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General introduction and outline of the thesis
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Introduction

Sickle cell disease (SCD) is a hemoglobinopathy affecting millions worldwide.1, 2  A single 
point mutation in the sixth codon (GAG in stead of GTG; valine replacing glutamic 
acid) of the β globin gene results in the synthesis of the unstable sickle hemoglobin 
(HbS) which causes HbS polymerization, production of reactive oxygen species (ROS) and 
triggering a cascade of inflammation and endothelial activation.3-5 SCD is characterized 
by chronic hemolytic anemia, vaso-occlusive complications and increased incidence of 
infections.2, 6 The pathophysiological consequences of SCD are not only limited to the 
hemoglobin or erythrocytes, but comprises also a chronic pro-inflammatory state with 
enhanced activation, adhesion and damage of other cells such as leukocytes, platelets 
and endothelial cells resulting in the development of vaso-occlusive complications.7 
Even though acute vaso-occlusive painful crisis is considered as the hallmark of SCD, 
acute and chronic organ complications with profound effect on life expectancy such as 
stroke, nephropathy and pulmonary hypertension occur irrespective of the frequency 
of vaso-occlusive painful crisis.8-14

Historical overview

SCD was first described a century ago (1910), when Herrick used the term “sickle shaped” 
to describe the odd manifestation of the red blood cells of a dental student who presented 
with anemia and pulmonary symptoms.15 In 1922, noting the similar features of the first 
4 case reports, Mason was the first who used the term ‘sickle cell anemia’.16 Observing 
that the patients were all black, he suggested the popular misconception that the disease 
affected only people of African origin.
 Hahn and Gillespie proved that the shape change (sickling) of the red blood cells 
was caused by anoxia.17 By inducing venous stasis in a finger by rubber band, Scriver and 
Waugh demonstrated in vivo that hypoxia due to venous stasis increased the proportion of 
sickle-shaped red blood cells from 15% to more than 95%.18 These findings led Pauling to 
suggest that the disease might arise from an abnormality in the hemoglobin molecule.19 
Pauling validated his hypothesis in 1949 by demonstrating a differential migration of 
sickle than normal hemoglobin in gel electrophoresis.19, 20 
 After a period of confusion, when carriers of sickle cell gene (sickle cell trait) 
among the relatives of patients were considered as ‘latent sicklers’, Neel provided strong 
evidence for an autosomal recessive inheritance of the disease. Neel demonstrated that 
in vitro sickling of red blood cells could be induced in all 42 tested asymptomatic parents 
of 29 symptomatic patients with sickle cell anemia.21 A few years later, Ingram et al 
demonstrated that the abnormal HbS differed from the normal hemoglobin A (HbA) by 
a single amino acid.22, 23 Subsequent studies elucidated the structure, properties and the 
formation of elongated polymers forming upon deoxygenation, which laid the foundation 
for investigating human diseases on a molecular basis.24-27

Epidemiology 

The HbS gene occurs primarily in areas where malaria falciparum has been endemic, 
such as Equatorial Africa (10 – 30%), central India (20 – 30%), Saudi Arabia (up to 25% 
in the eastern parts) but also in areas around the Mediterranean (North Africa, Italy, 
Greece, Turkey).28 The occurrence of the HbS gene and subsequent gene selection by 
falciparum malaria are the causes of this distribution.28 Relative resistance to malaria 
in people with sickle cell trait increases their chance of survival and thus breeding and 
passing on the HbS gene. Through slave trade and migration, SCD is also prevalent in 
the Americas and northern Europe.28

 Studies on the structure of DNA around the β-globin locus have shown that the HbS 
mutation has probably occurred independent from each other in different populations.29, 

30 The major haplotypes in Africa are Senegal, Benin and Bantu while the haplotype in 
India and eastern Saudi Arabia is known as the Asian haplotype.30

 Besides the homozygote HbSS form (sickle cell anemia), SCD also comprises various 
double heterozygous states such as hemoglobin SC (HbSC), HbSβ0-thalassemia, HbSβ+-
thalassemia and the less frequent states of hemoglobin SD and hemoglobin SE.

Clinical features

The main features of SCD are acute vaso-occlusive painful crisis, chronic hemolytic 
anemia and increased risk of (pneumococcal) infections.31, 32 The Cooperative Study of 
Sickle Cell Disease (CSSCD) found that 50% of sickle cell patients die before the fifth 
decade. Most of these patients did not have obvious chronic organ failure, but died during 
an acute episode, such as painful crisis, acute chest syndrome or stroke.32-34 Patients 
experiencing 3 or more painful crises per year requiring medical care carry a higher 
risk of early death.35 The painful crisis is caused by bone marrow ischemia and necrosis 
of juxta-articular parts of the long bones, such as shoulders, elbows, knees, ribs, spine 
and pelvis.35 
 Approximately 11% of sickle cell patients develop stroke in the first 2 decades of 
life and 24% have had a clinical stroke before the age of 45 years.10 Acute chest syndrome 
(ACS) is the second most common cause of hospitalization in sickle cell patients and 
accounts for 25% of deaths.32, 36 The incidence is highest in HbSS patients (12.8 per 100 
patient years) and lowest in HbSβ+-thalassemia patients (3.9 per 100 patient years).33, 37 
Other complications associated with SCD are pulmonary hypertension, nephropathy, 
retinopathy, priapism, leg ulcers and avascular necrosis.12-14, 38-41

 Improved survival of sickle cell patients, due to neonatal screening, better 
availability of supportive care, antibiotic prophylaxis, vaccination and hydroxyurea use 
have led to an increased life expectancy.32, 42, 43 While the increasing life expectancy, sickle 
cell patients have a higher risk of developing chronic organ complications potentially 
resulting in significant morbidity. Therefore, much needs to be elucidated about the 
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pathophysiology and possible prevention and/or treatment of these complications. 
 The lack of objective biomarkers to confirm the diagnosis and to assess the severity 
of SCD, especially during vaso-occlusive painful crisis, is a major challenge in the 
management of sickle cell patients. Developing objective laboratory tools accurately 
reflecting the vaso-occlusive process would be of great value in diagnosing and adequate 
treatment of SCD related organ complications. In this thesis, studies focusing on the 
pathophysiology of organ complications and potential biomarkers of disease severity in 
SCD are presented.

Pathophysiology

Triggered by the abnormal autoxoidative HbS and its polymerization resulting in 
intravascular hemolysis, the pathophysiology of SCD is primarily activated by chronic 
activation of endothelial cells by ROS, sickle red blood cells, activated leukocytes and 
inflammatory mediators.4, 5, 7 This leads to clinically (a-)symptomatic vaso-occlusive 
episodes and causes progressive microvascular damage in all organ systems, including 
the brain, lungs, bones and kidneys.7, 44-46 The vasculopathy in SCD occurs through 
direct damage by ROS, ischemia-reperfusion injury, dense sickle cells and activation 
of transcription factors such as nuclear factor κB (NF- κB).4, 46-48 Circulating levels of 
markers of endothelial activation, such as vascular cell adhesion molecule-1 (VCAM-1) 
and von Willebrand factor (vWF), are not only increased during vaso-occlusive painful 
crisis, but also in clinically asymptomatic sickle cell patients, indicating a continuous 
assault of ROS, activated leukocytes and inflammatory cytokines on endothelial cells.49-51 
Furthermore, circulating counts of activated endothelial cells, released from the vessel 
wall as a result of swelling and detachment during ischemia-reperfusion injury, are 
also increased in SCD.52

 The intracellular hemoglobin polymer formation not only leads to the characteristic 
shape change of erythrocytes but also to membrane damage resulting in extracellular 
exposure of membrane structures, such as phosphatidylserine (PS), that are normally 
restricted to the inner layer of the cell membrane.53-55 This extracellular exposure of PS 
accelerates hemolysis and induces a hypercoagulable and pro-inflammatory state, and 
adhesion of sickle red blood cells to endothelial cells.56-61 
 Nitric oxide (NO) has important vasodilatative, anti-adhesive and anti-thrombotic 
properties.62 SCD, thalassemia and other hemoytic diseases are associated with 
endothelial dysfunction which is mediated by reduced bioavailability of NO.12, 63-65 
During hemolysis heme and arginase are released from erythrocyte into plasma both 
contributing to reduced NO bioavailability.44, 66 Hemoglobin, which is normally safely 
packaged inside the erythrocyte plasma membrane, is decompartmentalized and released 
into plasma where it rapidly scavenges NO.44 The released arginase converts plasma 
arginine into ornithine, thereby limiting the availability of arginine to NO synthase 
(NOS), causing further NO deficiency.66

By oxidizing NO into the potent oxidant peroxynitrite (ONOO-), ROS also contribute to 
the reduced NO bioavailability in SCD.4, 67 The limited NO bioavailability in SCD is further 
jeopardized through its decreased generation as a result of inhibition of NO synthase 
by asymmetric dimethylarginine (ADMA).68 Plasma levels of ADMA are increased in SCD 
and associated with SCD-related pulmonary hypertension and early death.69, 70 Vascular 
damage due to chronic inflammation and oxidative stress are the major causes of elevated 
ADMA expression in SCD.71-73 The resulting decreased NO bioavailability contributes to 
reduced vasoreactivity, increased adhesion of inflammatory mediators and cells to the 
endothelium and a hypercoagulable state.62 
 Both clinical and animal studies have shown oxidative stress to play a major 
role in the pathophysiology of SCD.4, 74-76 A high production rate of ROS in SCD occurs 
due to hemolysis, ischemia-reperfusion injury, sickle hemoglobin auto-oxidation and 
chronic inflammation.75-78 Emerging evidence suggests that oxidative stress contributes 
significantly to endothelial activation, NO depletion, acceleration of hemolysis, 
inflammation and coagulation.4, 55, 63, 79-84

 Owing to its proximity to cell-free heme, the sites of ischemia-reperfusion 
injury and the autoxidative sickle red blood cells, the endothelium is a major target 
of oxidative stress in SCD. Especially after an episode of ischemia-reperfusion injury, 
this leads to endothelial cell swelling and detachment from the underlying basement 
membrane, exposing sub-endothelial structures and proteins including tissue factor 
(TF),79, 85 thereby also contributing to the hypercoagulable state of SCD. Moreover, through 
activation of nuclear factor-κB (NF-κB), ROS and their end-products such as advanced 
glycation end-products (AGEs), lead to enhanced gene expression and production of pro-
inflammatory cytokines (such as IL-1, IL-6 and TNF-α) and adhesion molecules (such as 
VCAM-1 and intercellular adhesion molecule-1 (ICAM-1)),5, 81, 86 further augmenting the 
pro-inflammatory and pro-adhesive states.
 Increased oxidative stress, adhesion of activated sickle red blood cells and expression 
of endothelial adhesion molecules lead to a pro-inflammatory state, resulting in 
recruitment and adhesion of leukocytes to endothelial cells.7, 87, 88 Leukocyte adhesion to 
the endothelium is considered to play a dominant role in the vaso-occlusive process of 
SCD. Leukocytes are relatively large and rigid cells and their adhesion to the endothelium 
decreases the intravascular diameter significantly which could limit microvascular blood 
flow and thus induce vaso-occlusion.7 Adhesion of sickle red blood cells to the adherent 
leukocytes can further limit and perhaps completely obstruct microvascular blood flow.89, 

90 In line with this hypothesis high leukocyte counts have been shown to be associated with 
frequent vaso-occlusive crises, acute chest syndrome, stroke and early death.10, 32, 33, 91, 92

Treatment

Hematopoietic stem cell transplantation (HSCT) is the only curative therapy for SCD. 
While some progresses have been made, the high treatment related mortality, lack of 
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and anti-inflammatory agents in sickle cell patients should be explored. Many potential 
antioxidants are of interest in relation to SCD, some of which have already been subjected 
to both animal and human studies.48, 119, 120 N-acetylcysteine (NAC) is one of the precursors 
of the major intracellular antioxidant glutathione, which has been demonstrated to 
be decreased in erythrocytes of sickle cell patients.74, 121 In vitro and animal studies 
have demonstrated that treatment of blood cells with NAC increases the intracellular 
concentrations of glutathione and decreases (parameters of) oxidative stress.122 Treatment 
of sickle cell patients with NAC at a dose of 2400 mg increased intracellular glutathione 
and reduced dense cell formation.120

Outline of the thesis

As discussed above (See Pathphysiology), vasculopathy is a central pathphysiological aspect 
of SCD and has a significant role in both acute and chronic SCD related complications. 
While some risk factors and mechanisms for developing SCD related organ complications 
are known, much more about the vascular pathophysiology of SCD related organ 
complications needs to be elucidated. This thesis presents studies on the pathophysiology 
of vasculopathy in SCD and its role in developing organ complications. One of the main 
contributors to the vasculopathy and disease severity in SCD is oxidative stress. Studies on 
the association of oxidative stress with hemolysis and SCD related organ complications, 
the role of antioxidant defense mechanisms and the effect of N-acetylcysteine treatment 
on oxidative stress in sickle cell patients will also be presented. 
 Ischemic stroke is a serious complication of SCD, occurring in approximately 11% 
of patients in the first two decades of life.10 Furthermore, silent cerebral infarctions 
occur in about 17% of pediatric patients and are associated with poor educational and 
cognitive functioning.91, 123, 124 Though elevated cerebral blood flow velocity (≥ 200 cm.s-1), 
measured by transcranial Doppler, has been identified as a risk factor for stroke in SCD, 
little is known about the mechanism causing the stroke and it has not been elucidated 
whether the increased cerebral blood flow velocity plays a causative role in stroke or 
whether it is a result of SCD related hemodynamic disturbances. In chapters 2 and 3 we 
report the results of our studies suggesting that mechanisms regulating the cerebral 
blood flow are impaired in sickle cell patients.
 As discussed earlier, endothelial damage plays a pivotal role in the pathophysiology 
of SCD and the subsequent cumulative organ damage. Endothelial cells are not only 
damaged through continuous activation by sickle erythrocytes, leukocytes and 
inflammatory cytokines but also due to ischemia and infarction and direct mechanical 
damage during vaso-occlusive episodes. In Chapter 4, we demonstrate that numbers of 
circulating endothelial cells are elevated in sickle cell patients and associated with the 
tricuspid regurgitation jet flow velocity, an important marker of vasculopathy and a 
strong predictor of premature death. Chapter 5 describes the potential role of endothelial 
progenitor cells in re-endothelialization and neo-vascularization after tissue ischemia/

suitable matched donors, limited availability of the procedure and, in some treatment 
schedules, the chronic use of immunosuppressive drugs with serious side effects have 
limited the use of HSCT for the treatment of SCD.93-98 As discussed below only limited 
established treatment options are available in the management of sickle cell patients.
Treatment of acute sickle cell painful crisis consists of rest, warmth, rehydration and 
pain relief, often with opiates.99, 100 Acute chest syndrome should be treated with an 
emergency exchange transfusion, antibiotics and oxygen with close monitoring of vital 
signs.100, 101 SCD related stroke is also treated with emergency exchange transfusion, while 
chronic transfusions are instituted to prevent recurrent strokes.9, 102

Hydroxyurea:
Hydroxyurea is the only approved drug for the treatment of sickle cell patients based 
upon the findings in a randomized phase III clinical trial in adult sickle cell patients.103 
Follow up for 17.5 years of patients included in this trial showed that long term use of 
hydroxyurea is safe and might decrease mortality.104 Two recent systematic reviews found 
that while hydroxyurea has proven efficacious in treating adult sickle cell patients and 
children with severe sickle cell anemia, the paucity of long term studies and studies in 
children with less severe SCD limits conclusions about toxicity and efficacy in less severe 
sickle cell children respectively.105, 106 The main mechanism contributing to the efficacy 
of hydroxyurea in sickle cell patients is the induction of fetal hemoglobin production, 
resulting in increased total hemoglobin levels and decreased hemolysis and thus release 
of cell-free heme (a major source of oxidative destruction).107, 108 Other potential beneficial 
effects of hydroxyurea include reducing leukocyte counts and inhibition of endothelial 
activation, thereby preventing the activation of many downstream pathways, such as 
hypercoagulability, inflammation, vaso-occlusion and ischemia-reperfusion injury.87, 

109-112 Two recent retrospective studies in adult patients with SCD have demonstrated a 
significant improved survival with the use of hydroxyurea.104, 113 A large prospective study 
on the prevention of organ damage by early treatment with hydroxyurea in children is 
currently underway (Baby Hug trial).

Chronic transfusion:
Chronic blood transfusions dramatically decrease the risk of (recurrent) stroke in sickle 
cell patients.102, 114-116 Patients with trans-cranial Doppler (TCD) measured blood flow 
velocities of greater than 200 cm/s in the large cerebral vessels have an associated 40% 
stroke risk within 3 years.117 Although TCD has high sensitivity (94% – 100%), its specificity 
is only 51%.118 Therefore, assuming that 24% of sickle cell patients develop stroke before 
the age of 45 years, a TCD measured blood flow velocity of >200 cm/s correctly predicts 
stroke only 36% of the times.117-119 This results in a long term exposure to transfusion 
(iron overload, alloimmunization and infections) of the remaining 64% of patients with 
abnormal velocity values (who have false positive TCD results).
 As the evidence about the important role of oxidative stress in the pathophysiology 
of SCD is expanding, potential therapeutic effects of new and established antioxidative 
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infarction and reperfusion injury in sickle cell patients.
 In Chapter 6 a review of the literature about oxidative stress in SCD and its role 
in disease pathophysiology is presented, also discussing oxidants as markers of disease 
severity and as potential therapeutic targets.
 The level of oxidative stress can be qualtified by the measurement of plasma levels of 
advanced glycation end-products (AGEs)  which are generated by glycation and oxidation 
of proteins in the Maillard reaction.125 AGEs are strong biomarkers of oxidative stress and 
associated with micro-vascular damage and organ complications in diabetes. In Chapter 
7 we report about the increased plasma levels of AGEs in SCD and their relation with 
the level of hemolysis and hemolysis related organ complications in SCD.
 Sickle erythrocytes are both an important source and target of reactive oxygen 
species (ROS). Levels of both total and reduced form of glutathione (GSH), a major 
intracellular anti-oxidant, are decreased in sickle erythrocytes, even though the de novo 
synthesis of GSH in these cells is increased. Chapter 8 is a report of our studies on a 
potential mechanism leading to erythrocyte glutathione depletion in sickle erythrocytes.
 Chapter 9 discusses the results of a study on the effects of oral N-acetylcysteine, 
as a substrate for the anti-oxidant glutathione, on indicators of oxidative stress and 
hemolysis.
  Acute painful crisis is a result of vaso-occlusion induced bone ischemia and 
infarction. Measurement of a bone degradation products could serve as a potential 
marker of disease severity during painful crisis. We measured urinary excretion of the 
collagen cross-links pyridinoline and deoxypyridinoline as potential markers of bone 
ischemia and disease severity during painful crisis, the results of which are detailed 
in chapter 10. Another potential marker of disease severity during painful crisis is the 
long pentraxin PTX3, which is an important part of innate immunity and is a strong 
and early indicator of ischemic inflammation. Chapter 11 describes the results of PTX3 
measurements as predictors of disease severity and length of painful crisis.
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