malaria may be faster or deeper in children
with o-+thalassemia than in children with normal hemo-
globin profile [44]. Other studies shows the Plasmodium

falciparum glycosylphosphatidylinositol (GPI) anchors

can bind to TLR2 and TLR4 expressed on mDCs and
monocytes [45], whereas a component of schizont lysate
as well as hemozoin can bind to TLR9 and activate pDCs
[46].

Single-nucleotide polymorphisms (SNPs) have been
described for 7LR-4 and TLR-9 genes. For TLR-4, the
polymorphism (Asp299Gly) has been related to Gram-
negative infections susceptibility and septic shock [47].
More recently, the Asp299Gly has been involved as a
protective allele against malaria, explaining its high pre-
valence in sub Saharan Africa [41].

The immune response in SCD is poorly understood. It
is knows that the immune system has a close relationship
with health and morbidity in SCD, although the complex
network involved in the mechanisms of pathogenesis
present in this disease, is difficult to understand, once it
is a chronic inflammatory condition. Additional studies
need to be warranted to elucidate the immunologic proc-
esses in SCD.

5. OXIDATIVE STRESS AND
INFLAMMATION IN SICKLE CELL
ANEMIA

Oxidative stress is a physiological condition that occurs
when there is imbalance between the amount of free ra-
dicals (ROS; RNS) generated by physiological processes
and antioxidant mechanisms. Free radicals are defined as
chemical species that contains a pair of electrons un-
paired, and this gives the high-capacity reactive free
radical [48]. The reactive oxygen of species includes free
radicals and non-free radicals, such as hydroxyl, supero-
xide (O;) and H,0,. In biological systems, the most
common source of free radicals is oxygen, and ROS that
can be produced from both endogenous and exogenous
cellular products [49,50].

The endogenous sources of ROS include mitochondria,
cytochrome P450, peroxisomes, and inflammatory cells
activated [51]. Mitochondria generates significant quanti-
ties of H,O, and use ~90% of cellular O,. During the
process of reducing mitochondrial oxygen for production
of water, several short-lived intermediates are produced,
including H,0,, O, and the hydroxyl radical [OH],
which are toxic to the cell. Another molecule is the per-
oxynitrite (ONOO"), an anion and an unstable isomer of
nitrate (NO5 ). The peroxynitrite can be formed in vivo
by the reaction of the free O, with free NO, and is a
potentially cytotoxic molecule [52]. Cell destruction also
causes further free radical generation [53]. Neutrophils,
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eosinophils and macrophages are additional endogenous
sources of cellular ROS. Activated macrophages initiate
increase in oxygen uptake and give rise to a variety of
ROS, including O,, NO and H,0, [54].

In addition, intracellular formation of free radicals can
occur by environmental sources including ultraviolet
light, ionizing radiation, and pollutants such as paraquat
and ozone. All of these sources of free radicals, both en-
zymatic and non-enzymatic have the potential to inflict
oxidative damage on a wide range of biological macro-
molecules [55]. Membranes are target of free radicals
forming due to its lipid composition, lipid peroxide, thus
compromising the characteristics of fluidity and elasticity,
leading to cell rupture. Other target tissues to ROS are
proteins, which may lose their functionality enzyme and
cell signaling and DNA; the interaction of ROS with
DNA can lead to the DNA strand breaks, point mutations,
gene deletions, or gene rearrangement, such changes can
be lethal to the cell, with DNA lesion, that accumulate
with age, and can be an important etiology of aging pro-
cesses [56]. The endogenous antioxidant system re-
sponsible for neutralize free radicals, include enzymes,
such as glutathione peroxidase, superoxide dismutase
(SOD) and catalase. The non-enzymatic antioxidants that
participate in oxidative stress defense include ascorbic
acid (Vitamin C), alpha-tocopherol (Vitamin E), gluta-
thione (GSH), carotenoid, and flavonoids [57-59]. The
ROS occur under physiological conditions and in many
diseases cause direct or indirect damage in different
organs; thus, it is known that oxidative stress (OS) is in-
volved in pathological processes such as obesity, dia-
betes, cardiovascular disease, and atherogenic processes
[60].

Inflammation is an immune system reaction aiming to
contain and eliminate pathogens or foreign elements to
the body [61,62]. After activation, innate immune system
cells secrete pro-inflammatory cytokines and chemokines
that induce ROS/RNS production [63]. In the innate im-
mune system, macrophages generate ROS, including
05, NO, H,0,, hydroxyl radical, ONOO™ and HOCI to
play pathogen elimination [62,63]. Chronic inflammation
can lead to cellular damage, hyperplasia and, conse-
quently, to the overproduction of ROS by inflammatory
cells [61].

In the HbSS, the chronic inflammatory state promotes
the production of ROS and predicts the disease severity
[64-68]. In the HbSS some events contribute to the
maintenance of oxidative stress such as the excessive
levels of cell-free hemoglobin with its catalytic action on
oxidative reactions; the characteristic recurrent ischemia-
reperfusion injury, a chronic pro-inflammatory state with
higher autoxidation of HbS [69-71].

Iron is a chemical element that participates in the
reaction of electron transfer between molecules in the
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process of cellular respiration (redox reactions), and it is
deposited in the form of ferritin and hemosiderin. Pa-
tients receiving multiple blood transfusions, such as pa-
tients with chronic anemia, thalassemia, and HbSS, they
can exceed the storage and detoxification capacity of
ferritin. Consequently, the free iron begins to accumulate
into tissues; this can catalyze the formation of very in-
jurious compounds, such as [OH] by Fenton reaction
[71]. Compared with normal red blood cells (RBC)
membranes, those from sickle RBC have abnormally
increased Fenton reactivity, once that the instability of
HbS results in generation of .0 and H,0O,, the com-
bination of which potentially forms the .OH [70,71]. The
phenomenon of sickling and vaso-occlusive events in
HbSS are directly associated with its pathogenesis, and
there is evidence that several inflammatory events occur
with increased levels of inflammatory and anti-inflam-
matory cytokines, such as IL14, IL4, IL6, TNF¢, the
expression of cell adhesion molecules, such as ICAM-1,
VCAM-1, P-selectin and integrins; the adhesion of acti-
vated PMN to the endothelium; the participation of acti-
vated platelets, and the presence of inflammatory bio-
markers, such as CRP and prostaglandins. These factors
contribute to the occurrence of vaso-occlusion and chro-
nic organ damage, favoring an increased production of
ROS [65,72-77].

6. CYTOKINE IN SICKLE CELL ANEMIA:
BREAK THE BALANCE

Pro-inflammatory cytokines mainly expressed by mono-
cytes from stimulation of bacterial components, ROS and
growth factors have important role in immune innate
response and inflammatory state [78]. These effects are
modulated by anti-inflammatory cytokines, such as IL-4
and IL-10, necessary to down regulate leukocytes and the
vascular endothelium activation [79]. This delicate bal-
ance is broken when inflammatory cytokine increase
oxidative stress and overcoming antioxidant barrier by
activation of complex transporter of electron in mito-
chondria [78,80,81], stimulating the transcription of the
trans factor NF-kB with degradation of 1kB, up regulat-
ing the expression of selectins, integrins, ICAM-I,
VCAM-1, resulting on pre-activation of leukocytes and
with the interaction of these molecules with the activated
endothelium [81-83].

Cytokine levels in HbSS patients are elevated not only
during crisis-state, but also in different pathophysiologic
mechanisms of the disease, like hypoxia and reperfusion
rate; beyond clinical inflammatory history generate an
increased concentration of these molecules also in steady-
state patients. Pro-inflammatory cytokines like IL-1, IL-2,
IL-6, IL-8, IL-17 and TNF-alpha are increased on basal
state and during vascular occlusion events unaccompa-
nied of an increased level of anti-inflammatory cytokines,
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such as IL-4 and IL-10 [3,20,79,84-88]. This inflamma-
tory profile is not consensus; maybe it is associated with
a high inter-individual variation, mainly due difference
of genetic background and environmental aspects that
can generate these molecules plasma levels fluctuation.

Soluble vascular cell adhesion molecule-1 (sVCAM-1)
amount increase in plasma and change accord to the pro-
file expression of selectins and integrins on leukocytes,
such as CD62L and CD11b indirectly reflecting the rate
of inflammation, and oxidative stress and have been as-
sociated as promising markers of HbSS prognosis [27,
89-91]. Based on these, oxidative stress and inflamma-
tory profile may have complementary and symbiotic ef-
fects, mainly in a chronic inflammatory and oxidative
disease, such as HbSS.

Inflammatory and oxidative profile, therefore, are ex-
tremely connect. This link is also confirmed when it is
analyzed the conversion of purines to uric acid by the
xanthine oxidase action [92,93]. This reaction generate
free radicals, like intermediary products, and is up regu-
lated by pro-inflammatory cytokines due many potential
cytokine responsive elements in the xanthine oxidase
(XO) gene regulatory region [94].

Therefore, up regulation of XO gene generates more
uric acid and contact of this molecule with free sodium
driving the monosodium urate that is consider to be a
biologically active structure [95]. The monosodium urate
is an active form act as a danger signal by activation of
inflammasome, resulting on the production of pro-in-
flammatory cytokines, such as IL-1 and IL-18 [96]. In
recent research by our team, inflammasome pathway was
observed in HbSS patients, where uric acid, considered
as a danger signal was associated with high serum levels
of IL-18, further connect to cytokines levels and oxida-
tive stress markers [91]. These effects, accordingly, are
amplified on a chronic hemolytic and inflammatory dis-
ease, like HbSS, where the intravascular hemolysis con-
tribute to release of cell free hemoglobin, heme and iron,
consequently increase of oxygen radicals, limiting NO
bioavailability, attracting more leukocytes, activating
endothelial cells, contributing to the vascular occlusion
[2,15,17,27,91].

7. PLATELETS AND INFLAMMATION IN
SICKLE CELL DISEASE

Platelets are small enucleated structures derivatives from
megakaryocyte fragmentation and are important to ho-
meostasis process, primary function originally described
to platelets. Platelets undergo activation, adhesion and
aggregation binding to damage blood vessel, producing a
platelet plug and contributing to the generation of throm-
bin. Furthermore, platelets produce and store a variety of
molecules that affect platelet function and modified the
vascular tone, the fibrinolysis [97]. Leukocytes and en-
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dothelial cells are associated as a critical player in the
microvascular alteration induced by inflammation. Actu-
ally, have been thought about the role of platelets in in-
flammatory states through leukocytes interaction, release
proteins, chemokines and endothelial disfunction [98].

Some studies suggest that circulating platelets in HbSS
patients are chronically activated, both during steady-
state and vaso-occlusive crises, which may result of the
overall hypercoagulable state or with the vaso-occlusive
process or with the pro-inflammatory characteristics of
the microvasculature in HbSS [20,99,100].

Platelets have important organelles to performance its
function, such as alpha-granules, lysosomes, peroxiso-
mes, dense bodies and a complex membranous system
that contribute to store and rapidly release several factors
and proteins [99,101]. Among released products by plate-
lets, there are secretion of adhesion proteins, such as fi-
brinogen, von Willebrand factor (vWF), thrombospondin,
P-selectin, GPIIb/Illa; there are important chemokines,
including RANTES and platelet factor-4; cytokine-like
factors as IL1-8, CD40L, p-thromboglobulin or factors
essentials for the coagulation process, as plasminogen
activator inhibitor (PAI-1), protein S and factors V and
X1, and also expression of innate receptors of the Toll-
like receptor family, such as TLR2 and TLR4 [102-105].

During inflammatory process, activated endothelial
cells and others perivascular cells and leukocytes, release
several soluble mediators, such as lipids, IFN-y, IL-2,
and CXCL12, which bind to platelet receptors, leading to
degranulation of platelets dense and alpha-granules,
promoting self adhesion and activation. Furthermore, the
OS actives phospholipase A2 and the generation of the
arachidonic acid pathway metabolites and platelet acti-
vator factor (PAF), and also contribute for platelet acti-
vation [103,105]. On the other hand, the platelet active-
tion can induce several inflammatory responses in mono-
cytes, neutrophils, endothelial cells or endothelial pro-
genitor cells; product released by platelets are potent
inflammatory and mitogenics substances, modifying the
chemostatic, adhesive and proteolytic properties of cellu-
lar microenvironment, mainly of endothelial cells and
leukocytes, resulting in an increase of transmigration of
leukocytes to the site of inflammation, suggesting that
platelets-leukocytes interaction may be a key role in the
initiation of inflammation [98,103,104].

Many mechanisms of platelets-leukocytes interactions
have been described, but the initial interaction appears to
be mediated by P-selectin expressed on the surface acti-
vated platelets and P-selectin ligand glycoprotein-1
(PSGL-1) on the surface of neutrophils and monocytes
and, subsequently, firmly adhere by binding of Mac-1 to
GPIb or other receptors of the platelet membrane [98,
104]. The P-selectin was found in sickle cell transgenic
mice with high constitutive levels, which could be attri-

OPEN ACCESS



544 W. Vilas-Boas et al. / Advances in Bioscience and Biotechnology 3 (2012) 538-550

buted to platelet activation, contributing to inflammatory
response [98,104]; study suggest the P-selectin-mediated
platelet-neutrophil aggregate formation, which activates
neutrophils in SCD mouse model and human been carri-
ers [104]. The sCD40L level is increased and biologi-
cally active in HbSS patients due to platelet activation,
mainly, in patients in crises and positively correlates with
an increase of TF and ICAM-1 expression, suggesting
that an increase of CD40L may contribute to the chronic
inflammation and with the increased pro-coagulant acti-
vity in HbSS patients [105].

Thus, several studies suggest that in addition to pro-
coagulant role, platelets contribute directly to constant
vascular inflammation state in HbSS patients by activate-
ing neutrophils and monocytes and further research about
therapies targeting function and interaction of platelets
and endothelial cells and leukocytes may help to control
inflammation and vaso-occlusive events among these
patients.

8. CIRCULATING MICROPARTICLES:
NEW INFLAMMATION
BIOMARKERS IN HBSS

Microparticles (MPs) are heterogeneous group of mem-
brane-bound vesicles described as vesicles smaller than
107" m in diameter [106]. MPs are shedding from plasma
membranes, after cell activation or apoptosis of several
cellular types. Essentially any cell type (e.g., leucocytes,
and endothelial cells), but also platelets and RBC can
release MPs [107,108]. They have been implicated to play
a role in inflammation, coagulation and vascular function.

During blebbing, the lipid bilayer forms cytoplasmatic
protrusions, culminating in the release of MPs [109]. This
process involve an increase in intracellular calcium which
affects many important enzymes for the maintaining of
the cytoskeletal and membrane structure, such as gelsolin,
calpain, flippase, floppase and scramblase [108].

As the lipid and protein composition of the MPs mem-
brane resembles that from the releasing cell, analysis of
MPs surface markers by flow cytometry can identify the
MPs origin. Internally, MPs contain a variety of cyto-
plasmatic and nuclear components of their precursor cells
[110]. Circulating MPs levels result from the balance
between their rates of release from cells and their clear-
ance from the circulation.

MPs levels are augmented in several diseases, such
HbSS. Patients have elevated MPs, both in steady-state
and crisis, implying that even patients in steady-state are
fundamentally different from healthy subjects [111,112].
Total circulating MPs are more elevated in the crisis phase
of the disease than in steady-state [111,113]. During crisis,
endothelial damage and coagulation activation increase
dramatically, and those condition are accompanied by an
increases of circulating MPs [113]. Thus, it is worth con-
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sidering circulating MPs as biomarkers of HbSS.

Sickle cell anemia patients have an increased risk of
vascular thrombotic occlusion [114]. In addition, there is
strong in vitro evidence that circulating MPs are involved
in the coagulation system activation in HbSS [115,112].
The pro-coagulant activity depends of some molecules
presence, such as phosphatidylserine (PS) and TF, both
exposed on several MPs types outer membranes [110].
Therefore, this pro-coagulant activity may be relevant
clinically as MPs concentrations with this phenotype are
elevated in HbSS.

The majority of circulating MPs in HbSS has RBC and
platelets origin [116]. The report by van Beers et al. [116]
showed a strong association between erythrocyte-derived
MPs and markers of in vivo coagulation and fibrinolysis
activation status as well as endothelial activation [116]. In
addition, MPs may support coagulation activation by
exposure of PS [115,116], which offers multiple binding
sites for the coagulation factors II, Va, and Xa [117].
Sickle cell anemia patients have elevated plasma levels of
annexin A5- and PS-exposing MPs [111,112]. Thus, MPs
can provide a platform for the assembly of the prothro-
mbinase complex and accelerate the conversion of pro-
thrombin into thrombin.

Importantly to vascular homeostasis has been the dis-
covery of TF, the principal initiator of coagulation, in MPs
from HbSS. Sickle blood contains a fraction of MPs
originating from platelets [114], endothelial cells and
monocytes [113], which are TF positive. Furthermore,
once initiated by TF, thrombin generation is greatly ac-
celerated in the presence of PS [67] and co-expression of
these molecules can contribute to thrombotic events fre-
quently observed in patients with HbSS [118]. Impor-
tantly, MPs could be capable to initiate blood coagulation.

Microparticles are emerging as important biomarker of
inflammation, coagulation and thrombosis in HbSS.
Linked to crucial steps of HbSS, MPs can now be viewed
“partners in disease”, especially in patients in crisis-state.
MPs provide a vehicle to couple inflammation and co-
agulation, contributing to thrombotic tendencies in this
disease. This increasingly close relationship between MPs
and HbSS demonstrates the need for more studies on this
subject. Thus, it is necessary additional research to define
the precise role of circulating MPs in HbSS and allow the
development of new therapeutic strategies either blocking
the release of MPs or modifying their activity.

9. CONCLUSION

It is very well known that SCD is a group of genetic dis-
orders, with 101 years of its first medical relate, but still
has several pieces of the puzzle to be solved. The search
for pathways and biomarkers involved in the patho-
physiology of the disease are still need to be exhausted
search, and it will bring the knowledge of molecules that
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may contribute to increase SCD patients life quality, given
opportunity for new therapeutic approaches and clinical
management modalities. This review just point several
mechanisms associated with SCD, and may contribute to
give some ideas about the very complex molecules net-
work involved in the inflammatory process associated
with the disease pathogenesis.
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