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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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Abstract
Sickle cell disease (SCD) is associated with a high incidence of ischemic stroke. 

SCD is characterized by chronic hemolytic anemia, resulting in reduced nitric 

oxide (NO)-bioavailability, and by impaired cerebrovascular hemodynamics. 

Cerebrovascular CO2 responsiveness is NO dependent and has been related to 

an increased stroke risk in microvascular diseases. We questioned whether 

cerebrovascular CO2 responsiveness is impaired in SCD and related to hemolytic 

anemia. Transcranial Doppler-determined mean cerebral blood flow velocity 

(Vmean), near-infrared spectroscopy-determined cerebral cortical oxygenation and 

end-tidal CO2 tension were monitored during normocapnia and hypercapnia in 

23 patients with sickle cell anemia and 16 control subjects. Cerebrovascular CO2 

responsiveness was quantified as Δ% Vmean and Δμmol/L cerebral oxyhemoglobin, 

deoxyhemoglobin and total hemoglobin per millimeter of mercury change in 

end-tidal CO2 tension. Both ways of measurements revealed lower cerebrovascular 

CO2 responsiveness in sickle cell patients than in controls (Vmean: 3.7 (3.1–4.7) vs 

5.9 (4.6–6.7) Δ%Vmean/mmHg, P < 0.001; oxyhemoglobin: 0.36 (0.14–0.82) vs. 0.78 

(0.61–1.22) Δμmol/L/mmHg, P = 0.025; deoxyhemoglobin: 0.35 (0.14–0.67) vs. 0.58 

(0.41–0.86) Δμmol/L/mmHg, P = 0.033; total-hemoglobin: 0.13 (0.02–0.18) vs. 0.23 

(0.13 – 0.38) Δμmol/L/mmHg, P = 0.038). Cerebrovascular CO2 responsiveness was 

not related to markers of hemolytic anemia. In sickle cell patients, impaired 

cerebrovascular CO2 responsiveness reflects a reduced cerebrovascular reserve 

capacity, which may play a significant role in the pathophysiology of stroke.

Introduction

Cerebral infarction is one of the most devastating complications of sickle cell disease 
(SCD), occurring in approximately 10% of patients in the first two decades of life.1-3 
Furthermore, silent cerebral infarctions occur in about 17% of ped nts,4;5 and are 
associated with poor educational and cognitive functioning.6 SCD is characterized by 
chronic hemolytic anemia and ongoing vaso-occlusion with exacerbations often requiring 
medical care.7-9 The vaso-occlusive process in SCD is of a complex nature mediated by 
red cell and leukocyte adhesion, inflammation, oxidative stress, and a hypercoagulable 
state, all resulting in endothelial injury and dysfunction.8 In addition, by reducing 
the nitric oxide (NO) bio-availability and by damaging the endothelium through the 
catalyzation of oxidative reactions in endothelial cells, chronic hemolysis leads to 
vascular complications.10-12

 Elevated cerebral blood flow (CBF) velocity (≥ 200 cm.s-1), measured by transcranial 
Doppler (TCD), has been identified as a risk factor for stroke in SCD.13 However, little is 
known about the mechanism of (ischemic) stroke in sickle cell patients and it has not 
been elucidated whether the increased CBF flow velocity plays a causative role in stroke 
or whether it is a result of SCD related hemodynamic disturbances. 
 CBF is tightly regulated to maintain constancy of cerebral perfusion in the 
face of varying systemic blood pressures by both local mechanisms and autonomic 
control (cerebral autoregulation).14-17 Recently, we demonstrated that dynamic cerebral 
autoregulation is impaired in SCD.18 Independent from cerebral autoregulation, the 
influence of the partial arterial carbon dioxide (CO2) tension on CBF is of importance. 
Under normal conditions, increments and decrements of the partial arterial and thus 
end-tidal CO2 tension (PETCO2) increase and decrease CBF by cerebral vasodilatation and 
vasoconstriction respectively.19 This phenomenon is known as the cerebrovascular CO2 
responsiveness and reflects the vasodilatatory capacity of the cerebral vasculature or 
cerebrovascular reserve capacity.15;20-23 A reduced cerebrovascular reserve capacity has been 
demonstrated to be an independent predictor of cerebrovascular ischemic events.24-26

 Cerebrovascular CO2 responsiveness has been demonstrated to be impaired in 
patients with endothelial dysfunction and cerebral microangiopathy possibly due to a 
reduced NO bioavailability.27-29 Since SCD is associated with increased risk of stroke and 
characterized by low NO bioavailability due to its decreased generation (endothelial 
dysfunction)30 and increased scavenging by cell-free heme (chronic hemolysis),10;11 we 
tested the hypothesis that the cerebrovascular CO2 responsiveness is impaired in SCD 
and may be related to the degree of hemolysis. 
 The cerebrovascular CO2 responsiveness can be quantified by relating changes in 
TCD determined middle cerebral artery (MCA) mean CBF velocity (Vmean) or near-infrared 
spectroscopy (NIRS) determined changes in frontal cortical hemoglobin concentrations to 
artificially increased PETCO2 as an estimate of arterial CO2 tension (PaCO2).31;32 In this study 
we evaluated cerebrovascular CO2 responsiveness in sickle cell patients by simultaneously 
recording changes in both MCA Vmean and frontal cortical concentrations of oxygenated- 
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(oxyhemoglobin, [O2Hb]), deoxygenated- (deoxyhemoglobin, [dHb]) and total hemoglobin 
([t-Hb]) in response to hypercapnia.29;31 

Materials and Methods

Study population
Consecutive sickle cell patients of the outpatient clinic of the department of Clinical 
Hematology, Academic Medical Center, Amsterdam and age-, gender- and ethnicity-
matched healthy normal hemoglobin AA (HbAA) controls were recruited for the study. 
Inclusion criteria for sickle cell patients were age ≥ 18 years and homozygous sickle cell 
anemia (HbSS) confirmed by high performance liquid chromatography. Exclusion criteria 
were history of stroke, hypertension (systolic >140 mmHg and/or diastolic >90 mmHg), 
use of cardiovascular medication, blood transfusion in the preceding four months 
and acute vaso-occlusive events (painful crises, acute chest syndrome, sequestration 
crises or priapism) in the preceding four weeks. All participants received verbal and 
written explanation of the objectives and procedure of the study and subsequently 
provided written informed consent. The study was approved by the AMC Medical Ethical 
Commission and experiments were performed in accordance with the Declaration of 
Helsinki.

Recordings
The TCD (DWL Multidop X4, Sipplingen, Germany) derived CBF velocity was measured 
in the proximal segment of the MCA and insonated through the posterior temporal 
window. Once the optimal signal-to-noise ratio was obtained, the probe was secured 
with a headband (Marc 600, Spencer Technologies, Seattle, USA). Middle cerebral artery 
Vmean was used for evaluation of changes in CBF assuming that changes in MCA Vmean 
are representative of those in CBF. TCD monitors blood flow velocity rather than blood 
flow and changes in the diameter of the insonated vessel could modulate velocity 
independently of flow. However the MCA is a conductance rather than a resistance 
vessel and changes in mean arterial pressure and CO2 have negligible effects on its 
luminal diameter.33;34

 Changes in cerebral oxygenation were monitored using NIRS (Oxymon, Artinis 
Medical Systems BV, Zetten, The Netherlands) which, based on the transparency of tissue 
to light in the near-infrared region, detects changes in tissue chromophores, i.e. mainly 
O2Hb and dHb. With the use of a modified Lambert-Beer law changes in light absorption 
at different wavelengths are measured, and tissue oxygenation is monitored. To estimate 
changes in [O2Hb] and [dHb], a differential path length factor of 6.0 was applied to account 
for the scattering of light in the tissue. Changes in regional cerebral tissue oxygenation 
were followed by NIRS at wavelengths of 775 and 850 nm. [O2Hb] and [dHb] were recorded 
at 10-Hz with the light source and sensing optodes positioned on the ipsilateral side of 
the TCD insonation above the supra-orbital ridge below the hairline, with an interoptode 

distance of 5.0 cm, and secured with a lightproof holder attached to a headband. NIRS 
determined brain capillary oxygenation is functionally related to the balance between 
arterial and jugular venous oxygen saturation. Changes in cerebral blood volume are 
reflected by changes in total hemoglobin concentration [t-Hb] expressed as the sum of 
[O2Hb] and [dHb]. Changes in [O2Hb] and [dHb] in micromolar are calculated with baseline 
(normocapnic resting) values as reference set at 0 µmol/L.
 PETCO2 was measured by a sampling infrared capnograph (Tonocap, Datex-Ohmeda, 
Madison, USA). Brachial arterial blood pressure (BP) was measured with an automated 
non-invasive device (HEM-705CP, Omron, Kyoto, Japan). Peripheral transcutaneous O2 
saturation (SpO2) was measured using a pulse oximeter (Novametrix 515A, Wallingford, 
Connecticut, USA).

Protocol and Measurements
Measurements were performed in supine position in a quiet environment with an 
ambient temperature of 22o C. All participants were asked to abstain from caffeinated 
beverages for at least 12 hours prior to measurement. After instrumentation volunteers 
started breathing through a standard spirometry mouth-piece, with the lips sealed tightly 
around its edge to prevent air leakage. A nose peg was applied during the measurements 
to prevent nasal breathing. Following 5 minutes of baseline normocapnic measurements, 
the mouth-piece was attached to a gas mixture of 5% CO2 and 95% O2. Changes in 
PETCO2 provided a continuous quality check of breathing through the mouth-piece. 
The participants continued breathing this hypercapnic gas mixture until the rising CBF 
velocity and cerebral [O2Hb], [dHb] and [t-Hb] signals reached a steady state.

Blood samples
Blood samples were drawn via venipuncture. Standard blood counts (hemoglobin (Hb), 
hematocrit (Ht), leucocytes, platelets and reticulocyte %) were performed in EDTA blood 
(Cell-Dyn 4000, Abbott, Illinois, USA). Lactate dehydrogenase (LDH) and total bilirubin 
levels were measured in heparinized plasma with spectrophotometry (P800 Modular, 
Roche, Basel, Switzerland).

Data Analysis
Signals of MCA blood flow velocity and PETCO2 were collected and analog-to-digital (AD) 
converted with a sampling frequency of 100 Hz. NIRS data were AD converted with a 
sampling frequency of 10 Hz. All data were stored on hard disk for off-line analysis. 
Beat-to-beat values for MCA Vmean were derived as the integral over one beat divided by 
the corresponding beat interval. 
 Cerebrovascular CO2 responsiveness was expressed as percentage change of MCA 
Vmean per mmHg change in PETCO2 and as changes in [O2Hb], [dHb] and [t-Hb] per mmHg 
change in PETCO2 between normocapnia and hypercapnia.   
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Statistics 
Based on the study of Lavi et al,28 (with a calculated standard deviation of 0.4, a difference 
in population means of 0.4 and type 1 error of 0.05) 19 patients and 14 controls had to 
be included in the study to attain 80% power for the difference in cerebrovascular CO2 
responsiveness as determined by the TCD measured Vmean.  Data are presented as medians 
with interquartile range (IQR), unless stated otherwise. Mann-Whitney U-test was applied 
to test differences between the groups. The Spearman Rank (rs) correlation coefficient was 
calculated for correlation studies. P-values < 0.05 were considered statistically significant 
(SPSS 16.0, SPSS Inc., Chicago, IL, USA).

Table 1. Patient characteristics and hemolytic parameters. 

Patients
(n = 23)

Controls
(n = 16)

P-value

Age (median + range) 26 (21 – 42) 33 (24 – 40) 0.37

Male: Female 9:14 7:9 0.81

BMI 21.2 (20.4 – 23.9) 23.5 (21.4 – 26.6) 0.037

Systolic BP (mmHg) 121 (112 – 130) 125 (120 – 127) 0.25

Diastolic BP (mmHg) 71 (66 – 77) 78 (77 – 82) 0.003

MCA Vmean, cm·s-1 79 (69 – 98) 69 (55 – 77) 0.021

SpO2 (mmHg) 97 (96 – 97) 98 (97 – 98) 0.016

Hb (gm/dL) 9.0 (8.5 – 9.7) 12.9 (12.3 – 14.0) < 0.0001

Ht (L/L) 0.25 (0.24 – 0.29) 0.39 (0.37 – 0.41) < 0.0001

Reticulocyte % 7.8 (6.4 – 11.3) 0.9 (0.8 – 1.6) < 0.0001

LDH (U/L) 380 (336 – 469) 155 (131 – 171) < 0.0001

Total bilirubin (mg/dL) 2.7 (2.0 – 4.5) 0.7 (0.4 – 1.7) 0.004

Values are medians with interquartile ranges (IQR); age is median with range. BMI body mass index; BP blood 
pressure; MCA middle cerebral artery; SpO2 transcutaneous peripheral oxygen saturation; Hb hemoglobin; 
LDH lactate dehydrogenase;  

Results

Patient data
Of 45 consecutive eligible homozygous (HbSS) sickle cell patients who visited our 
out-patient clinic, 23 (14 women; median age 26 years, range 21 – 42 years) agreed to 
participate in the study. Sixteen age-, sex- and ethnicity-matched healthy controls (9 
women; median age 33, range 24 – 40 years) were also included in the study. NIRS 
data of 9 patients and 3 controls were excluded from analysis due to an insufficient 
noise to signal ratio (sudden and recurrent spikes during the measurements). Sickle cell 
patients had lower BMI, diastolic BP, SpO2, Hb and Ht and higher MCA Vmean, reticulocyte 
percentage, LDH and total bilirubin levels (Table 1). Age, male:female ratio and systolic 
BP were comparable between groups.
 
Cerebrovascular CO2 responsiveness 
The cerebrovascular CO2 responsiveness determined with both TCD (Figure 1A) and NIRS 
(Figure 1B) was lower in sickle cell patients than in controls. Representative examples 
of continuous PETCO2 and CBF velocity recordings of a healthy control (Figure 2A) and a 
sickle cell patient (Figure 2B) are shown.
 During normocapnia Vmean correlated to Ht (rs=-0.46, P=0.004; Figure 3A). When 
analyzed for the SCD and control group separately, the correlations between normocapnic 
resting CBF velocity and Ht were rs=-0.40, P=0.068 and rs=-0.01, P=0.98 respectively 
(Figure 3B). Neither Ht nor Vmean at normocapnia were related to cerebrovascular CO2 
responsiveness (Figure 4A and B, respectively). Other indicators of hemolytic anemia, 
including Hb, reticulocyte percentage and LDH, were not related to cerebrovascular 
CO2 responsiveness either (data not shown). Cerebrovascular CO2 responsiveness was 
not related to age. Within the SCD group, patients using hydroxyurea tended to have 
a higher cerebrovascular CO2 responsiveness than those not on hydroxyurea, but only 
statistically different for [dHb] (Figure 5). Hemoglobin levels between sickle cell patients 
using and those not using hydroxyurea were comparable (9.1 (8.5 – 9.6) vs. 9.0 (8.1 – 9.8). 
Hemoglobin F (HbF) levels, available from earlier laboratory controls, were not related 
to cerebrovascular CO2 responsiveness (data not shown).
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Figure 1. Cerebrovascular CO2 responsiveness (CCR) in sickle cell patients and healthy controls. 
(A) Cerebrovascular CO2 responsiveness expressed as relative change in mean CBF velocity (% ΔVmean) per millimeter 
of mercury change in PETCO2 (CCR-TCD) was lower in sickle cell patients ( , n = 23) than in healthy controls 
( , n = 16). (B) Cerebrovascular CO2 responsiveness expressed as absolute changes (Δμmol/L) in cerebral [O2Hb], 
[dHb] and [t-Hb] per millimeter of mercury PETCO2 (CCR-NIRS) were also significantly lower in SCD patients 
( , n = 14) than in healthy controls ( , n = 13). Data are mean ± SEM..

Figure 2. Representative continuous recordings of PETCO2 and CBF velocity (CBFV). (A) Healthy subject. (B) 
Sickle cell patient. In the patient, the increase in CBFV is less pronounced. Early levelling off for a comparable 
change in PETCO2 indicates a reduced cerebrovascular CO2 responsiveness. 

Figure 3. Normocapnic mean CBF velocity (Vmean) in relation to hematocrit (Ht). (A) Normocapnic Vmean was 
inversely correlated to Ht across all participants (rs = –0.46, P = 0.004; n = 38). (B) The relationship between 
normocapnic Vmean and Ht was not statistically significant when the correlation analyses for the sickle cell 
patients (●; rs = –0.36, P = .098; n = 23) and healthy controls (Δ; rs = –0.01, P = .96; n = 16) were performed separately.

Figure 4. Cerebrovascular CO2 responsiveness (CCR) in relation to normocapnic mean CBF velocity (Vmean) and 
hematocrit (Ht). Both in sickle cell patients (●; n = 23) and healthy controls (Δ; n = 16), CCR was not related to 
either (A) Vmean (rs = 0.07, P =.8 and rs = –0.05, P = .9 respectively) or (B) hematocrit (rs = –0.18, P = .4 and rs = 0.07, 
P = .8 respectively).

Figure 5. Cerebrovascular CO2 responsiveness (CCR) in SCD patients with and without hydroxyurea. 
(A) Cerebrovascular CO2 responsiveness expressed as relative change in mean CBF velocity (percentage ΔVmean) 
per millimeter of mercury change in PETCO2 (CCR-TCD) was higher in SCD patients using hydroxyurea (Hydroxy+, 

, n = 10) than in those not using hydroxyurea (Hydroxy–, , n = 13), although the difference was not statistically 
significant. (B) Cerebrovascular CO2 responsiveness expressed as absolute changes (Δμmol/L) in cerebral [O2Hb], 
[dHb], and [t-Hb] per millimeter of mercury PETCO2 were also higher in SCD patients using hydroxyurea 
(n = 7) than in those not using hydroxyurea (n = 7), although the difference was only statistically significant for  
dHb-derived cerebrovascular CO2 responsiveness. Data are mean ± SEM.
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Discussion 

The results of this study provide new insights regarding cerebrovascular control in sickle 
cell disease. The main finding of the study is that cerebrovascular CO2 responsiveness 
in young adult sickle cell patients was reduced implying that the vasodilatatory 
capacity of the cerebral vasculature is impaired. The defect in cerebrovascular CO2 
responsiveness appeared not to be related to the hematocrit or normocapnic resting 
Vmean. Reduction of cerebrovascular CO2 responsiveness is thought to play an important 
role in the pathogenesis of cerebral microangiopathy which may contribute to the 
increased susceptibility to cerebrovascular ischemic events,35 particularly upon increased 
metabolic requirements or during episodes of hypoperfusion, e.g. SCD-related cerebral 
vaso-occlusion and hypotension.36

 SCD is characterized by a reduced NO bioavailability which may contribute to the 
reduced cerebrovascular CO2 responsiveness in this disease.10 Elevated levels of cell-free 
heme as a result of chronic hemolysis induce increased NO scavenging thereby reducing 
NO bioavailability in SCD.37 However, in the present study, the impaired cerebrovascular 
CO2 responsiveness was not related to the standard biomarkers of hemolysis. As more 
specific indicators of hemolysis (eg cell-free heme) were not available, a causative relation 
between hemolysis and cerebrovascular CO2 responsiveness can not be ruled out. Of 
interest, whereas cerebrovascular CO2 responsiveness was not related to HbF levels, the 
use of hydroxyurea seemed to relate to a higher cerebrovascular reserve capacity in sickle 
cell patients, even though hemoglobin levels between these two patient groups were 
comparable. Although the study was not designed to assess the effect of hydroxyurea on 
cerebrovascular reserve capacity, this observation suggests that hydroxyurea may have a 
beneficial influence on the endothelial function and consequently the cerebrovascular 
reserve capacity. 
 A possible role of hyperemia related cerebral vasodilatation as a cause of reduced 
cerebrovascular reserve capacity also needs to be considered. The hyperemia related 
cerebral vasodilatation might be induced by an increased CBF demand as a compensation 
for anemia. However in the present study, while finding a weak correlation between Ht 
and Vmean at normocapnia, neither Ht nor the normocapnic resting Vmean was related 
to cerebrovascular CO2 responsiveness, rendering a major role of hyperemia as a cause 
of reduced cerebrovascular reserve capacity in adult sickle cell patients less likely. 
While we do not exclude a role of hyperemia related cerebral vasodilatation in the 
reduced cerebral reserve capacity, as suggested by Prohovnik et al.38, we would also like 
to call attention to other contributing factors, including chronic endothelial damage 
by repeated vaso-occlusion (ischemia-reperfusion), inflammation and intravascular 
hemolysis and a reduced NO bioavailability.28-30;37 It should be taken into account that 
the study by Prohovnik et al., measuring global CBF by the 133Xe inhalation method 
in sickle cell patients, was performed in a heterogeneous group of sickle cell patients 
ranging from HbSS children with high Vmean to adults with the less severe heterozygous 
HbSC and patients receiving blood transfusions with consequently higher Ht and lower 

Vmean. In the present study only adult homozygous HbSS sickle cell patients without blood 
transfusions in the preceding 4 months were included. Furthermore, the normocapnic 
resting Vmean in sickle cell patients of the present study (79 (69 – 98)cm/s) was well below 
the hyperemic values normally observed in pediatric sickle cell patients.
 The second important influence on CBF consists of cerebral autoregulation that 
maintains CBF more or less stable within a range of mean arterial pressure between 60 
and 150 mmHg.14 In a previous study we demonstrated that sickle cell patients also have 
an impaired dynamic cerebral autoregulation.18 Together with the findings of the present 
study, these results imply that in SCD both mechano- and chemoregulation as the two 
major operative mechanisms responsible for maintaining CBF are impaired, rendering 
sickle cell patients susceptible to ischemic episodes. Based on the highly sensitive 
control of the cerebral vasculature via changes in PETCO2 and the inverse relationship 
between CBF and ventilation, the alteration in CBF regulation has been proposed to 
contribute to breathing instability.39 This was recently verified in healthy subjects 
where pharmacological reduction of brain CO2 responsiveness increased breathing 
instability and apneas during sleep.40 Whether this is of influence in sickle cell patients 
is unknown where the impact of the combined disarrangement of mechanoregulation 
and chemoregulation of brain blood flow is as yet largely unidentified and data regarding 
overnight pulse oximetry of the study patients were unavailable In the present study, 
the middle cerebral artery Vmean was used for evaluation of changes in CBF. Since MCA is 
a conductance rather than a resistance vessel, changes in MCA Vmean are representative 
of those in CBF. NIRS is based on a different physical principle and tracks changes in 
cerebral frontal oxygenation with a comparable time-resolution as TCD determined 
Vmean. In humans NIRS has been shown as an adequate measure of cerebral oxygenation.41 
Simultaneous assessment of cerebrovascular CO2 responsiveness by TCD and NIRS have 
shown correlating results in patients with cerebrovascular disease.29;42 This was also 
observed in the present study, where parallel changes of NIRS-determined cerebral blood 
oxygen concentrations to those in TCD determined Vmean in response to CO2 affirmed 
the observed differences between patients and controls. A potential influence of anemia 
on NIRS data in the patient group has to be considered. However, to our knowledge the 
effect of reduced Hb concentration on changes in [O2Hb], [dHb] and [t-Hb] as determined 
by NIRS has not been investigated yet. Therefore we can only speculate on the influence 
of anemia on the NIRS results, whereas the TCD results confirm the impairment of 
cerebrovascular CO2 responsiveness in sickle cell patients. 
 Although a history of symptomatic stroke was an exclusion criterion, the presence 
of silent cerebral infarcts in the study patients can not be ruled out. Interestingly in 
patients with type 2 diabetes, regional white matter hyper-intensities were associated 
with reduced cerebrovascular CO2 responsiveness.43 Despite the relatively small sample 
size, further limited by missing NIRS data in 9 patients and 3 controls, the strongly 
significant decreases in cerebrovascular CO2 responsiveness in the sickle cell patients 
suggest an important role for impaired cerebrovascular CO2 responsiveness in the 
increased susceptibility to stroke in SCD, regardless of the presence or absence of silent 
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cerebral infarcts. However whether silent cerebral infarcts are related to cerebrovascular 
CO2 responsiveness, needs to be elucidated in a larger study with cerebrovascular CO2 
responsiveness measurements combined with cerebral MRI.
 Currently, pediatric sickle cell patients with high stroke risk are identified by TCD 
screening.44;45 Even though this is an effective strategy, many of these patients are exposed 
to the risks of long-term transfusion programs while not all patients will experience 
stroke. A better understanding of the pathophysiology of SCD related stroke is needed 
in order to identify new management strategies and to further optimize stroke risk 
assessment. Whether the degree of cerebrovascular CO2 responsiveness could be of 
additional diagnostic and prognostic value in SCD related strokes in pediatric patients 
is subject of further study. 
 In conclusion, we demonstrated that homozygous sickle cell patients without a 
history of symptomatic stroke have an impaired cerebrovascular CO2 responsiveness 
suggesting a reduced cerebrovascular reserve capacity that might play a role in the 
pathophysiology of stroke in SCD. The impaired cerebrovascular CO2 responsiveness 
was not related to the degree of hemolysis. Whether cerebrovascular CO2 responsiveness 
measurement could be of additional prognostic value next to TCD screening in 
identifying patients at high risk for stroke,44;45 remains to be elucidated.
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Abstract
Background and Purpose — Sickle cell disease (SCD) is associated with cerebral 

hyperperfusion and an increased risk of stroke. Also, both recurrent 

microvascular obstruction and chronic hemolysis affect endothelial function, 

potentially interfering with systemic and cerebral blood flow control. We 

addressed the question whether cerebrovascular control in SCD patients is 

affected and related to hemolysis.

Methods — Systemic- and cerebrovascular control were studied in 18 patients 

with SCD and 10 healthy subjects (CTRL). Dynamic cerebral autoregulation was 

evaluated by transfer function analysis assessing the relationship between mean 

cerebral blood flow velocity (Vmean) and mean arterial pressure (MAP). 

Results — Normal baroreflex sensitivity and postural cardiovascular reflex 

responses indicated integrity of systemic cardiovascular control. In the low (0.07-

0.15 Hz) frequency region, MAP variability was comparable for both groups, but 

a larger Vmean variability in SCD (6.1 (4.6-7.0) vs. 4.2 (2.6-5.2) (cm·s-1)2·Hz-1, P<0.05) 

indicated a reduced capacity to buffer the transfer of blood pressure surges to the 

cerebral tissue. Impairment of dynamic cerebrovascular control was confirmed 

by a reduced MAP-to-Vmean transfer function phase lead in SCD vs. CTRL (32±18° 

vs. 50±19°, P<0.05) that was unrelated to the severity of hemolysis. 

Conclusions — In SCD patients dynamic cerebral autoregulation is impaired but 

appears unrelated to hemolysis.  

Introduction

Sickle cell disease (SCD) exhibits coexistence of contrasting perfusion profiles with 
microcirculatory hypoperfusion and systemic circulatory hyperperfusion with increased 
regional blood flow.1 SCD patients are proposed to have a lower systemic vascular 
resistance2 and blood pressure (BP)3 compared to healthy subjects, but yet cerebral 
infarction with acute neurological deficits affects 5% to 17% of SCD patients by 15 years 
of age.4-6 Silent cerebral infarctions are present in about one third of homozygous SCD 
patients without clinically apparent neurologic events, but whether control of cerebral 
blood flow (CBF) functions normally is unknown.   
 Generally, BP is a determinant of the risk of ischemic stroke. Although in SCD 
patients BP is within the so-called cerebrovascular autoregulatory range, where constancy 
of CBF is maintained for a wide range of BP, patients may be nevertheless exposed to 
cerebral hyperperfusion,7 reflected by an increased CBF and cerebral blood flow velocity 
(CBFV).8-10 Cerebral hyperemia is assumed to be a consequence of the anemic state and a 
relationship with a higher incidence of stroke in SCD patients has been proposed.4 This 
questions the efficacy of cerebrovascular autoregulatory capacity to protect the brain 
against hyperperfusion. 
 Furthermore, SCD is characterized by recurrent microvascular obstruction and 
chronic hemolysis. Both affect endothelial function, and are associated with a reduced 
nitric oxide (NO) bioavailability as the result of reduced formation of NO and increased 
scavenging of NO by cell-free circulating hemoglobin (Hb), released due to chronic 
hemolysis. Cerebrovascular endothelium plays an important role in the regulation of 
CBF,11 and endothelial dysfunction may interfere with cerebral autoregulation. 
 We questioned whether cerebrovascular control in SCD patients is affected and 
related to hemolysis, and therefore set out to evaluate systemic cardiovascular and 
cerebral blood flow control in patients with SCD in relation to the degree of hemolysis.

Subjects and methods

Subjects
Afro-Caribbean black subjects with SCD and age- and ethnicity-matched healthy subjects 
(CTRL) were consecutively recruited from the outpatient clinic at the Academic Medical 
Center. Group characteristics are presented in Table 1. All subjects gave their written 
informed consent as approved by the AMC Medical Ethical Committee and experiments 
were performed in accordance with the Declaration of Helsinki. Only SCD patients 
with genotype HbSS or HbSβ0 thalassemia, confirmed by high performance liquid 
chromatography, were included in the study. Exclusion criteria consisted of: a sickle 
cell crisis in the preceding four weeks, history of symptomatic cerebrovascular disease, 
clinical manifestation of heart failure or other cardiovascular diseases, uncontrolled 
hypertension (BP >160/100 mmHg), orthostatic hypotension, use of medication with 



42

C
ha

pt
er

 3

43

Cerebral autoregulation in SCD

potential influence on autonomic cardiovascular function, or a blood transfusion in 
the preceding four months. The studies were performed in morning sessions in a room 
at 22 ºC. Subjects were requested to abstain from caffeinated beverages for at least 12 
hours prior to measurements. 

Blood samples
Degree of hemolysis was represented by Hb, reticulocyte count, lactate dehydrogenase 
(LDH) and haptoglobin plasma levels. Venous blood samples were drawn from all subjects 
and centrifuged immediately at 3000 g for 15 minutes and then stored at -80oC. Complete 
blood counts (Hb, hematocrit (Ht), leucocyte, reticulocyte percentage) were determined 
(Cell-Dyn 4000, Abbott, Illinois, USA) and LDH was analyzed using spectrophotometry 
(Roche Hitachi Modular P800, Basel, Switzerland). 

Hemodynamic parameters
Continuous BP was measured non-invasively by a servo-controlled f inger 
photoplethysmograph (Portapres, FMS, Amsterdam, The Netherlands) with the cuff 
placed on the middle phalanx of the left middle finger kept at heart level. Changes 
in BP measured by photoplethysmography are not different from intra-arterial BP 
measurements both at rest and during orthostatic stress.12 An automated non-invasive 
BP measuring device (HEM-705CP, Omron, Kyoto, Japan) was used to calibrate the finger 
BP measurements. Stroke volume (SV) was determined by pulse wave analysis using 
the Modelflow method (BeatScope 1.0 software, BMEye, Amsterdam, The Netherlands).12 
Heart rate (HR) was the inverse of the interbeat interval (IBI). Cardiac output (CO) was 
the product of HR and SV, and systemic vascular resistance (SVR) was mean arterial 
pressure (MAP) divided by CO. The transcranial Doppler (TCD, DWL Multidop X4, 
Sipplingen, Germany) derived CBFV was measured in the proximal segment of the 
right middle cerebral artery (MCA) and the MCA was insonated through the posterior 
temporal window. Once the optimal signal-to-noise ratio was obtained, the probe was 
secured with a headband (Marc 600, Spencer Technologies, Seattle, USA). Arterial CO2 
tension influences CBF independently of cerebral autoregulation.13 To account for the 
cerebrovascular effects of CO2, end-tidal CO2 tension (PETCO2) was measured by a sampling 
infrared capnograph (Tonocap, Datex-Ohmeda, Madison, USA). Transcutaneous O2 
saturation (SpO2) was measured using a pulse oximeter (Novametrix 515A, Wallingford, 
Connecticut, USA). The signals of BP, spectral envelope of MCA velocity, and PETCO2 were 
analog/digital converted at 100 Hz and stored on a hard disk for off-line analysis. 

Systemic cardiovascular control
The MAP, HR and SVR responses to orthostatic stress assessed efferent sympathetic 
vasomotor function.14 Afferent, central and vagal efferent baroreceptor reflex pathways 
were evaluated by quantifying baroreflex sensitivity (BRS) using the sequential method.15 
Beat-to-beat values of systolic BP and IBI were interpolated and resampled at 1 s. Cross-
correlations were calculated using a 10 s window containing systolic BP for delays in 

the IBI window of 0-5 s. The highest coefficient of correlation was selected and accepted 
if P<0.01. BRS was the slope of the regression line between changes in IBI vs. systolic BP, 
expressed as ms·mmHg-1.

Table 1. Group Characteristics

Characteristic CTRL (n=10) SCD (n=18)

M/F 3/7             5/13

Age, y 35  (9) 33 (12)

BMI, kg/m2 25.6  (4.6) 22.1 (3.0)†

History of hypertension* 0 0

Blood pressure, mmHg
    Systolic
    Diastolic
    Mean

120
78
92

(9)
(6)
(6)

120
72
88

(11)
(7)†
(8)

SpO2, % 97.4 (0.8) 96.3 (1.3)†

Hb, mmol/L 8.0 (7.6-8.3) 5.7 (5.3-6.1)‡

Ht, L/L 0.39 (0.03) 0.26 (0.04)‡

LDH, U/L 154 (24) 392 (328-454)‡

Reticulocyte, % 1.4 (0.8-1.7) 7.1 (6.4-9.5)‡

Organ damage
    Microalbuminuria
    Pulmonary hypertension
    Retinopathy

0
0
0

7
5
2

Medication
   Hydroxyurea
   Folic acid

0
0

6
18

* defined as blood pressure >140/90 mmHg; † P<0.05 and ‡ P<0.01 versus CTRL. Data are presented as means (SD) 
or medians (interquartile range).

Cerebral blood flow control 
The steady-state response of mean MCA velocity (MCA Vmean) to postural change was 
assessed from steady-state arterial pressure and CBFV sampled from 1 min before standing 
up to 5 min upright. With standing, the positioning of the head ca. 30 cm above heart 
level within a few seconds results in an abrupt reduction in cerebral perfusion pressure 
of approximately 20 mmHg,16 with a decrease in cerebral tissue oxygenation16, 17 and CBF18 
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reflected by the TCD determined MCA Vmean.13 Such steady-state reductions in cerebral 
perfusion take place even though the cerebral perfusion pressure remains within, what 
is considered to be, its autoregulatory range. Static cerebral autoregulation limits the 
steady-state postural reduction in MCA Vmean to ~ 15%.16, 17 Beat-to-beat values for MCA 
Vmean and MAP were derived as the integral over one beat divided by the corresponding 
beat interval. MAP at brain level (MAPbrain) was calculated from MAP measured at heart 
level and the vertical finger-to-TCD probe distance.17 Cerebrovascular resistance (CVR) was 
the ratio of MAPbrain and MCA Vmean. The Gosling pulsatility index of the MCA was taken 
as an index of cerebral microangiopathy expressed as the amplitude of CBFV divided 
by time-averaged CBFV.19 
 Frequency domain analysis quantified the counter-regulatory capacity of dynamic 
cerebral autoregulation from spontaneous BP oscillations in the upright position.20, 21 
A 4 min tracing of beat-to-beat data of MAP and MCA Vmean was spline interpolated and 
resampled at 4 Hz. To quantify the variability of BP and CBFV, the power spectra of 
the two variables were estimated by transforming the time series of BP and CBFV with 
discrete Fourier transformation to the frequency domain. From the cross spectrum, 
transfer function phase shift and gain were derived. According to the high-pass filter 
model of cerebral autoregulation, autoregulatory capacity is reflected by the positive 
phase relation between oscillations of BP (input function) and CBFV (output function).20 
At high frequencies, less cerebral attenuation of MAP surges to MCA Vmean implies that 
the cerebral autoregulation cannot respond fast enough to rapid changes in MAP.20 
Results were expressed as the integrated area in the low frequency (LF) range (0.07 to 0.15 
Hz). The gain as the ratio of the amplitudes of MCA Vmean and MAP was taken to reflect 
the effective amplitude dampening of BP fluctuations. To examine the strength of the 
relationship between MAP and MCA Vmean, coherence was used to signify that the two 
cardiovascular signals co-vary significantly in the LF area. Like a correlation coefficient, 
it varies between 0 and 1, and a coherence above 0.5 was considered to provide a reliable 
estimate of the transfer function variables. Data with a coherence lower than 0.5 were 
excluded from further analysis. Phase shift was defined positive where MCA Vmean leads 
MAP. In healthy subjects, MCA Vmean leads MAP with 50°~60° in the LF range.20, 21 To 
account for the intersubject variability, the gain was normalized for MCA Vmean, and 
expressed as the percentage change in cm·s-1 per mmHg.

Statistical analysis 
Data are presented as means (SD) or medians (interquartile range). Differences between 
groups were identified by unpaired Student t-test when data fitted a normal distribution, 
and a Mann-Whitney rank sum test was applied when data were not normally distributed. 
Two-way ANOVA was used to identify differences across condition (SCD vs. CTRL) and 
body position. P<0.05 was considered to indicate a statistically significant difference. To 
investigate the relationship between hemolysis and dynamic cerebral autoregulatory 
capacity, a multivariate stepwise regression model was constructed with MAP-to-MCA Vmean 
transfer function phase as the dependent variable and Hb and LDH as the independent 

variables, as well as age, systolic and diastolic BP, Ht, reticulocyte count, presence of 
chronic organ failure (pulmonary hypertension, retinopathy, microalbuminuria), use of 
hydroxyurea or folic acid, and body mass index (BMI) with forward entry and removal.

Results

Group characteristics and baseline measurements
Eighteen Afro-Caribbean black subjects (5 male and 13 female) with SCD (17 patients with 
HbSS and 1 with HbSβ0 thalassemia) and 10 age- and ethnicity-matched healthy subjects 
(3 male and 7 female, CTRL) were included. Among the SCD vs. CTRL groups, there were 
no differences with regard to gender ratio and age, whereas BMI, SpO2, diastolic BP 
(P<0.05) and SVR (P=0.012) were lower in SCD (Table 1). In the SCD group plasma LDH 
and reticulocyte count were higher, and Hb lower (P<0.01) whereas haptoglobin was 
undetectably low. A limited (<15%) variation of these values in the preceding 2 years 
conformed to a relatively stable level of hemolysis. Baseline MAP, HR, SV, CO, PETCO2 
and pulsatility index were comparable between groups (Table 2). MCA Vmean was higher 
(87±16 vs. 64±13 cm·s-1, P<0.01) and CVR lower (0.94±0.16 vs. 1.35±0.23 mmHg·cm-1·s-1, P<0.01) 
in SCD. 

Systemic cardiovascular control
A normal orthostatic increase in SVR confirmed intact efferent sympathetic vasomotor 
function in SCD (Figure 1). The postural reduction in SV and CO did not differ between 
groups. A normal orthostatic HR response together with normal BRS indicated intact 
parasympathetic HR control in SCD. 

Cerebral blood flow control 
The postural decline in MAPbrain (-15%), MCA Vmean (-13% vs. -14%) and PETCO2 (-4% vs. -6%) 
was comparable. In 1 subject from the CTRL group and in 2 subjects from the SCD group, 
coherence was below 0.5 and these data were excluded from further analysis. MAP LF 
power was comparable for both groups (Table 3), whereas MCA Vmean LF power was higher 
in the SCD group (6.1 (4.6-7.0) vs. 4.2 (2.6-5.2) (cm·s-1)2·Hz-1, P=0.043). Representative examples 
of individual recordings are given in Figure 2. In the SCD group the transfer function 
phase lead between MCA Vmean and MAP was lower (32 (19-39) ° vs. 50 (44-60) °, P<0.05, 
Figure 3), with phase lead lower than 40° in 83% of the patients. MAP-to-MCA Vmean 
transfer function phase did not relate to Hb, LDH, Ht, reticulocyte count, age, systolic 
and diastolic BP, BMI or presence of chronic organ damage. No relationship was found 
between Hb levels and MCA Vmean.
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Table 2. Cerebrovascular and Cardiovascular Response to Postural Change 

Groups     Supine 
Standing
 t = 5 min     Δ  P 

MAPheart, mmHg
CTRL 83 (10) 93 (10) +13 %**

0.28
SCD  80 (7) 91 (11) +14 %**

MAPbrain, mmHg
CTRL 83 (10) 71 (9) -15 %**

0.15
SCD 80 (7) 68 (11) -15 %**

MCA Vmean, cm·s-1
CTRL 64 (13) 56 (11) -14 %**

<0.001
SCD 87 (16) 76 (14) -13 %**

CVR, mmHg·cm-1·s-1
CTRL 1.35 (0.23) 1.30 (0.25)       -4 %

<0.001
SCD 0.94 (0.16) 0.90 (0.16)       -5 %

HR, bpm
CTRL 72 (13) 81 (4) +13 %**

0.34
SCD 75 (8) 86 (12) +14 %**

SV, ml
CTRL 96 (14) 68 (9) -29%**

0.57
 SCD 96 (16) 73 (12) -25%**

CO, l·min-1
CTRL 6.8 (1.2) 5.5 (0.8) -19%**

0.13
SCD 7.1 (1.1) 6.0 (0.9) -15%**

SVR, dyn·s·m-5
CTRL 731 (182) 1022 (229) +40%**

0.012
SCD 638 (78) 871 (135) +37%**

PETCO2, mmHg
CTRL 39.8 (2.7) 37.3 (2.3)  -6 %**

0.72
SCD 39.3 (2.6) 37.5 (2.4)  -4 %**

Pulsatility Index
CTRL 0.78 (0.15) 0.75 (0.14)      -4 %  

0.90
SCD 0.78 (0.10) 0.78 (0.10)      -1 %

BRS, ms·mmHg-1
CTRL 19 (8) 10 (5) -49%**

0.93
SCD 19 (12) 10 (4) -47%**

** P<0.01 versus supine. P: Probability value represents overall difference between CTRL and SCD groups. Data 
are given in means (SD) for n=10 (CTRL) vs. n=18 (SCD).

Figure 1. Cerebro- and cardiovascular response to postural change. The steady-state hemodynamic response 
to standing was comparable between the SCD group (n=18, grey line) and CTRL group (n=10, black line).  
Bar indicates standing

Table 3. Transfer function gain, phase and coherence function during standing

Low frequency (0.07 - 0.15 Hz) CTRL (n=9) SCD (n=16)

MAP power, mmHg2·Hz-1 4.0 (1.3) 4.4 (3.7)

MCA Vmean power, (cm·s-1)2·Hz-1 4.2 (2.6-5.2) 6.1 (4.6-7.0)†

Coherence, k2 0.86 (0.08) 0.85 (0.08)

Phase, degrees 50 (44-60) 32 (19-39) †

Normalized gain, %·mmHg-1 1.65 (0.36) 1.69 (0.28)

† P<0.05 vs. CTRL; Data are presented as means (SD) or medians (interquartile range).
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Figure 2. Representative continuous recordings of BP and CBFV.  A) healthy control subject and B) SCD patient. 
BP variability is comparable whereas CBFV variability is enhanced in the SCD patient indicating a reduced 
capacity to buffer the transfer of BP fluctuation to the cerebral circulation. 

Figure 3. Cross-spectral analysis of the entire spectrum from 0 to 0.30 Hz. Group averaged MAP and Vmean 
variability, coherence, phase and normalized gain between MAP and Vmean are shown for SCD (n=16, grey line) 
vs. CTRL groups (n=9, black line). Lines indicate low frequency (0.07-0.15 Hz) range.

Discussion

The present study provides novel information regarding the control of cerebral blood 
flow in patients with SCD. We found evidence for impairment of dynamic cerebral 
autoregulation in SCD that appeared unrelated to the degree of hemolysis, whereas 
systemic cardiovascular control was unaffected.  
 Impaired cerebral autoregulation has been linked to an increased risk for stroke,22 
particularly in severe obstructive carotid artery disease.23 Silent cerebral infarctions 
are present in about one third of homozygous SCD patients.5 The observation in the 
present study that cerebrovascular autoregulatory capacity was affected in the majority 
of consecutively recruited SCD patients with asymptomatic cerebrovascular disease 
supports that impairment of dynamic cerebral blood flow control precedes cerebral 
ischemic events. Our data represent the findings in adult patients and may therefore not 
be applicable in young children with homozygous SCD. However, although the clinical 
presentation of stroke appears to differ between children and adult SCD patients, it 
seems likely that these clinical forms represent the same pathophysiological process. 
Both homozygous SCD and low hemoglobin are major risk factors for both ischemic and 
hemorrhagic stroke. In addition, many SCD patients present with secondary hemorrhagic 
stroke after a previous ischemic stroke.4 Future long-term follow-up studies in both young 
and adult SCD patients are needed to strengthen these assumptions.
 Impairment of dynamic cerebral autoregulation in SCD patients puts forward a 
potential linkage to cerebral small vessel disease. This notion is supported by the finding 
that cerebral autoregulation is equally impaired in type 2 diabetic patients.24, 25 The 
higher variability in cerebral blood flow velocity in the SCD group indicated a reduced 
capacity to buffer the transfer of blood pressure surges to the cerebral tissue. Impairment 
of dynamic cerebrovascular control was confirmed by a reduced phase lead of the blood 
pressure -to- cerebral blood flow velocity transfer function in SCD. In a previous study, 
the cerebral arterial pulsatility index has been proposed as an indicator of cerebral 
microangiopathy in diabetic patients.19 However this was not substantiated in the present 
study questioning its applicability in SCD patients.
 SCD is characterized by an ongoing state of vascular inflammation with endothelial 
activation,26 resulting in microvascular damage. This process is enhanced by the elevated 
oxidative stress associated with chronic hemolysis, added to ischemia-reperfusion injury 
due to transient vaso-occlusive events.27 Both result in reduced NO bioavailability due 
to NO scavenging by cell-free hemoglobin, and reduced NO formation due to increased 
arginase levels.28 We did not measure NO concentrations but consider that the 
relationship between hemolysis and NO bioavailability is well established.29 Controversies 
exist regarding the role of NO in dynamic cerebral autoregulation in humans.30, 31 In 
the present study, no relationship was found between dynamic cerebral autoregulatory 
capacity and severity of hemolysis. However larger studies are needed to establish the 
functional significance of this observation.
 An inverse relationship between cerebral blood flow and hematocrit level has been 
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reported under physiological conditions both in animal models32-34 and in humans.35, 36 
In the present study no relationship was found between either cerebral blood velocity 
or dynamic cerebral autoregulatory capacity and hemoglobin, rendering a role for 
anemia as an independent factor in the impairment of dynamic cerebral autoregulation 
unlikely. When considering that in healthy subjects cerebral blood velocity changes occur 
independently of cerebral autoregulatory capacity,37 the finding of an elevated cerebral 
blood velocity in the SCD group does not in itself imply affected dynamic cerebral 
autoregulation. 
 Hydroxyurea has been demonstrated to reduce cerebral blood velocities in children 
with SCD.38 Although hydroxyurea may reduce cellular adhesion of leukocyte and 
erytrocytes to endothelial cells39 there are no data indicating an effect of folic acid or 
hydroxyurea on dynamic cerebral autoregulation. In the present study all patients were 
treated with folic acid and 6 patients received hydroxyurea.whereas no correlation was 
found between the use of hydroxyurea and transfer function phase. 
 The finding of comparable cardiac output but lower systemic vascular resistance 
and diastolic blood pressure in SCD vs. CTRL is consistent with earlier observations.3, 40, 41 
In contrast to an earlier report,42 we found intact baroreflex cardiovascular control and 
no signs of cardiovascular autonomic dysfunction in the SCD group. Thus, integrity of 
cardiovascular control contrasts to impairment of dynamic cerebrovascular control in 
SCD patients. 
 Sickle cell disease is associated with an increased cerebral blood velocity assessed 
by TCD ultrasonography.43 Blood velocity rather than blood flow was monitored and it 
could be considered that changes in the diameter of the insonated vessel by enhanced 
sympathetic activity modulate blood velocity independently of flow. However, the 
large cerebral arteries are conductance rather than resistance vessels and moderate 
sympathetic activation does not modify the luminar diameter of a systemic conduit 
artery.16 Thus, cerebral blood flow increases in proportion to changes in middle cerebral 
artery mean blood velocity44-46  or in internal carotid flow,47 and constancy of the diameter 
links changes in cerebral blood velocity to changes in flow.48 An increased blood velocity 
may reflect intracranial stenosis in the middle cerebral artery at the background of an 
unchanged global cerebral blood flow, but it also may indicate cerebral hyperperfusion 
as a compensatory response to a SCD associated reduced O2 binding capacity. Recently an 
increased cerebral blood velocity in SCD patients has been attributed to hyperperfusion 
rather than intracranial stenosis,7 which conforms to earlier studies reporting an 
increased cerebral blood flow as determined by 133Xe 9 and MRI.10

 In conclusion, the capacity to buffer the transfer of BP surges to the cerebral tissue 
is reduced in patients with SCD but appears unrelated to hemolysis. Whether a hampered 
dynamic cerebral autoregulation plays a role in the high incidence of cerebrovascular 
complications in SCD remains to be elucidated.
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Abstract
Objective laboratory tools are needed to monitor developing organ damage 

in sickle cell disease (SCD). Circulating endothelial cells (CECs) are indicative 

of vascular injury. We determined whether elevated CECs can be detected in 

asymptomatic SCD and whether the CEC counts are related to clinical and 

blood-based markers of disease severity. Fifteen clinically asymptomatic patients 

with sickle cell anemia (HbSS) and 15 matched HbAA controls were analyzed 

for CEC counts, laboratory markers of disease severity (hemoglobin, lactate 

dehydrogenase, leukocyte counts, HbF%), markers of endothelial activation 

(sVCAM-1, VWF:Ag and asymmetric dimethylarginine [ADMA]). CEC counts were 

significantly higher in patients (12 cells/mL, IQR 8-29) as compared to controls 

(4 cells/mL, 3-10; P=0.007). CEC counts were significantly higher in patients with 

pulmonary hypertension (PHT) (p=0.015), and increased with increasing number 

of affected organs (0-4 involved organs, P=0.002). No significant correlations 

between CECs and any other laboratory parameter were detected. CECs could 

prove to be an important new tool for assessing developing vasculopathy and 

organ damage in SCD.

Introduction

Sickle cell disease (SCD) is a heterogeneous disorder characterized by chronic hemolysis, 
increased susceptibility to infections and acute and chronic vaso-occlusive complications 
culminating in significant morbidity and early death. Both improved supportive care 
(timely vaccination, penicillin prophylaxis, blood transfusions) and rational drug therapy 
(hydroxyurea) have contributed to an increasing life expectancy of patients with SCD, 
with most patients in Western countries surviving into the fourth and fifth decades 
of life.1 With this, the impact of accumulating organ damage on patient outcome 
has become increasingly clear. Both the ongoing vaso-occlusive process with its acute 
exacerbations, as well as the sequelae of chronic intra-vascular hemolysis, result in 
continuous endothelial insults, ultimately leading to widespread organ damage. Evidence 
of endothelial perturbation in SCD comes from animal models2 and studies in humans 
demonstrating elevated blood levels of endothelial activation markers,3 endothelial 
dysfunction4 and increased numbers of circulating endothelial cells (CECs).5 
 Large patient cohort studies have identified laboratory markers associated with the 
clinical course of SCD, such as hemoglobin concentrations, leukocyte counts, lactate 
dehydrogenase (LDH) levels and the fetal hemoglobin percentage (HbF%).6 Such markers 
are however, neither sufficiently reliable in predicting developing organ damage in 
individual patients, nor are they suitable for monitoring the effect of therapeutics in 
daily clinical practice.7 Accurate objective laboratory parameters that reflect the rate of 
developing organ damage in SCD are therefore needed. Attempts to assess the value of 
monitoring endothelial activation markers in relation to SCD severity have been made.3 
However, most endothelial activation markers are neither specific for endothelial cells 
(ECs) (e.g., also expressed on or originating from non-ECs), nor specific for endothelial 
damage or dysfunction.8 Therefore, measuring CECs may be more accurate for studying 
in vivo endothelial damage as is demonstrated in other disease states characterized by 
endothelial injury.8 CECs are elevated and activated in SCD,5 but their relationship to 
organ damage in SCD has not been reported
 We performed a pilot study to determine circulating CEC counts in SCD with a 
validated automated rare cell analysis system9 and to assess their relationship to SCD 
related organ damage, laboratory markers of disease severity, markers of endothelial 
activation and plasma levels of the endogenous nitric oxide synthase (NOS) inhibitor 
asymmetric dimethylarginine (ADMA).

Materials

Patients
Consecutive patients attending the out-patient hematology clinics of the Erasmus Medical 
Center (Rotterdam) and the Academic Medical Center (Amsterdam) were screened. 
Inclusion criteria were high performance liquid chromatography confirmed diagnosis 
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of sickle cell anemia (HbSS) and age ≥ 18 years. Exclusion criteria were blood transfusions 
in the preceding three months, any acute SCD related complication in the preceding 
2 weeks, pregnancy, cancer, infection, and connective tissue diseases. Race, age, and sex 
matched blood donors served as controls (HbAA). Written informed consent was obtained 
from all subjects. This study was approved by the local Institutional Medical Ethical 
Review Boards, and is in agreement with the Helsinki declaration of 2000.

Clinical data
In the participating centers, sickle cell patients are screened for the presence of organ 
damage as recently defined and described.10 From chart review, the following SCD related 
complications were scored if assessed within one year of sample collection: Pulmonary 
hypertension (PHT): tricuspid regurgitation jet flow velocity (TRV) ≥ 2.5 m/s in rest detected 
by echocardiography. PHT was considered absent with no or trace TRV. Micro-albuminuria 
(MA): urinary creatinine (mmol/L) to urinary albumin (mg/L) ratio > 3.5 (males)/> 2.5 
(females) confirmed with 24 hour urine collection (micro-albuminuria > 30 mg/24 h). 
Retinopathy (RET): presence of at least mild non-proliferative retinopathy. Leg ulcers (ULC): 
chronic ulcers of the ankle not otherwise explained. The number of admissions for 
treatment of a painful crisis (PC) and/or acute chest syndrome (ACS) in the year before sample 
collection was recorded.

Sample collection
Whole blood, ethylenediaminetetraacetic acid (EDTA) blood, citrated blood, and CellSave 
preserved blood (contains EDTA and a proprietary preservative, Veridex, Raritan, NJ USA) 
were collected by veni-puncture. To avoid contamination with traumatically detached 
ECs, CellSave tubes were drawn last.

CEC enumeration
The CellTracks AutoPrep and CellSpotter Analyzer II System (both Veridex) were used 
to count CEC.9 Four milliliters (mL) of CellSave preserved blood was incubated with 
ferrofluids coupled to a monoclonal antibody (mAb) against CD146 (clone S-Endo 1), 
present on ECs, a subset of activated T-cells and melanoma cells. After enrichment, cells 
were stained with fluorochrome-conjugated mAb: phycoerythrin (PE)-conjugated CD105, 
present on ECs and certain leukocytes, allophycocyanin (APC)-conjugated CD45, a pan 
leukocyte marker, and the nuclear dye 4’ 6-diamidino-2-phenylindole (DAPI). CECs were 
immuno-phenotypically defined as DAPI+, CD146+, CD105+ and CD45−.

Sample analysis
Standard laboratory tests were performed according to local protocols. Serum levels of 
soluble vascular cell adhesion molecule-1 (sVCAM-1) were determined using Enzyme-Linked 
ImmunoSorbent Assay (ELISA) (R&D Systems, Minneapolis, MN). Von Willebrand Antigen 
(VWF:Ag) and VWF ristocetin cofactor activity (VWF:RCo) were measured in citrated 
plasma11 and EDTA plasma concentrations of arginine and ADMA were also determined.12

Statistical analysis
No published data on CEC distribution as determined with the methods above in SCD 
were available. Furthermore, no reports on CECs in relation to organ damage in SCD were 
available and thus the number of CECs that are clinically relevant in relation to organ 
damage in SCD is presently unknown. Therefore, in this pilot study, a power calculation 
was not performed. Between group differences were assessed with the Mann–Whitney U 
test. Trends within ordered groups of non-parametric data were assessed using Cuzick’s 
test for trends.13 For correlation studies Spearman’s rank correlation coefficient (rs) was 
determined. Statistical significance was considered with P < 0.05 (STATA statistical 
software package 10, StataCorp, College Station, TX, USA).

Table 1. Characteristics and laboratory data of healthy controls (HbAA) and sickle 

cell patients (HbSS)

HbAA (n=15) HbSS (n=15) P-Value

Age 24 (21-28) 24 (21-28) -

Gender (M:F) 4:11 4:11 -

Hemoglobin (g/L) 14.1 (13.1–15.9) 8.7 (7.4–10.0) <0.0001

Leukocytes (*109/L) 6.7 (5.8-7.3) 8.7 (7.2–11.1) 0.003

LDH (IU/L) 144 (139-151) 487 (392-630) <0.0001

Creatinin (μmo/L) 75 (55.6-95.6) 52 (49-57) <0.0001

HbF (%) <1.0% 7.7 (4.4-10) <0.0001

Hydrea use (yes:no) NA 5:10

CECs (cells/mL) 4 (3-10) 12 (8-29) 0.007

vWF:Ag (IU/mL) 0.95 (0.81-1.44) 2.01 (1.23-2.51) 0.002

vWF:RCo (IU/mL) 0.96 (0.74-1.25) 1.54 (1.20-1.95) 0.007

VCAM-1 (ng/mL) 921( 765-1050) 1879 (1398-2568) 0.0001

ADMA (μmol/l) 0.42 (0.39-0.45) 0.70 (0.59-0.80) <0.0001

Arginine (μmol/l) 80.8 (72.7-90.9) 79.4 (53.0- 88.7) NS

Data are shown as medians and corresponding inter quartile ranges. NA=Not applicable, NS=not significant.
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Figure 1. CECs in relation to specific organ complications. CEC counts were compared using the Mann-Whitney 
U test in SCD patients with and without specific organ complications. Bars indicate median values. NS=not 
significant.

Results

Results of all measured parameters are shown in Table 1. CEC counts were significantly 
higher in sickle cell patients. Also, CEC counts were higher in sickle cell patients with 
PHT as opposed to patients without PHT, with no significant differences observed in 
relation to other forms of organ damage (Fig 1) CEC counts increased significantly with 
increasing numbers of affected organs (Fig 2). CEC counts were not related to painful 
crises (data not shown) and no acute chest syndromes or strokes had occurred in the year 
prior to CEC determination. CEC counts did not differ between patients on hydroxyurea 

and those who did not use hydroxyurea (data not shown). Additionally, no effect of 
hydroxyurea was observed on any of the other measured parameters (data not shown) in 
this cross sectional study. No statistically significant correlations were detected between 
CEC counts and hemoglobin concentrations, leukocyte counts, LDH concentrations or 
HbF% (data not shown) or any of the tested markers of endothelial activation (Fig. 3). 
Additionally, no significant correlations were found between CEC numbers and plasma 
arginine or ADMA concentrations in either healthy controls (rs = − 0.13, P = 0.64) or sickle 
cell patients (rs = 0.05, P = 0.88).

Figure 2. Relation of CEC and the extent of organ involvement. The significance of trends in CEC counts with 
increasing organ involvement was assessed using the Cuzick's test for trends. 

Figure 3. Correlation of CEC and vWF:Ag and VCAM-1 levels in patients and controls. Healthy controls: CEC 
vs. vWF:Ag: rs = − 0.14, P = 0.61. CEC vs. sVCAM-1:: rs = − 0.28, P = 0.34. SCD patients: CEC vs. vWF:Ag: rs = − 0.27, 
P = 0.33. CEC vs. sVCAM-1:: rs = − 0.01, P = 0.82.
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Discussion

Continuous endothelial perturbation culminates in significant organ damage in SCD, and 
accurate monitoring of this process could be of great value in the study and management 
of SCD. We detected elevated CEC counts in the same range as previously reported 
in clinically asymptomatic sickle cell anemia patients5 using a validated automated 
CEC detection assay developed to overcome shortcomings of assays based on manual 
enrichment know to be susceptible to cell loss and to have low reproducibility.14 CEC 
counts appeared to be highest in those patients with most extensive organ damage. 
Importantly, patients with minimal organ involvement were characterized by CEC counts 
comparable to control values. No significant relation was observed between CEC counts 
and laboratory markers of disease severity, nor to crisis frequency.
 Direct EC injury by rigid sickled erythrocytes, high arterial vascular wall shear 
stress,8 neutrophil degranulation, present even in the clinically asymptomatic state of 
SCD,15 all likely contribute to the detachment of EC from the vessel wall. EC apoptosis 
can also lead to elevated CECs,8 however, previous work on sickle cell CECs and plasma 
VEGF levels was suggestive of an anti-apop Elevated blood levels of sVCAM-13 and VWF:Ag17 
indicate EC activation in SCD, with further increments occurring during acute vaso-
occlusive events.17, 18 Levels of sVCAM-1 are related to hemolytic rate3 and either directly 
or indirectly to SCD related complications associated with a high hemolytic rate, such as 
PHT and leg ulcers.19 sVCAM-1 levels have been associated with endothelial dysfunction 
in SCD as well.20 Neither sVCAM-1 nor VWF:Ag correlated significantly to CEC counts. EC 
activation was manifested even in patients with minimal organ damage, whereas CEC 
counts were comparable to controls in these patients. Importantly, these data suggest 
that the extent of EC activation/dysfunction is not necessarily related to the extent of 
EC damage and detachment in SCD.
 Recently ADMA has been recognized as an important contributor to the 
characteristically reduced nitric oxide bioavailability of SCD and its plasma level may 
be an important biomarker of disease severity, with associations reported to PHT21 and 
mortality22 in adult sickle cell patients. Plasma levels of ADMA are elevated in SCD and, 
likely via NOS inhibition, contribute to endothelial activation.21 However, ADMA levels 
were not significantly associated to CEC counts in either patients or controls, perhaps 
suggesting that elevated ADMA levels contribute primarily to endothelial activation but 
not to endothelial damage.
 Several shortcomings should be addressed when interpreting these data. Firstly, 
our sample size was small, precluding multivariate analysis. Evidently, these findings 
are preliminary, but the differences in CEC counts between patients without organ 
damage and those at the other end of the spectrum with all organs affected can be clearly 
appreciated. Secondly, several clinical complications did not occur in our patients (e.g. 
acute chest syndromes) and some forms of organ damage were not screened for (e.g. 
silent ischemic brain injury). Also, we did not monitor patients after blood sampling, so 
we cannot exclude that acute events were developing at the time of sampling, possibly 

affecting CEC numbers. Lastly, as we did not characterize the phenotype of CECs, their 
vascular origin is unknown.
 In conclusion, these preliminary data show the feasibility of the employed technique 
for measuring CEC in SCD. Our findings suggest a possible relation of CEC counts to SCD 
related organ damage, and CECs do not seem to be associated with either traditional 
or novel biomarkers of disease severity. Prospective studies in large patient cohorts 
addressing chronic organ damage, acute complications and the effect of established 
therapeutics (e.g. red cell transfusion and hydroxyurea) in relation to longitudinal CEC 
determinations are warranted to analyze whether CEC can be used as a reliable parameter 
to monitor developing organ damage in SCD.
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Abstract
Objective: Circulating endothelial progenitor cells (EPCs) counts were determined 

in patients with sickle cell disease (SCD) to elucidate their role in SCD related 

ischemia induced angiogenesis and re-endothelialization. 

Patients and methods: Circulating EPC counts (KDR+/CD34+/Cd45dim cells) and 

their relation to serum levels of EPC mobilizing growth factors erythropoietin, 

vascular endothelial growth factor and interleukin-8 were investigated in SCD 

patients during asymptomatic state (n = 66) and painful crisis (n = 36) and 

compared to healthy controls (n = 13) 

Results: EPC counts were comparable between controls (median 0, interquartile 

range 0–1.1 cells/mL) and patients (0, 0–0 cells/mL) in asymptomatic state, but 

were significantly higher during painful crisis (41.7, 0–186 cells/mL; P<0.05). Also 

in a paired analysis of 12 patients who were included both during asymptomatic 

state and painful crisis, EPC counts increased significantly during painful crisis 

(from 0, 0 – 0 to 26, 0 – 149 cell/mL; P<0.05) . EPC counts were not related to any 

of the measured growth factors. 

Conclusion: The higher EPC counts during painful crisis might indicate a role 

for EPC mobilization in reendothelialisation. As a relationship of EPCs with the 

established mobilizing growth factors, measured in this study was not observed, 

the mechanism of EPC mobilization in SCD remains to be elucidated.  

Introduction

Sickle cell disease is characterized by chronic hemolytic anemia and recurrent (micro)-
vascular occlusion leading to tissue ischemia and reperfusion injury.1, 2 Tissue ischemia is 
one of the factors leading to a pro-angiogenic state in SCD that is likely to be involved in 
re-endothelialization and neovascularization.3 In SCD, abnormal angiogenesis may be of 
importance in the development of complications such as sickle retinopathy and cerebral 
vasculopathy (Moyamoya disease), whereas the process of vascular remodeling may be 
associated with complications such as pulmonary hypertension and stroke.4-6 Fundamental 
understanding of the process of angiogenesis in SCD is essential for identifying both new 
parameters for risk assessment as well as potential targets for therapy. 
 Recently, the important role of EPCs in angiogenesis has been recognized.7 EPCs 
are defined as CD34+ hematopoietic progenitor cells (HPCs) with vascular endothelial 
growth factor receptor-2 (VEGFR-2) expression and can be detected in peripheral blood 
by flow cytometry.8, 9 EPCs take part in endothelial rejuvenation and neovascularisation 
after ischemic tissue damage and are mobilized by pro-angiogenic factors such as vascular 
endothelial growth factor (VEGF) and erythropoietin (EPO).10, 11 Several pro-angiogenic and 
EPC mobilizing factors (e.g. EPO and interleukin-8 [IL-8]) have been reported to be elevated 
in SCD.12, 13 In order to further characterize the angiogenic response in SCD, we determined 
circulating EPC counts, serum levels of pro-angiogenic factors, and markers of endothelial 
activation in sickle cell patients in asymptomatic state and during painful crisis.

Materials and Methods

Patients
Consecutive adult (≥18 years old) clinically asymptomatic patients with SCD (HbSS, 
HbSβ0-thalassemia, HbSβ+-thalassemia and HbSC confirmed by high performance liquid 
chromatography) visiting the outpatient clinic and sickle cell patients admitted for 
a painful crisis at the Academic Medical Centre (AMC, Amsterdam, The Netherlands) 
were eligible for the study. A painful crisis was defined as typical musculo-skeletal/
abdominal pain not otherwise explained.14 Exclusion criteria were: blood transfusion 
in the preceding 3 months, active infection, pregnancy or any acute cardiovascular 
complication and for the asymptomatic state a painful crisis in the preceding 4 weeks. 
Healthy race and age matched volunteers served as controls. All participants gave written 
informed consent. The protocol was reviewed and approved by the local medical ethical 
committee and conducted in agreement with the Helsinki declaration of 2000.

Flow Cytometry
Within 24 hours of venous blood collection, samples were incubated in a Trucount 
tube; two tubes per subject, 100µl per tube (BD Biosciences, Franklin Lakes, NJ, USA) 
with CD45 (PerCP-labelled, BD Biosciences), CD34 (APC-labelled, BD Biosciences) 
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and VEGFR-2 (Pe-labelled, R&D Systems, Minneapolis, MN, USA) antibodies. NH4Cl 
solution was added to lyse red cells followed by immediate flow cytometry analysis 
(FACSCANTO, BD Biosciences). Data were analysed using FACSDIVA software, applying a 
multiparametric gating strategy based on the International Society of Hematotherapy 
and Graft Engineering. Trucount tubes contain a defined number of brightly fluorescent 
microbeads, permitting acquisition of absolute cell counts, even at very low numbers. 
Circulating EPCs were defined as CD45-low, CD34+ and VEGFR-2+ and located in the 
‘lympho-gate’ (CD34+/KDR+/CD45-low cells with lymphocyte size and density).15, 16 This 
strategy avoids inclusion of mature circulating endothelial cells (CECs), which are also 
positive for CD34 and VEGFR-2 but negative for CD45 and larger than lymphocytes.

Humoral factors
Serum levels of EPO, IL-8, VEGF and soluble vascular adhesion molecule-1 (sVCAM-1) 
were measured by enzyme-linked immunosorbent assays according to manufacturer‘s 
procedures (R&D Diagnostics, Minneapolis, MN, USA).

Data analyses and statistics
For data analysis, patients with the relatively severe genotypes HbSS and HbSß0–
thalassemia were grouped together, as were patients with the relatively milder HbSC and 
HbSß+-thalassemia genotypes.17 For multiple group comparisons of continuous variables 
the Kruskal–Wallis test was employed. The Mann–Whitney U-test was used for comparison 
between two groups. The Wilcoxon Signed Rank Test was used for a paired analysis of 
patients who were included both during asymptomatic state and painful crisis. Friedman 
test for several related measures was used for comparison between EPC counts of different 
days of painful crises. For correlation studies, the Spearman Rank correlation coefficient 
(rs) was determined. Continuous data are presented as medians with corresponding 
interquartile ranges (IQR). P <0.05 was considered statistically significant. Data of the 
various samples taken on different days during a single vaso-occlusive event were averaged 
for each patient. SPSS 16.0 (SPSS Inc., Chicago, IL, USA) was used.

Results

Sixty six sickle cell patients in asymptomatic state (age 28 [21 – 38], 35 female, 49 HbSS/
HbSβ0-thalassemia and 17 HbSC/HbSβ+-thalassemia) and 23 patients during 36 painful 
crises (age 28 [21 – 37], 13 female, 15 HbSS/HbSβ0-thalassemia and 8 HbSC/HbSβ+-
thalassemia) were included in the study. Within the HbSS/HbSβ0-thalassemia group 45 
were HbSS and 4 HbSβ0-thalassemia patients whereas the HbSC/HbSβ+-thalassemia group 
consisted of 12 HbSC and 5 HbSβ+-thalassemia patients. Serum samples for determining 
(EPC mobilizing) growth factors were available for 54 patients in asymptomatic state 
and 27 painful crises in 20 patients. Samples were drawn on the day of presentation (day 
0) in 15 of the 36 painful crises, with first samples drawn on days 1 and 2 in 15 and 6 

patients, respectively. Serial measurements of at least 4 days during painful crisis were 
available in 17 patients (with 4 patients sampled until a maximum of 10th day of painful 
crisis, while still in hospital).

Circulating progenitor cells
EPC counts did not differ between asymptomatic state patients and healthy controls but 
were significantly elevated during painful crisis (Table 1). When analyzed for the HbSS/
HbSβ0-thalassemia and HbSC/HbSβ+-thalassemia groups separately, the increase in EPC 
counts during painful crisis was statistically significant in the HbSS/HbSβ0-thalassemia 
group (from 0 (0 – 0) to 53.8 (3.8 – 188) cells/mL, P = 0.0001) but not in the HbSC/HbSβ+-
thalassemia group (from 0 (0 – 0) to 5.1 (0 – 137.4) cells/mL, P = 0.16), (Figure 1). In a 
paired analysis of 12 patients (8 HbSS/HbSβ0-thalassemia and 4 HbSC/HbSβ+-thalassemia) 
who were included both during asymptomatic state and painful crisis, EPCs increased 
significantly during painful crisis (from 0 (0-0) to 26 (0-149) cell/mL, p=0.038) with 8 
positive ranks, 3 ties and 1 negative rank. 
 After excluding patients using hydroxyurea (11 patients in asymptomatic state and 
12 crises in 5 patients during painful crisis), the differences between asymptomatic state 
and painful crisis across all patients (0 (0 – 0) vs. 35.0 (0 – 139) cells/mL, P=0.0001) and in 
HbSS/HbSβ0-thalassemia (0 (0 – 0) vs. 53.4 (18.7 – 153) cells/mL, P=0.0001) and HbSC/HbSβ+-
thalassemia (0 (0 – 0) vs. 5.1 (0 – 137), P=0.24) patients separately remained unchanged.
 EPC counts did not differ between the different sampling days during painful 
crisis (data not shown). During painful crisis, EPC counts were higher in HbSS/HbSβ0-
thalassemia than in HbSC/HbSβ+-thalassemia patients, though the difference did not 
reach statistical significance. HPC counts were comparable between the groups (Table 1).

Table 1. Endothelial progenitor cells (EPCs) and hematopoietic progenitor cells (HPC).

Healthy controls
(n = 13)

Asymptomatic state
(n = 64)

Painful crisis
(n =36)

EPC/ml 0 (0 – 1.1) 0 (0 – 0) 41.7 (0 – 186)*

HPC/μl¥ 1.3 (0.8 – 2.5) 1.8 (1.1 – 3.4) 2.3 (1.3 – 4.1)

* Significantly higher than controls and patients during asymptomatic state (P < 0.05).
¥ Note the difference in measurement units between EPC and HPC.

EPC mobilizing growth factors
Serum levels of sVCAM-1 and VEGF were significantly higher in the HbSS/HbSβ0–
thalassemia patients during painful crisis as compared to the asymptomatic state, 
whereas no differences were observed in EPO and IL-8 levels (Table 2). In the HbSC/
HbSβ+–thalassemia patients only VEGF levels were higher during painful crisis than in 
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asymptomatic state. In a paired analysis of 7 patients (6 HbSS/HbSβ0-thalassemia and 1 
HbSC/HbSβ+-thalassemia), included both during asymptomatic state and painful crisis, 
EPO, sVCAM-1 and VEGF increased significantly during painful crisis, whereas the increase 
in IL-8 was not statistically significant (Table 3). None of the various measured growth 
factors correlated significantly with EPC counts (Table 4). 

Table 2. Serum levels of angiogenic growth factors in SCD patients during asymptomatic 

state and painful crisis.

Asymptomatic state Painful crisis

HbSC/HbSβ+ (n = 14) HbSS/HbSβ0 (n = 40) HbSC/HbSβ+ (n = 7) HbSS/HbSβ0 (n = 20)

EPO (mIU/ml) 41.0 (29.3 – 62.6) 100 (58.5 – 165)† 46.7 (43.5 – 77.1) 105 (77.2 – 234)†

IL-8 (pg/l) 10.2 (6.8 – 14.3) 26.5 (14.8 – 54.2)† 18.8 (10.9 – 31.8) 31.9 (22.9 – 67.0)†

VEGF (pg/ml) 141 (105 – 276) 281 (119 – 738) 488 (405 – 1173)* 486 (381 – 1041)*

sVCAM-1 (ng/ml) 1092 (870 – 1271) 1009 (855 – 1436) 1329 (1125 – 1539) 1380 (1131 – 1725)*

EPO = erythropoietin, IL-8 = interleukin-8, VEGF = vascular endothelial growth factor, sVCAM-1 = soluble vascular 
adhesion molecule-1
* Asymptomatic state versus painful crisis within the HbSC/HbSβ+ or HbSS/HbSβ0 group (P<0.05).
† HbSC/HbSβ+ versus HbSS/HbSβ0 group (P<0.05).
Data presented as medians (interquartile ranges).

Table 3. Paired analysis: comparison between patients included both during 

asymptomatic state and painful crisis.

n Asymptomatic State Painful Crisis P-value

EPCs (cells/mL) 12 0 (0 – 0) 26 (0 – 149) 0.038

EPO (mIU/ml) 7 70.2 (54.1 – 112.2) 195.5 (77 – 1308) 0.043

IL-8 (pg/l) 7 26.5 (11.5 – 45.3) 35.4 (15.6 – 66.4) 0.499

sVCAM-1 (ng/ml) 7 1000 (755 – 1307) 1408 (1306 – 1603) 0.028

VEGF (pg/ml) 7 216 (91 – 273) 475 (396 - 1260 0.018

EPC = endothelial progenitor cells;  EPO = erythropoietin, IL-8 = interleukin-8,  sVCAM-1 = soluble vascular 
adhesion molecule-1, VEGF = vascular endothelial growth factor.
Values are medians with interquartile ranges.

Table 4. Correlation studies of the measured growth factors with EPC counts both 

during asymptomatic state and painful crisis.

Asymptomatic State Painful Crisis

Spearman’s r P-value Spearman’s r P-value

EPO 0.02 0.89 0.19 0.37

IL-8 -0.20 0.14 0.17 0.37

sVCAM-1 -0.12 0.37 -0.19 0.31

VEGF 0.04 0.79 0.01 0.97

EPO = erythropoietin, IL-8 = interleukin-8,  sVCAM-1 = soluble vascular adhesion molecule-1, VEGF = vascular 
endothelial growth factor

SCD-related organ damage
Circulating EPC counts, both during the asymptomatic state and painful crisis, were 
comparable between patients with and those without different forms of SCD-related organ 
damage such as pulmonary hypertension, leg ulcers, microalbuminuria and retinopathy. 
Also EPC counts or their increases upon vaso-occlusive painful crisis were not related 
to the duration of the painful episode, frequency of painful crises or SCD-related acute 
complications, such as acute chest syndrome (data not shown). Also the absolute increases 
in EPC counts in the 12 specific patients, included both during asymptomatic state and 
painful crisis, were not associated with the above mentioned clinical data of SCD patients.

Figure 1. Mean (with SEM) EPC counts per milliliter of peripheral blood in controls (CTRL; n = 13), HbSC/
HbSβ+-thalassemia (n = 17) and HbSS/HbSβ0-thalassemia (n = 49) patients during asymptomatic state (AS SC 
and AS SS respectively) and HbSC/HbSβ+-thalassemia (n = 10) and HbSS/HbSβ0-thalassemia (n = 26) patients 
during painful crisis (CR SC and CR SS respectively). ECP counts of HbSS/HbSβ0-thalassemia patients during 
painful crisis were significantly higher than during asymptomatic state or in healthy controls (*). The differences 
between HbSS/HbSβ0-thalassemia and HbSC/HbSβ+-thalassemia patients were not statistically significant.
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Discussion

SCD has been recognized as a pro-angiogenic disease.3, 4, 18 This pro-angiogenic state is 
presumably driven by tissue ischemia and endothelial injury as a result of continuous 
(micro)-vascular occlusion, chronic intravascular hemolysis and oxidative stress.2, 19-22 Bone 
marrow derived EPCs have recently been shown to play an important role in vascular 
repair and remodeling and their mobilization has been described in patients with 
clinical conditions characterized by ischemia or a strong inflammatory response.15, 23 In 
the present study, we observed that circulating EPC counts, while comparable between 
the asymptomatic SCD patients and healthy controls, increased significantly during 
painful crisis, suggesting a reparative capacity of the endothelium after its damage due 
to ischemia-reperfusion injury during painful crises.24 
 The absence of elevated EPCs during the asymptomatic state could suggest that, 
despite ongoing low grade ischemia and reperfusion injury, frank tissue infarction 
with necrosis, as occurs during vaso-occlusive painful crisis, is a prerequisite for EPC 
mobilization. How long it takes for the EPC counts to return to baseline levels, remains to 
be elucidated. In the present study there was no follow up of patients after their discharge 
upon recovery from painful crisis. In contrast to the EPC mobilization during sickle 
cell crisis, no difference in HPC counts was observed between patients in asymptomatic 
state and those with sickle cell crises. Even though common mobilization mechanisms 
have been suggested for both EPCs and HPCs,23 this finding could suggest distinctive 
mobilizing factors for EPCs in SCD.
 When analyzed separately, the increase in EPC counts during painful crisis was 
highly significant in the HbSS/HbSβ0-thalassemia group but not in the HbSC/HbSβ+-
thalassemia group. This could be due to the small number of patients both during 
asymptomatic state (n = 17) and painful crisis (n = 10) in the HbSC/HbSβ+-thalassemia 
group. EPC counts between the HbSS/HbSβ0-thalassemia and HbSC/HbSβ+-thalassemia 
patients were comparable in asymptomatic state and showed the same mobilization 
trend during painful crises, suggesting a similar mechanism of EPC mobilization in 
these two groups.
 Samples drawn at day 0 (day of presentation) were not available for all patients 
with painful crisis. However, since circulating EPC counts did not change significantly 
between the different sampling days during a painful crisis, an influence of therapy on 
circulating EPC counts seems unlikely.
 Several growth factors have been suggested to mediate the mobilization of EPCs11, 

23, 25, 26 some of which are also known to be elevated in SCD patients.3, 18 EPO, which is 
chronically elevated in SCD3 and has been demonstrated to induce EPC mobilization11 
was not related to circulating EPC counts, arguing against an important role of EPO in 
EPC mobilization in SCD patients.
 In contrast to our previous observation, no significant difference in IL-8 serum 
levels could be found between asymptomatic state and painful crisis. However, given the 
known short duration of the IL-8 peak levels in sickle cell crisis, these differences may be 

explained by the fact that in our study the blood samples were taken after admission and 
during treatment of the vaso-occlusive event while the previous observation was done in 
blood samples taken immediately at presentation.13 We can therefore not exclude a role 
of early IL-8 increment on the observed EPC mobilization in the present study. While both 
EPC counts and VEGF levels increased significantly during painful crisis, no correlation 
was observed between the two. A potential explanation for the lack of correlations 
between the measured growth factors and EPC counts could be that the EPC mobilizing 
effects of these factors are highly dependent on nitric oxide (NO) availability27-30 which 
is strongly reduced in SCD.31

 While the increased EPC counts during painful crisis provide new insights into SCD 
related angiogenesis and revascularization, their diagnostic and prognostic value in SCD 
patients remains to be elucidated as in the present study we did not see any relationship 
with the duration of painful crises or SCD related acute and chronic complications.
 In conclusion, the present study demonstrates, for the first time, elevated circulating 
EPC counts in sickle cell patients during painful crisis indicating a pro-angiogenic state 
in SCD and a capacity to rejuvenate the endothelium, damaged during the vaso-occlusive 
painful crisis. The circulating EPC counts were not related to serum levels of EPO and 
VEGF, which might indicate that other growth factors might induce EPC mobilization 
in sickle cell patients.
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Abstract
Sickle cell disease (SCD) is a hemoglobinopathy characterized by hemolytic 

anemia, increased susceptibility to infections and vaso-occlusion leading to 

a  reduced quality of life and life expectancy. Oxidative stress is an important 

feature of SCD and plays a significant role in the pathophysiology of hemolysis, 

vaso-occlusion and ensuing organ damage in sickle cell patients. Reactive oxygen 

species (ROS) and the (end-)products of their oxidative reactions are potential 

markers of disease severity and could be targets for antioxidant therapies. This 

review will summarize the role of ROS in SCD and their potential implication 

for SCD management.

Keywords: Sickle cell disease; Reactive oxygen species; Oxidative Stress; 

Endothelium

Introduction

Sickle cell disease (SCD) is a hemoglobinopathy clinically characterized by chronic 
hemolysis, intermittent vaso-occlusive events and increased susceptibility to infections.1-3 
Chronic activation and damage of endothelial cells by sickle red blood cells, heme, 
polymorphonuclear neutrophils (PMNs) and inflammatory mediators contributes 
to progressive microvascular damage in all organs, including the brain, lungs and 
kidneys.4-6 In SCD, oxidative stress is increased and might play a significant role in 
the pathophysiology of SCD-related microvascular dysfunction, vaso-occlusion and 
development of organ damage.7-11 A high production rate of reactive oxygen species 
(ROS) in SCD is caused by factors such as increased intrvascular hemolysis, ischemia-
reperfusion injury, and chronic inflammation.12-14

ROS are produced as the result of intracellular catabolism that requires oxygen as 
a terminal electron acceptor (oxidant). During this process ROS such as superoxide (O2), 
hydrogen peroxide (H2O2) and hydroxyl radicals (OH-) are produced as intermediates, even 
in healthy individuals.15, 16 Under normal conditions there is a balance between the ROS 
and the defense system of antioxidants (superoxide dismutase, catalase, gluthatione 
and gluathione peroxidase, ascorbate, pyruvate, flavonoids, and carotenoids), thereby 
preventing or limiting oxidative damage.17 Oxidative stress is the result of an imbalance 
between oxidants and antioxidants in favor of the former. Increased production of 
oxidants and/or decreased availability of antioxidants trigger(s) a cascade of oxidative 
reactions damaging lipids, proteins and DNA ultimately leading to (premature) cell death. 

SCD is characterized by a lifelong continuous oxidative stress.18, 19 In this review, 
we will describe the mechanisms of oxidative stress in SCD, discuss the involvement of 
ROS in the pathophysiology of SCD and elaborate upon their use as potential diagnostic 
markers and as targets for therapeutic intervention.

Sources of oxidative stress in sickle cell 
disease
Several mechanisms contribute to the high oxidative burden in sickle cell patients, 
including: 1. the excessive levels of cell-free hemoglobin with its catalytic action on 
oxidative reactions,13, 18 2. the characteristic recurrent ischemia-reperfusion injury,7, 10 3. 
a chronic pro-inflammatory state,14 and 4. higher autoxidation of HbS.12, 20

Cell-free hemoglobin
Under physiological circumstances iron homeostasis is tightly regulated by complex 
mechanisms in order to avoid cellular injury.21, 22 As a result of continuous intravascular 
hemolysis, sickle cell patients have highly increased plasma levels of cell-free 
hemoglobin.13, 23 By inactivating nitric oxide (NO), cell-free ferrous hemoglobin reduces 
the NO bioavailability, limiting the important vasodilatative, anti-thrombotic and 
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anti-inflammatory properties of this molecule.23-27 The hydrophobic heme also rapidly 
intercalates into the plasma membrane of endothelial cells where it releases its iron.28 
This induces endothelial cell activation and damage by catalyzing non-enzymatic 
generation of ROS.18 Several studies have shown an inverse relation between endothelial 
activation and hemolytic rate in SCD,29, 30 which might be explained by the hemolysis 
driven increased endothelial ROS generation (See Endothelial dysfunction). Haptoglobin, 
which is an important scavenger of cell-free hemoglobin, is depleted in sickle cell 
patients due to continuous intravscular hemolysis.31, 32 As a defense against heme induced 
oxidative stress, endothelial cells upregulate heme oxygenase-1 and ferritin to offer some 
protection to the endothelial cells against excessive iron toxicity.33 

Ischemia-reperfusion 
Restoration of oxygen-rich blood flow after an episode of ischemia adds significantly 
to tissue damage,34 which is mediated by oxidants generated upon reperfusion and is 
referred to as ‘reperfusion injury’. Low oxygen tension due to discontinuation of blood 
flow induces the generation of hypoxanthine and xanthine oxidase from adenosine 
triphosphate and xanthine dehydrogenase, respectively.34 After restoration of oxygen-
rich blood flow, xanthine oxidase generates superoxide while catalyzing the conversion 
of xanthine or hypoxanthine to uric acid.35 Catalyzed by iron, the superoxide radical is 
ultimately converted to the extremely powerful and damaging hydroxyl radical that is 
reactive with almost all biological substances.36 While xanthine oxidase accounts for the 
oxidative damage in the early phase of reperfusion, NADPH oxidase, abundantly present 
in PMNs and monocytes, acts in the later phase of reperfusion injury.37, 38 In SCD, high 
levels of xantine oxidase are released into the circulation after ischemia-reperfusion 
injury, especially of hepatocellular tissue, which after diffusing to the endothelium, 
enhances vascular ROS production and NO scavenging resulting in impaired vascular 
function.7

All the features necessary for maximum reperfusion injury, namely recurrent 
transient (a-)symptomatic microvascular occlusions, high concentrations of cell-free 
iron and higher number of leukocytes, are present in sickle cell patients.4, 39 Increases 
in oxidative stress, the inflammatory response and endothelial activation after a period 
of hypoxia/reoxygenation were demonstrated in sickle mice.39

Inflammation and oxidative stress
ROS production is a main feature of and plays an important role in inflammation and 
is associated with many chronic inflammatory diseases.27 ROS not only participate in 
pathogen killing but also induce activation of inflammatory mediators and expression 
of adhesion molecules and endothelial damage.27 A chronic pro-inflammatory state 
is characteristic of sickle cell patients, even in the clinically asymptomatic phase.14 
Accordingly, next to inflammatory parameters, markers of oxidative stress such as F2-
isoprostanes are reported to be higher in sickle cell patients as compared to healthy 
controls.14 A likely source of ROS stemming from SCD-related inflammation is the elevated 

count of activated PMNs. As part of their micro-organism killing innate immunity 
response, PMNs produce ROS in an NADPH oxidase mediated respiratory burst, which 
is chronically activated in PMNs of sickle cell patients.40-42

Whether the chronic pro-inflammatory state in SCD contributes to oxidative stress 
or vice versa is not clear, but the relation is most likely bidirectional. At concentrations 
found in the plasma of homozygous sickle cell patients, heme induces expression of pro-
inflammatory adhesion molecules both on endothelium and blood cells and increases 
vascular permeability and leukocyte influx,43 further reinforcing ROS generation.14, 42 Kaul 
et al. reported hypoxia/reoxygenation induced inflammatory response in transgenic mice 
as reflected by increased numbers of adherent and emigrated leukocytes.39

Autoxidation of sickle hemoglobin (HbS)
While earlier studies by Hebbel et al estimated methemoglobin formation in HbS to be 1.7 
times faster than in normal hemoglobin (HbA),12 more recent studies by the same group 
showed this to be an overestimation, demonstrating only a slightly higher oxidation rate 
in HbS,20 which could be caused by the oxidatively stressed cytoplasmic environment 
rather than by instable HbS. The high metabolic turnover during polymerisation and 
depolymerisation upon deoxygenation and reoxygenation respectively is a potentially 
important source of ROS production.14, 44

Clinical implications of oxidative stress 
in SCD
In SCD, oxidative stress is involved in multiple pathophysiologic mechanisms such 
as accelerated hemolysis,45 endothelial damage,19, 46 reduced NO bioavailability47, 48 
and hypercoagulability49 potentially contributing to SCD related vaso-occlusion and 
subsequently chronic organ damage.8, 11

Endothelial dysfunction
Owing to its proximity to cell-free hemoglobin and the sites of ischemia-reperfusion 
injury, the endothelium is a major target of oxidative stress in SCD. Several oxidative 
stress-related mechanisms contribute to endothelial damage which plays a central role 
in SCD related chronic organ complications such as cerebral vasculopathy, pulmonary 
hypertension and retinopathy (Figure 1).8, 19 As mentioned above, ROS inflict direct damage 
to endothelial cells via oxidative reactions with (membrane) lipids, peptides and nucleic 
acids.34, 50 This leads to endothelial cell swelling and detachment from the underlying 
basement membrane, exposing sub-endothelial structures and proteins including tissue 
factor (TF),51 thereby also contributing to the hypercoagulable state of SCD. Moreover, 
through activation of nuclear factor-κB (NF-κB), ROS 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 vascular cell adhesion molecule-1 [VCAM-1] and intercellular adhesion  
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Figure 1. Causes and pathophysiologic role of oxidative stress in haemolysis, coagulation, inflammation and 
endothelial activation and damage resulting in vaso-occlusive painful crises and ischemic organ damage 
in sickle cell disease.

molecule-1 [ICAM-1]),43, 52 further augmenting a pro-inflammatory state. The increased 
expression of endothelial adhesion molecules may further contribute to the vaso-
occlusive process through adhesion of (sickle) red blood cells, leukocytes and platelets 
to the endothelium.4

Advanced glycation end-products (AGEs), which are increased in SCD, are generated 
by non-enzymatic glycation and oxidation of proteins in the Maillard reaction and 
their production is strongly related to oxidative stress.53, 54 Through interaction with 
their receptor (RAGE), which is expressed on different cell types including endothelial 
cells, AGEs stimulate production of pro-inflammatory cytokines, adhesion molecules 
(through activation of NF-κB) and more oxidants (high levels of O2

– via increased activity 
of NADPH oxidase).53, 55 Interaction of AGEs with extracellular tissue structures leads to 
distortion of the normal tissue architecture.56 This is especially important in the micro-
vasculature where thickening of the basement membrane and reduced elasticity in blood 
vessels cause reduced filtration rate across the vessel lumen and diminished arteriolar 
vasodilatatory response resulting in tissue ischemia.56, 57

Sickle cell disease is characterized by reduced bioavailability of NO, which is 
an important molecule with vaso-dilatative, anti-inflammatory and anti-thrombotic 
properties.23-27 Besides increased levels of intravascular cell-free hemoglobin as a 
major scavenger of NO, oxidative stress also directly contributes to the decreased NO 
bioavailability in SCD. Superoxide (O2

.-), which is abundantly present in SCD, binds NO 
to form the potent oxidant peroxynitrite (ONOO-) and its conjugate peroxynitrous acid, 
not only contributing to the reduced NO bioavailability but also resulting in further 
exacerbation of oxidative stress,7, 48 Oxidative stress also plays a role in the generation of 
the endogenous nitric oxide synthase inhibitor asymmetric dimethylarginine (ADMA), 
further limiting NO bio-availability.47 Plasma levels of ADMA are elevated in SCD, and 
are associated with SCD-related pulmonary hypertension and early death.58, 59

Accelerated hemolysis
The increased intra- and extra-erythrocytic oxidative stress induces lipid peroxidation 
and  membrane instability, contributing to accelerated intravascular hemolysis.12, 60 
Increased levels of hydroperoxides cause red cell membrane damage and deformity.61, 

62 Oxidative stress has been associated with the Ca2+-dependent scramblase-mediated 
disruption of the normal asymmetrical distribution of membrane phospholipids, leading 
to phosphatidylserine (PS) exposure at the outer surface of sickle erythrocytes.63 Sickle 
erythrocytes that expose PS are hydrolyzed by secretory phospholipase A2 resulting in 
increased intravascular hemolysis.64 Moreover, PS exposing erythrocytes are recognized 
and engulfed by macrophages with PS-specific receptors resulting in their degradation.65 
Sickle red blood cells have a high percentage of PS exposure which is related to oxidative 
stress, suggesting oxidative stress might play a role in intravascular hemolysis.60, 66

Hypercoagulability
Sickle cell disease is characterized as a hypercoagulable state.67, 68 While no direct 
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relationship between hypercoagulability and oxidative stress in SCD has been 
demonstrated, ROS may well contribute to the hypercoagulable state in SCD. Endothelial 
activation by ROS or their (end-)products induces enhanced expression of adhesion 
molecules resulting in increased cell adhesion and platelet activation.69, 70 Oxidative 
stress induced endothelial damage enhances the intra-luminal exposure of TF which 
initiates the coagulation cascade through binding with factor VIIa.51, 71 By reducing NO 
bioavailability, oxidative stress inhibits the anti-adhesive and anti-thrombotic properties 
of NO further enhancing the pro-coagulant state in SCD.72 Peroxidative damage to 
erythrocyte membrane results in increased expression of PS at the outer surface of sickle 
erythrocytes,73 which is associated with hypercoagulability and increased endothelial 
activation.74

Increased susceptibility to infections
SCD is associated with an increased risk of infections, especially with encapsulated micro-
organisms.75, 76 which may not only be due to functional asplenia, but also due to a poor 
respiratory burst response of PMNs. The respiratory burst by PMNs is an important part 
of the innate immune response in the killing of engulfed pathogens.40 Recent studies 
on PMNs of sickle cell patients have shown that, while more oxidatively stressed than 
normal PMNs, peripheral blood PMNs of sickle cell patients have a limited respiratory 
burst response to cytokine priming, rendering them less effective in their antibacterial 
activity.77 The chronically elevated production of ROS in PMNs of sickle cell patients 
leads to an exhausted respiratory burst capacity of these cells resulting in less effective 
eradication of engulfed pathogens.78

Biomarkers of oxidative stress

(End-)products of (per-)oxidative reactions
Despite the clear evidence of oxidative stress in SCD,7-10 no easily applicable biomarker 
has been developed to monitor the occurrence of oxidative damage. Several emerging 
biomarkers have the potential to be used in determining the degree of oxidative stress 
and disease severity. Due to their high reactive instability, ROS can not be easily measured. 
Therefore, many studies have focused on measuring secondary more stable (end-)products 
of oxidative reactions as biomarkers of oxidative stress. Besides measuring these (end-)
products, oxidative stress could also be estimated by evaluating antioxidant levels.11, 54, 79

Oxidative degradation of arachidonic acid and other polyunsaturated fatty 
acids leads to the production of F2-isoprostanes and malondialdehyde (MDA) and 
4-hydroxynonenal (4-HNE) respectively.80, 81 These can be measured in urine or blood, 
can indicate the degree of oxidative stress and have been demonstrated to be increased 
in SCD.14, 82 However, the assays for these biomarkers are costly and do not have enough 
specificity or sensitivity as markers of disease severity making their widespread use in 
clinical practice less attractive.

AGEs are increased under oxidative conditions and their plasma and urine levels are 
associated with disease severity and organ complications in inflammatory diseases and 
diabetes mellitus.53 Plasma levels of AGEs are increased in SCD and correlate significantly 
to the presence of hemolysis related organ complications.8, 54

Glutathione
The tripeptide glutathione plays a central role in the defense against ROS. In SCD, 
both total glutathione levels and GSH/GSSG ratio are decreased.54, 83 Measurement of 
glutathione may provide a valuable marker of in vivo oxidative stress.84, 85  Somjee et al. 
reported a strong inverse correlation between plasma AGEs and GSH levels in sickle 
erythrocytes.54 In a recent study Morris et al. observed that while sickle erythrocytes 
had decreased levels of glutathione and glutamine, the latter was associated with SCD-
related pulmonary hypertension.11 Glutamine is an essential precursor of NADPH, which 
facilitates reduction of GSSG back to GSH, and thereby plays an important antioxidative 
role in erythrocytes.86

With the increasing accuracy and applicability of the measurement methods, the 
above discussed markers of oxidative stress or decreased antioxidant defense need to be 
studied (further) as potential markers of SCD severity.

Targeting oxidative stress in SCD

With mounting evidence about oxidative stress as a factor of importance in the 
pathophysiology of SCD, the potential therapeutic effects of new and established anti-
oxidative 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. Importantly, antioxidants are often 
widely accessible and inexpensive, making them especially interesting in light of the 
fact that SCD occurs most frequently in countries with relatively limited resources.87 
Even though studies of antioxidants in diabetes and other cardiovascular diseases have 
shown conflicting results, SCD is unique as the widespread ‘total body’ onslaught of 
ROS likely commences in the first year of life and is ongoing from then on at a high 
intensity. Therefore, the benefit of life long treatment with antioxidants in SCD may be 
more promising as compared for example to antioxidant therapy in patients with already 
manifest atherosclerosis. Conceding the fact that the ultimate demonstration of organ 
damage prevention by antioxidants in SCD will likely take years, the demonstration of 
a reduction in parameters of oxidative stress and subsequent down-stream events will 
be of importance for early phase studies of antioxidants in SCD. 

Inhibition of hemolysis
Reducing hemolysis has ameliorating effects on oxidative stress and NO bioavailability. 
Induction of fetal hemoglobin by hydroxyurea results in decreased hemolysis limiting 
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ROS production and NO scavenging.88, 89 Another pathway through which hydroxyurea 
enhances the antioxidative capacity of sickle red blood cells is by inducing glutathione 
peroxydase 1 expression.90 Arginine therapy of transgenic knockout sickle mice has been 
demonstrated to reduce hemolysis and oxidative stress and improve NO bioavailability 
and microvascular function.91, 92 When given in combination with hydroxyurea, arginine 
therapy of sickle cell patients seems to increase NO bioavailability.93 However more 
recent studies on oral arginine supplementation have not demonstrated any clinically 
detectable effects of arginine in sickle cell patients.94, 95

Iron chelators
As mentioned above, excessive levels of cell-free heme-derived iron plays an important 
in oxidative stress in SCD. Recent in vitro studies have shown that smaller and more 
lipophilic iron chelators such as defriprone, deferasirox and salicylaldehyde isonicotinoyl 
hydrazone can prevent oxidative damage to cells.96 Since iron chelators can cause iron 
depletion and can form redox-active iron complexes,96 further animal and possibly clinical 
studies are needed to elucidate whether the antioxidant effects of iron chelators outweigh 
their cytotoxicity.
  
N-acetylcysteine
N-acetylcysteine (NAC) is one of the precursors of GSH which, as stated above, has been 
demonstrated to be reduced in erythrocytes of sickle cell patients,54, 83 which seems to be 
caused by an increased excretion of the oxidized GSSG form.97 In vitro and animal studies 
have demonstrated that treatment of blood cells with NAC increases the intracellular 
concentration of the reduced form of GSH and decreases (parameters of) oxidative stress.98 
Treatment of sickle cell patients with NAC at a dose of 2400 mg increased intracellular 
GSH and reduced dense cell formation.99 In a recent study we observed that NAC in 
both 1200 and 2400 mg doses seemed to decrease hemolysis (detected by reductions in 
cell-free hemoglobin concentrations) and oxidative stress (detected by a reduction in 
sickle erythrocyte PS expression and plasma levels of AGEs)100 (submitted for publication). 
Interestingly, Amer et al demonstrated that N-acetylcysteine amide (AD4), the amide form 
of NAC, showed a stronger reduction of oxidative stress than N-acetylcysteine itself in 
blood cells of beta-thalassemia patients, who are also characterized by hemolysis related 
oxidative stress.101

Nutrients with antioxidative properties
Levels of carotenoids, flavonoids, vitamins C and E (hydrophobic antioxidants) and zinc 
(part of superoxide dismutase) are known to be decreased in sickle cell patients.62, 102, 103  
Treatment of erythrocytes from sickle cell patients with the flavonoid quercetin has 
been shown to provide protection against hemoglobin oxidation, lipid peroxidation and 
membrane deformity.62 Zinc supplementation of sickle cell patients has been shown 
to decrease oxidative stress, incidence of infection, and generation of inflammatory 
cytokines in sickle cell patients.104 However, supplementation of sickle cell patients with 

many of these antioxidants did not accomplish clinically measurable ameliorating effect, 
such as reducing the degree of hemolysis.105

Fermented papaya preparation (FPP) is a natural health product with anti-oxidative 
properties, obtained by yeast fermentation of Carica papaya.106 Amer et al showed that FPP 
has the potential to scavenge ROS in blood cells of β-thalassemic mice and patients.107 
The oral administration of FPP reduced oxidative stress as reflected by decreased levels of 
ROS, membrane lipid peroxidation, externalization of phosphatidylserine and increased 
erythrocyte glutathione levels. Possible antioxidative effects of FPP in SCD have not been 
studied yet.
Anti-inflammatory agents with antioxidative effects
Anti-inflammatory agents ameliorate oxidative stress, not only via down-regulating 
inf lammation, but also, as described below, by directly blocking enzymes and 
transcription factors that generate and are activated by ROS respectively.

By blocking the activation of the transcription factor NF-κB, which is also known 
to be activated by ROS and their (end-)products, agents such as andrographolide and 
sulfasalazine could potentially inhibit the activation of a long cascade of inflammation, 
coagulation and vaso-occlusion and further ischemia-reperfusion injury.108, 109 Studies 
in transgenic sickle mice and sickle cell patients have demonstrated that sulfasalazine 
reduced endothelial-derived oxidant production, expression of adhesion molecules and 
leukocyte adhesion and improved microvascular flow.110, 111

The potential therapeutic effect of allopurinol lies in its ability to inhibit xanthine 
oxidase, resulting in decreased ROS generation during ischemia-reperfusion injury.112 In 
transgenic sickle mice allopurinol resulted in reduced oxidative stress, inflammation 
and leukocyte adhesion and improved microvascular flow.110 Lovostatin has been shown 
to inhibit the hypoxia/reoxygenation induced expression of endothelial tissue factor 
in SCD.113

Conclusion

In conclusion SCD is characterized by increased generation of ROS resulting in oxidative 
damage of various cell types including erythrocytes and the endothelium. The chronically 
elevated oxidative stress in SCD might play a significant role in the development of SCD 
related organ complications. Secondary products of oxidative stress may potentially serve 
as biomarkers of disease severity in SCD. The potential of antioxidants and agents with 
anti-oxidative effects for preventing or delaying the development of organ complications 
in sickle cell patients deserves thorough investigation.
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Abstract
Oxidative stress plays an important role in the pathophysiology of sickle cell 

disease (SCD). Plasma levels of advanced glycation end products (AGEs) are 

increased under oxidative conditions and are associated with disease severity 

in diabetes and inflammatory diseases. We questioned whether AGEs are 

increased in sickle cell patients and whether they are associated with SCD related 

complications. Plasma levels of the AGEs pentosidine, Nε-(carboxymethyl)lysine 

(CML) and Nε-(carboxyethyl)lysine (CEL) were measured using single-column high 

performance liquid chromatography with fluorescence detection (pentosidine) 

and ultra performance liquid chromatography-tandem mass spectrometry (CML 

and CEL). Plasma levels of pentosidine and CML were increased in HbSS/HbSβ0-

thalassaemia (n=60) and HbSC/HbSβ+-thalassaemia (n=42) patients during steady 

state as compared to healthy HbAA controls (n=30) without increments during 

painful crisis. CEL levels were comparable between all groups. Pentosidine and 

CML levels correlated significantly to haemolytic rate during the clinically 

asymptomatic state while pentosidine was significantly related to the number 

of haemolysis-related organ complications. The increased plasma AGE levels 

in sickle cell patients and their association with haemolysis and haemolysis-

related complications suggest AGEs might be implicated in the pathophysiology 

of the haemolytic phenotype of SCD. Measurement of AGEs might be useful in 

predicting organ complications in SCD.

Keyword: sickle cell disease, advanced glycation end products, oxidative stress, 

haemolysis, organ damage

Introduction

Sickle cell disease (SCD) is characterized by unstable auto-oxidative sickle haemoglobin 
(HbS),1 chronic intravascular haemolysis,2 recurrent ischemia reperfusion injury,3 and 
low grade inflammation,4 all contributing to an increased generation of reactive oxygen 
species (ROS) potentially contributing to the characteristic widespread organ damage.5

ROS inflict direct oxidative damage to tissue by reacting with cellular proteins 
(interfering with their functions), membrane structures, DNA and extracellular 
matrix.6-8 Oxidative stress also results in increased production and accumulation of 
advanced glycation end products (AGEs), which are not only well-established markers 
of oxidative stress,9-11 but are themselves oxidatively active and have been demonstrated 
to play a role in the pathophysiology of organ complications (nephropathy, retinopathy, 
neuropathy and ischemic heart disease) in diabetes and auto-immune inflammatory 
diseases.12-15

AGEs are generated by non-enzymatic glycation and oxidation of proteins, 
lipids and nuclear acids in the Maillard reaction.12 AGEs are associated with several 
pathological mechanisms which could contribute to organ damage and disease severity. 
Cross-linking of AGEs with intra- and extracellular proteins affects their conformational 
structure resulting in distortion of normal tissue architecture.16 This is especially 
important in the cardiovascular system where thickening of the basement membrane 
and reduced elasticity in blood vessels cause reduced filtration rate across the vessel 
lumen and diminished arteriolar vasodilatatory capacity.16-18 Another mechanism, 
through which AGEs inhibit vasodilatation, is by inducing resistance to nitric oxide 
and suppressing nitric oxide synthesis.19 Furthermore, the interaction of AGEs with 
their receptor RAGE, which is expressed on different cells including endothelial cells 
and macrophages, enhances the production and expression of pro-inflammatory 
cytokines, adhesion molecules and oxidants.12, 20-22 In diabetes, AGEs have been shown 
to increase vascular permeability,23 which  is a major and early characteristic of 
diabetic vasculopathy.24 AGEs are also known to induce apoptosis in different cell 
types and thereby play a significant role in the pathology of various diseases and organ 
complications.25-27

A recent study showed elevated plasma levels of AGEs in paediatric sickle cell 
patients during the clinically asymptomatic state without further increments during 
painful crisis.28 However, patients with macrovascular (cerebrovascular accidents or 
abnormal transcranial Doppler study) or microvascular (evidence of retinopathy or 
nephropathy) SCD related organ complications were excluded from this study. As 
oxidative stress is associated with both acute and chronic organ complications in sickle 
cell patients,29-31 we studied whether AGEs are elevated in adult sickle cell patients and 
whether they are associated with SCD related organ complications. 
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Patients and methods

Study population
Adult sickle cell patients (≥18 years), including sickle cell anaemia (HbSS) and compound 
heterozygous states sickle β0-thalassaemia (HbSβ0-thal), sickle β+-thalassaemia (HbSβ+-
thal) and sickle haemoglobin C disease (HbSC) visiting the out-patient clinic during the 
clinically asymptomatic state (defined as being free of SCD related acute events, such as 
painful crisis, priapism, acute chest syndrome, strokes, sequestration crises and infections 
during at least 4 months prior to study participation) and patients admitted for a painful 
crisis (defined as musculo-skeletal pain not otherwise explained and recognized as such 
by the patient) at the Academic Medical Centre and Slotervaart Hospital, Amsterdam, 
The Netherlands were eligible for the study. Exclusion criteria were: diabetes mellitus, 
renal failure, auto-immune inflammatory diseases, active infection and pregnancy. 
Healthy race matched volunteers with normal haemoglobin (HbAA) served as controls. 
Haemoglobin (Hb) types were confirmed in all participants by high performance liquid 
chromatography (HPLC). All participants received verbal and written explanation of the 
study and subsequently gave written informed consent. The protocol was reviewed and 
approved by the local medical ethical committee and conducted in agreement with the 
Helsinki declaration of 2000.

Blood sample Collection
Blood from patients was obtained upon their visit to the outpatient clinic or their 
presentation at the emergency department. Standard blood counts were performed in 
EDTA-anticoagulated blood (Cell-Dyn 4000, Abbott, Illinois, USA). Lactate dehydrogenase 
(LDH) and bilirubin levels were measured in heparinized plasma with spectrophotometry 
(P800 Modular, Roche, Basel, Switzerland). Blood samples were centrifuged within 30 
minutes of withdrawal at 3000 rpm (4 oC) for 15 minutes and serum and plasma samples 
were stored at -80oC until further analysis.

Laboratory analysis
The AGEs (pentosidine, Nε-(carboxymethyl)lysine (CML) and Nε-(carboxyethyl)lysine 
(CEL)) were measured in EDTA anti-coagulated plasma. Pentosidine was measured with 
single-column HPLC with fluorescence detection and CML and CEL were determined 
by ultra performance liquid chromatography-tandem mass spectrometry as described 
previously.32, 33 Inter-assay coefficients of variation were 4.9% for pentosidine, 3.7% for 
CML and 5.1% for CEL. The intra-assay coefficients of variation were below 4% for all 
these AGEs. Soluble vascular cell adhesion molecule-1 (sVCAM-1) levels were determined 
in serum using enzyme-linked immunosorbent assay (ELISA; R&D Systems, Minneapolis, 
MN, USA). Plasma levels of von Willebrand Factor antigen (vWF:Ag) were determined in 
citrate plasma using a homemade ELISA.
 

Data analysis
For data analysis, patients were classified according to genotype into two groups: patients 
with the relatively severe genotypes HbSS and HbSß0-thal grouped in one group (HbSS/
HbSβ0-thal) and patients with the relatively milder HbSC and HbSß+-thal genotypes 
collected in the other group (HbSC/HbSβ+-thal).34 SCD related organ complications were 
grouped as haemolysis related (pulmonary hypertension, leg ulcers, priapism, ischemic 
stroke, cholecystolithiasis and microalbuminuria) or viscosity-vaso-occlusion related 
(acute painful crisis, acute chest syndrome, retinopathy and avascular necrosis of bone) 
complications.35

Statistical analysis
As data were not normally distributed, statistical tests for nonparametric data were 
used. For multiple group comparisons of continuous variables the Kruskal–Wallis test 
was employed. The Mann–Whitney U-test was used for comparison between two groups. 
The Wilcoxon Signed Rank Test was used for a paired analysis of patients who were 
included both during asymptomatic state and painful crisis. For correlation studies, the 
Spearman Rank correlation coefficient (rs) was determined. To analyze the association 
of plasma AGEs with haemolysis and fetal Hb (HbF), a multivariate stepwise regression 
model with forward entry and removal was constructed with one of the AGEs as the 
dependent variable and group (healthy control, patient during steady state or painful 
crisis), age, Hb, reticulocyte counts, LDH, total bilirubin and HbF as the independent 
variables. P <0.05 was considered statistically significant (SPSS 16.0, Chicago, IL, USA).

Results

Sixty HbSS/HbSβ0-thal patients (54 HbSS, 6 HbSβ0-thal) and 42 HbSC/HbSβ+-thal (32 
HbSC, 10 HbSβ+-thal) were included during the asymptomatic state and 27 HbSS/HbSβ0-
thal patients (25 HbSS, 2 HbSβ0-thal) and 8 HbSC/HbSβ+-thal patients (6 HbSC, 2 HbSβ+-
thal) were included during acute painful crisis. Thirty healthy race matched HbAA 
volunteers served as controls. Table 1 shows clinical and biochemical characteristics of 
the participants.

Plasma levels of pentosidine were significantly higher in asymptomatic state HbSS/
HbSβ0-thal (P < 0.0001) and HbSC/HbSβ+-thal patients (P = 0.002) than in healthy controls 
but did not increase further during painful crisis (Figure 1A). CML levels were significantly 
higher in asymptomatic state HbSS/HbSβ0-thal patients as compared to controls (P = 0.007; 
Figure 1B) but were comparable between controls and asymptomatic state HbSC/HbSβ+-
thal patients. No further increases in CML levels were observed during painful crisis. 
Also in a paired analysis of 25 patients included both during asymptomatic state and 
painful crisis, there were no increases in plasma levels of pentosidine and CML during 
painful crisis (data not shown). CEL levels were comparable between controls and patients 
during both asymptomatic state and painful crisis (Figure 1C). 
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Figure 1. Plasma levels of AGEs in healthy 
controls (CTRL) and HbSC/HbSβ+ (SC) 
and HbSS/HbSβ0 (SS) patients during 
asymptomatic state (AS) and painful 
crisis (CR). (A) While pentosidine levels are 
higher in both HbSC/HbSβ+ (SC-AS; n = 42; 
P = 0.002) and HbSS/HbSβ0 (SS-AS; n = 60; 
P < 0.0001) patients during asymptomatic 
state than in healthy controls (n = 30), 
they do not increase further during 
painful crisis (SC-CR, n = 8 and SS-CR, n 
= 27 respectively). Within the patients 
during steady state, HbSS/HbSβ0 patients 
have higher pentosidine levels than HbSS/
HbSβ+ patients (P < 0.0001) (B) Levels 
of Nε-(carboxymethyl)lysine (CML) are 
comparable between healthy controls and 
asymptomatic state HbSC/HbSβ+ patients 
but significantly higher in asymptomatic 
state HbSS/HbSβ0 patients (P = 0.007). Also 
CML is higher in steady state HbSS/HbSβ0 
patients than steady state HbSS/HbSβ+ 

patients (P = 0.008). (C) Plasma levels of Nε-
(carboxyethyl)lysine (CEL) are comparable 
between healthy controls and sickle cell 
patients both during asymptomatic state 
and painful crisis. Note the interruptions 
in the scale on Y axes.T

ab
le

 1
. B

as
el

in
e 

ch
ar

ac
te

ri
st

ic
s.

A
sy

m
p

to
m

at
ic

 S
ta

te
Pa

in
fu

l 
C

ri
si

s

C
o

n
tr

o
ls

(n
 =

 3
0)

H
b

SC
/H

b
Sβ

+
(n

 =
 4

2)
H

b
SS

/H
b

Sβ
0

(n
 =

 6
0)

H
b

SC
/H

b
Sβ

+
(n

 =
 8

)
H

b
SS

/H
b

Sβ
0

(n
 =

 2
7)

A
ge

, y
39

 (1
9 

– 
59

)
30

 (1
8 

– 
57

)*
25

 (1
8 

– 
57

)*
25

 (2
0 

– 
48

)
25

 (1
9 

– 
48

)

G
en

d
er

 (m
al

e/
fe

m
al

e)
19

/1
1

27
/1

5
35

/2
5

8/
0

14
/1

3

B
M

I 
(K

g/
m

2)
25

.4
 (2

3.
4 

– 
27

.2
)

23
.4

 (2
1.

4 
– 

28
.2

)
21

.3
 (1

9.
4 

– 
24

.0
)*

¥
21

.3
 (1

8.
8 

– 
28

.4
)

22
.7

 (1
9.

6 
– 

26
.0

)

H
b 

(g
/l

)
12

7 
(1

21
 –

 1
38

)
11

1 
(1

06
 –

 1
17

)*
87

.8
 (7

8.
2 

– 
97

.9
)*

¥
11

1 
(1

07
 –

 1
14

)*
83

.8
 (7

0.
9 

– 
93

.5
)*

¥

Le
u

ko
cy

te
s 

(1
09

/l
)

5.
3 

(4
.4

 –
 6

.8
)

6.
4 

(5
.0

 –
 8

.4
)*

9.
8 

(7
.9

 –
 1

0.
9)

*¥
8.

4 
(6

.4
 –

 1
0.

2)
*

11
.9

 (1
0.

6 
– 

14
.0

)*
¥†

Pl
at

el
et

s 
(1

09
/l

)
24

4 
(2

05
 –

 2
96

)
20

9 
(1

61
 –

 3
36

)
37

1 
(2

84
 –

 4
81

)*
¥

18
3 

(1
27

 –
 2

36
)

33
4 

(2
82

 –
 3

94
)*

¥

LD
H

 (U
/l

)
17

7 
(1

53
 –

 2
02

)
23

0 
(1

83
 –

 2
60

)*
38

3 
(3

04
 –

 5
04

)*
¥

22
3 

(1
98

 –
 3

98
)*

46
0 

(4
25

 –
 6

41
)*

¥†

sV
C

A
M

-1
 (n

g/
m

l)
41

3 
(3

68
 –

 4
74

)
77

7 
(6

30
 –

 9
24

)*
98

7 
(7

82
 –

 1
25

4)
*¥

74
1 

(5
92

 –
 1

10
9)

94
6 

(8
11

 –
 1

43
4)

H
b 

h
ae

m
og

lo
bi

n
; L

D
H

 l
ac

ta
te

 d
eh

yd
ro

ge
n

as
e.

 N
u

m
be

rs
 a

re
 m

ed
ia

n
s 

w
it

h
 2

5t
h

 a
n

d
 7

5t
h

 p
er

ce
n

ti
le

s,
 a

ge
 e

xp
re

ss
ed

 a
s 

m
ed

ia
n

s 
w

it
h

 r
an

ge
. 

* 
Si

gn
ifi

ca
n

tl
y 

d
if

fe
re

n
t 

as
 c

om
p

ar
ed

 t
o 

h
ea

lt
h

y 
co

n
tr

ol
s 

(P
 <

 0
.0

5)
.

¥ 
Si

gn
ifi

ca
n

tl
y 

d
if

fe
re

n
t 

as
 c

om
p

ar
ed

 t
o 

H
bS

C
/H

bS
β+

 w
it

h
in

 o
n

e 
st

at
e 

(P
 <

 0
.0

5)
.

† 
Si

gn
ifi

ca
n

tl
y 

d
if

fe
re

n
t 

as
 c

om
p

ar
ed

 t
o 

as
ym

p
to

m
at

ic
 s

ta
te

 (P
 <

 0
.0

5)
.



102

AGEs are associated with organ complications in SCD

C
ha

pt
er

 7

103

Figure 2. Plasma levels of pentosidine and Nε-(carboxymethyl)lysine (CML) in association with haemolysis 
related complications. (A) Pentosidine levels are higher in sickle cell patients with 1, 2 and 3 or 4 haemolysis-
related organ complications compared to patients without these complications (P = 0.004, Kruskal-Wallis test). 
(B) When divided in two groups of patients without and those with at least one haemolysis-related organ 
complication, plasma levels of pentosidine were significantly higher in the latter group. This applied both 
when the differences were analyzed across all sickle cell patients in asymptomatic state (P = 0.006) and when the 
differences were analyzed for HbSS/HbSβ0 patients alone (P = 0.004). (C) CML levels are higher in sickle cell patients 
with 1, 2 and 3 or 4 haemolysis-related organ complications compared to patients without these complications 
(P = 0.044, Kruskal-Wallis test). (D) Also when divided in two groups of patients without and those with at least 
one haemolysis-related organ complication, plasma levels of CML were higher in the latter group, though the 
differences were not statistically significant. Leg ulcers, pulmonary hypertension, ischemic strokes, priapism, 
cholecystolithiasis and microalbuminuria were counted as haemolysis-related complications of SCD. Note the 
interruptions in the scale on Y axes.

Pentosidine and CML levels were higher in sickle cell patients with 1, 2 and 3 or 4 
haemolysis-related organ complications than in patients without these complications 
(Figures 2A and 2C). Also when dividing the patients into 2 groups of patients with at 
least one haemolysis-related complication versus patients without these complications, 
pentosidine and CML levels were higher in the former group (Figures 2B and 2D). As 
haemolysis is more severe in HbSS/HbSβ0-thal patients and there were more patients in 

Table 2. Correlation analyses of plasma levels of pentosidine and CML with markers of 

haemolysis and HbF in 60 HbSS/HbSβ0-thalassaemia patients in asymptomatic state.

Pentosidine
(nmol/l)

CML
(nmol/l)

Spearman’s rho P-value Spearman’s rho P-value

Haemoglobin (g/l) -0.29 0.024 -0.33 0.009

Haematocrit (l/l) -0.43 0.032 -0.43 0.030

Reticulocyte % 0.34 0.018 0.28 0.054

LDH (U/l) 0.26 0.048 0.40 0.002

HbF (%) -0.33 0.012 -0.35 0.006

Spearman Rank correlation coefficient (rs) was used. CML Nε-(carboxymethyl)lysine; LDH lactate dehydrogenase; 
HbF faetal haemoglobin

the relatively milder HbSC/HbSβ+-thal patients who were not tested for all listed organ 
complications, we also analyzed the differences in pentosidine and CML levels in the 
HbSS/HbSβ0-thal group alone, where the differences between patients with and those 
without haemolysis-related complications were more pronounced (Figures 2B and 2D). 
AGEs were not associated with viscosity-vaso-occlusion related organ complications (data 
not shown).

In a sub-analysis of the 60 HbSS/HbSβ0 patients, pentosidine and CML concentrations 
were significantly related to haemolytic rate (Table 2). Plasma concentrations of 
pentosidine and CML were also inversely related to HbF% (Table 2). In a multivariate 
stepwise regression analysis, adjusting for age, group, HbF and the markers of haemolytic 
anaemia, only LDH was significantly related to both pentosidine (0.55 x LDH; P < 0.0001) 
and CML ( 0.35 x LDH; P < 0.0001).

Both pentosidine and CML levels were significantly related to sVCAM-1 levels in 
HbSS/HbSβ0-thal patients during asymptomatic state. During painful crisis the correlation 
between AGEs and sVCAM-1 was stronger than during the asymptomatic state (Table 3). 
Pentosidine levels in asymptomatic state patients also correlated with plasma levels of 
vWF:Ag (Table 3).

The measured AGEs did not correlate with age or BMI in sickle cell patients (data 
not shown). In controls, only pentosidine levels were related to age (Sr = 0.49, P = 0.006). 
Nineteen patients during asymptomatic state (16 HbSS/HbSβ0-thal and 3 HbSC/HbSβ+-thal) 
and 8 patients during painful crisis (5 HbSS/HbSβ0-thal and 3 HbSC/HbSβ+-thal) were on 



104

AGEs are associated with organ complications in SCD

C
ha

pt
er

 7

105

T
ab

le
 3

. C
o

rr
el

at
io

n
s 

b
et

w
ee

n
 m

ar
k

er
s 

o
f 

en
d

o
th

el
ia

l 
ac

ti
va

ti
o

n
 (s

V
C

A
M

-1
 a

n
d

 v
W

F:
A

g)
 a

n
d

 p
en

to
si

d
in

e 
an

d
 C

M
L 

in
 6

0 
H

b
SS

/

H
b

Sβ
0
-t

h
al

as
sa

em
ia

 p
at

ie
n

ts
 i

n
 a

sy
m

p
to

m
at

ic
 s

ta
te

.

sV
C

A
M

-1
 (n

g/
m

l)
vW

F:
A

g 
(%

)

A
sy

m
p

to
m

at
ic

 S
ta

te
Pa

in
fu

l 
C

ri
si

s
A

sy
m

p
to

m
at

ic
 S

ta
te

Pa
in

fu
l 

C
ri

si
s

Sp
ea

rm
an

’s
 r

ho
P-

va
lu

e
Sp

ea
rm

an
’s

 r
ho

P-
va

lu
e

Sp
ea

rm
an

’s
 r

ho
P-

va
lu

e
Sp

ea
rm

an
’s

 r
ho

P-
va

lu
e

Pe
n

to
si

d
in

e 
(n

m
ol

/l
)

0.
27

0.
03

5
0.

45
0.

02
0

0.
28

0.
03

2
0.

36
0.

07
4

C
M

L 
(n

m
ol

/l
)

0.
28

0.
03

1
0.

56
0.

00
2

N
ot

 r
el

at
ed

N
ot

 r
el

at
ed

sV
C

A
M

-1
 s

ol
u

bl
e 

va
sc

u
la

r 
ad

h
es

io
n

 m
ol

ec
u

le
-1

, v
W

F:
A

g 
vo

n
 W

il
le

br
an

d
 a

n
ti

ge
n

.  
Sp

ea
rm

an
 R

an
k 

co
rr

el
at

io
n

 c
oe

ffi
ci

en
t 

(r
s) 

w
as

 u
se

d
. C

M
L 

N
ε -(

ca
rb

ox
ym

et
h

yl
)l

ys
in

e.

hydroxycarbamide therapy. AGE levels were not different between patients with and 
those without hydroxycarbamide therapy (data not shown). As AGEs are cleared by the 
kidneys, we analysed correlations between AGEs and plasma creatinine as a biomarker 
of renal function. However, AGEs were not related to creatinine levels in both controls 
and sickle cell patients (data not shown).

Discussion
In the current study, plasma levels of the AGEs pentosidine and CML, which are 
established biomarkers of oxidative stress, were higher in clinically asymptomatic sickle 
cell patients as compared to healthy controls, without further increments during painful 
crisis. These findings confirm the observations by Somjee et al, who found increased 
levels of AGEs in children with SCD without further increases during painful crisis.28 
In our study, we measured three different AGEs with specific analytical techniques and 
pentosidine and CML, but not CEL, were significantly related to the haemolytic rate 
and accordingly significantly associated with endothelial activation as reflected by 
sVCAM-1 and vWF;Ag levels and with the presence of haemolysis related organ damage. 
These data suggest that AGEs may play an important role in the pathophysiology of 
chronic haemolysis associated organ complications but not of viscosity-vaso-occlusion 
associated complications in SCD.36, 37 However, further studies are needed to elucidate the 
mechanistic contributions of AGEs to haemolysis related organ complications in SCD.

Due to continuous intravascular haemolysis, sickle cell patients have highly 
increased plasma levels of cell-free haem. The hydrophobic haem rapidly intercalates into 
the plasma membrane of (endothelial) cells where it releases its iron,38 which potentiates 
endothelial cell activation and damage by catalyzing non-enzymatic generation of ROS 
and AGEs.38, 39 Indeed, several studies have shown an association between haemolytic 
rate and endothelial activation in SCD,40, 41 which could, at least in part, be explained 
by the haemolysis driven production of AGEs. In line with this observation, serum 
levels of sVCAM-1 correlated with plasma levels of pentosidine and CML. Also a possible 
ameliorating effect of HbF on oxidative stress, through both lower percentage of the 
auto-oxidative HbS and reduced haemolysis, is suggested by the inverse correlations of 
pentosidine and CML with HbF.1 Total glutathione and its reduced form (GSH), a major 
intracellular antioxidant, have been reported to be decreased in sickle cell patients.42, 43 
Somjee et al. reported a strong inverse correlation between plasma AGEs and GSH levels 
in sickle erythrocytes.28 This might suggest that increased production of ROS and AGEs, 
mainly due to the auto-oxidative HbS, causes excessive consumption of the intracellular 
antioxidants rendering the erythrocytes more susceptible to oxidative damage. On the 
other hand, reduced GSH may be a  rate-limiting factor in the increased formation of 
AGEs  since GSH is an essential cofactor for glyoxalase 1, the enzyme that efficiently 
detoxifies the major AGE precursor methylglyoxal to S-d-lactoyl-gluthathione.44

While AGEs in the study patients were increased during the clinically asymptomatic 
state, no further increments were detected during painful crises, suggesting that factors 
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contributing to local vaso-occlusive painful crisis with potential ischemia-reperfusion 
injury have no significant effect on plasma levels of AGEs. This observation confirms 
findings by earlier studies which also did not detect further increases in AGEs28 and 
isoprostanes (another marker of oxidative stress)45 during painful crisis. This is confirmed 
by the fact that pentosidine and CML correlated only with haemolysis-related organ 
complications and not with viscosity-vaso-occlusion related complications. AGEs may 
therefore potentially be useful as biomarkers of haemolysis related complications in the 
long term follow-up of sickle cell patients. AGEs are produced within hours, are cleared 
by the kidneys and most plasma AGEs are irreversibly bound to serum albumin, which 
has a half-life of approximately 20 days.46 Therefore, AGE half-life is not likely to have 
affected our results during painful crisis.

The correlations between AGEs and markers of endothelial activation (sVCAM-1 
and vWF:Ag) suggest that AGEs might be implicated in endothelial damage, both via 
accumulation in vascular wall and activation of RAGE.12 Interestingly, during painful 
crisis, without further increments in AGEs, the correlations of pentosidine and CML 
with sVCAM-1 were stronger than in asymptomatic state. While the exact mechanism for 
this enhancing effect of painful crisis on the relationship between AGEs and endothelial 
activation needs to be studied further, one possible explanation is an up-regulating effect 
of increased inflammation during painful crisis on endothelial expression of RAGE.47, 48 
Potential increased endothelial expression of RAGE during painful crisis could amplify 
effects of AGEs on endothelial activation.

In contrast to pentosidine and CML, plasma levels of CEL were not different 
between controls and sickle cell patients. This might be explained by the fact that unlike 
pentosidine and CML, production of CEL, via modifications of proteins by methylglyoxal, 
is highly dependent on hyperglycemia,49 which is rare in SCD. 

Since AGEs were strongly related to LDH on multivariate regression analysis, one 
might question whether AGEs are just a biomarker of haemolytic rate in SCD. However, 
while AGEs seem primarily to be downstream products of the excessive intravascular 
haemolysis in SCD, given the strong evidence about their role in pathophysiology of 
(organ complications in) other disease states, AGEs most likely have additional role in 
the pathophysiology and disease severity of SCD. 

In conclusion, plasma levels of pentosidine and CML are increased and associated 
with haemolysis and haemolysis-related organ complications in sickle cell patients, 
suggesting that AGEs might be implicated in vascular damage and chronic organ 
complications in SCD. Measurement of these AGEs might be useful in assessing disease 
severity and predicting organ complications in SCD.
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Abstract
Erythrocytes are both an important source and target of reactive oxygen species 

(ROS) in sickle cell disease (SCD). Levels of glutathione, a major antioxidant, 

have been shown to be decreased in sickle erythrocytes and the mechanism 

leading to this deficiency is not known yet. Detoxification of ROS involves the 

oxidation of reduced glutathione (GSH) into glutathione-disulfide (GSSG) which is 

actively transported out of erythrocyte. We questioned whether under oxidative 

conditions, GSSG efflux is increased in sickle erythrocytes.

Erythrocytes of 18 homozygous sickle cell patients and 9 race-matched healthy 

controls were treated with 2,3-dimethoxy-l,4-naphthoquinone (DMNQ), which 

induces intracellular ROS generation, to stimulate GSSG production. Intra- and 

extracellular concentrations of GSH and GSSG were measured at baseline and 

during 210 minutes DMNQ stimulation. 

While comparable at baseline, intracellular and extracellular GSSG 

concentrations were significantly higher in sickle erythrocytes than in healthy 

erythrocyte after 210 minutes DMNQ stimulation (69.9 ± 3.7μM vs. 40.6 ± 6.9μM 

and 25.8 ± 2.7μM vs. 13.6 ± 1.7μM respectively, P<0.002). In contrast to control 

erythrocytes, where GSH concentrations remained unchanged (176 ± 8.4μM 

vs. 163 ± 13.6μM, NS), GSH in sickle erythrocytes decreased significantly (from 

167 ± 8.8μM to 111 ± 11.8μM, P<0.01) after 210 minutes DMNQ stimulation. 

Adding multidrug resistance-associated protein-1 (MRP1) inhibitor (MK571) to 

erythrocytes blocked GSSG efflux in both sickle and normal erythrocytes.

GSSG efflux, mediated by MRP1, is increased in sickle erythrocytes, resulting in 

net loss of intracellular glutathione and thus higher susceptibility to oxidative 

stress.

Keywords: sickle cell disease, oxidative stress, glutathione, GSH, GSSG

Introduction

Oxidative stress plays a major role in the pathophysiology of sickle cell disease (SCD), 
contributing significantly to hemolysis, hypercoagulability, endothelial activation, 
decreased nitric oxide (NO) bio-availability and organ damage.1-6 One of the important 
sources of oxidative stress in SCD are sickle erythrocytes, where the unstable autoxidative 
sickle hemoglobin (HbS) and increased metabolic turnover due to recurrent HbS 
polymerizations and depolymerizations, cause increased generation of reactive oxygen 
species (ROS).7, 8 The higher energy expenditure due to the increased metabolic turnover upon 
polymerization and depolymerization results in higher ROS production in sickle erythrocytes.8, 9

The increased and unremitting generation of ROS in SCD results in excessive 
consumption and thus deficiency of antioxidants, such as glutathione.8, 10, 11 In its reduced 
form (GSH), glutathione (glycyl-cysteinyl-γ-glutamate) is a major intracellular antioxidant 
and detoxifying agent.12-15 Inactivation of ROS involves oxidation of GSH into glutathione 
disulfide (GSSG). The intracellular glutathione concentration is the final result of a balance 
between GSH generation (via de novo synthesis and recycling from GSSG by glutathione 
reductase) and the combined rate of GSH consumption by ROS and excretion of the 
resulting GSSG.16, 17 Under normal conditions 95% of the intracellular glutathione is 
present in its reduced GSH form.15 The oxidized GSSG form can either be recycled to GSH 
or removed from the intracellular environment through specialized transporters, such 
as multidrug resistance-associated protein-1 (MRP1, encoded by the ABCC1 gene), located 
in erythrocyte cell membrane.18, 19

In SCD, the mechanism for erythrocyte glutathione deficiency has not been 
determined yet. GSH production in sickle erythrocytes, through de novo synthesis and 
recycling, has been shown to be higher as compared to healthy erythrocytes,11 and can be 
further augmented by supplying the thiol compounds N-acetylcysteine (amide).20, 21 We 
questioned whether the decreased glutathione concentrations in sickle erythrocytes are 
caused by a net loss of glutathione through a higher efflux of GSSG from the intracellular 
environment. To test this hypothesis, we stressed erythrocytes of sickle cell patients 
and healthy race-matched controls with 2,3-dimethoxy-l,4-naphthoquinonethe (DMNQ) 
and hydrogen peroxide (H2O2) in vitro. DMNQ can not conjugate with GSH directly but 
participates in redox reactions, resulting in continuous intracellular generation of ROS, 
thereby inducing oxidation of GSH to GSSG.22 To determine the differences in GSSG 
production and efflux between sickle and healthy erythrocytes, glutathione concentrations 
were measured both in erythrocytes and extracellular supernatant respectively.  

Materials and methods 

Materials
5,5'-dithiobis-2-nitrobenzoic acid (DTNB), N-Ethylmaleimide (NEM) and Triton X 100 
were purchased from Sigma-Aldrich, Inc, nicotinamide adenine dinucleotide phosphate 
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(NADPH) and glutathione reductase from Roche Diagnostics (Mannheim, Germany), and 
perchloric acid (PCA) from Merck Chemicals, Inc.

 Study population
Eighteen adult patients with sickle cell anemia (HbSS), (age, median + range: 27 [19 – 
56], male/female 10/8) from the outpatient clinic of Academic Medical Center (AMC) 
and 9 race- and gender matched healthy controls (age 41 [29 – 61], male/female 5/4) 
were included in the study. Inclusion criteria were age ≥18 years and high performance 
liquid chromatography (HPLC) confirmed genotypes of HbSS (patients) and normal HbAA 
hemoglobin (healthy controls) and exclusion criteria were vaso-occlusive pain crisis and 
blood transfusions in the preceding 1 and 4 month(s) respectively, active infections, 
auto-immune inflammatory diseases and diabetes. All participants received verbal and 
written explanation of the objectives and procedure of the study and subsequently 
provided written informed consent. The study was approved by the AMC Medical Ethical 
Commission and experiments were performed in accordance with the Declaration of 
Helsinki.

Erythrocyte preparation
Peripheral blood was obtained via venipuncture in EDTA tubes (7 ml; BD Vacutainer 
Systems, Plymouth, UK). Hematological indices, including erythrocyte counts, 
hemoglobin, hematocrit, mean corpuscular volume (MCV), mean corpuscular hemoglobin 
(MCH), and mean corpuscular hemoglobin concentration (MCHC), were measured on a 
fully automated hematology analyzer (XE-5000; Sysmex Corp.) within 15 minutes after 
drawing blood (Table 1). After centrifugation at 1700g (4°C) for 5 minutes, erythrocytes 
were washed twice with phosphate buffered saline (PBS; Biological Industries, Bet-
Haemek, Israel). While MCV was comparable between sickle and healthy erythrocytes, 
sickle cell patients had siginficantly lower hemoglobin concentrations and erythrocyte 
counts. Therefore, the cell pellet of erythrocytes was resuspended in Hank’s Buffered 
Salt Solution (HBSS, ScienCell, CA,USA) to a standardized erythrocyte concentration of 
5.0 × 1012/liter. The erythrocyte suspension was divided in 16 equal volumes for duplicate 
measurements of extra- and intracellular glutathione concentrations at 4 time points. 
Baseline samples were processed immediately and after adding 10 µM DMNQ, the samples 
of the other 3 time points were incubated (37°C) for 90, 150 and 210 minutes respectively. 
To confirm that oxidative stress, rather than DMNQ itself, is driving GSSG production 
and its subsequent efflux, sickle and healthy erythrocytes were also stimulated with 4 
mmol/l H2O2 in eight sickle cell patients and six healthy controls.

Enzymatic measurement of glutathione
Concentrations of total glutathione and GSSG were determined according to the methods 
of Tietze et al. and Sacchetta et al. respectively.23, 24 GSH concentrations were calculated 
from the difference between total glutathione and GSSG concentrations. The extracellular 
samples were first centrifuged at 14500g for 2 minutes, after which the extra- and  

Table 1. Red blood cell indices.

Patients (n = 18) Controls (n = 9) P

Erythrocytes (×1012/l) 2.76 (2.41–3.25) 4.77 (4.11–5.12) <0.0001

Hemoglobin (g/dl) 9.0 (8.5–9.5) 13.2 (12.6–14.5) <0.0001

Hematocrit (l/l) 0.25 (0.24–0.27) 0.39 (0.37–0.43) <0.0001

MCV (fl) 88.8 (82.5–94.8) 85.1 (83.2–89.1) 0.5

MCH (pg/cell) 30.5 (28.0–34.5) 29.2 (27.1–30.6) 0.2

MCHC (g/dl) 35.1 (34.3–35.8) 34.0 (33.5–34.6) 0.005

Values are median (interquartile range)
MCV = mean corpuscular volume, MCH = mean corpuscular hemagolobin, MCHC = mean corpuscular 
hemoglobin concnentration

intracellular samples were processed identically. After adding PCA to supernatant 
(extracellular glutathione) and erythrocyte suspension (intracellular glutathione) to a 
final concentration of 10% PCA for deproteinization, both samples were centrifuged at 
14500g for 2 minutes. NEM (final concentration of 2.5 mM) or water (H2O) was added to 
supernatant for measurement of GSSG and total glutathione concentrations, respectively. 
NEM captures GSH, leaving GSSG to be measured. After 5 minutes of incubation on ice 
with NEM or H2O, potassium phosphate buffer (KPi) (final concentration 1.4 M) was added 
to eliminate free NEM and the mixtures were incubated on ice for 20 minutes. Finally, 
after adding sufficient PCA to neutralize the pH, the samples were stored at -20°C until 
further measurements. 

Thirty µl of each sample was added to 200 µl of assay buffer (110 mM Na2HPO4, 20 
mM Na2HPO4 and 5.0 mM EDTA, pH 7,4), containing 0.210 mM NADPH and 0.12 mM 
DTNB. By adding glutathione reductase (final concentration of 0.2 mg/ml) this cycling 
assay was started and changes in absorbance at 410 nm (ΔA410) were measured with a 
multifunctional microplate reader (NOVOstar Microplate Reader, BMG LABTECH, Durham, 
UK). Kinetic changes in A410 were converted to concentrations of total glutathione and 
GSSG in µM, using a standard curve.

Hemoglobin measurements 
To determine a potential effect of hemolysis on the degree of glutathione efflux during 
the oxidative stimulation, concentrations of intra- and extracellular hemoglobin were 
measured in samples of each time point. For measurement of total hemoglobin Triton 
X 100 was added to erythrocyte suspension and supernatant to a final concentration of 
0.10 % and absorption was measured using NOVOstar.
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MRP1 inhibition
To confirm that GSSG efflux takes places via active transport, the MRP1 inhibitor MK571 
(25 µM) was added to erythrocytes of a healthy control and a sickle cell patient at baseline. 
Inhibition of GSSG efflux by the MRP1 inhibitor rules out a significant role of hemolysis 
in GSSG excretion.

Statistics
As data were not normally distributed, statistical tests for nonparametric data were used. 
The Mann–Whitney U-test was used for comparisons between two groups. Wilcoxon 
signed rank test was used for comparisons between different time points within a group. 
P <0.05 was considered statistically significant (SPSS 16.0).

Results

Baseline intracellular GSH concentrations were comparable between healthy and sickle 
erythrocytes and while they did not change significantly in healthy erythrocytes upon 
addition of DMNQ, GSH concentrations in sickle erythrocytes decreased significantly with 
this treatment (Figure 1A). While comparable at baseline, DMNQ addition resulted in 
more pronounced increases in GSSG concentrations in sickle erythrocytes as compared to 
healthy erythrocytes; after 90 (P = 0.013), 150 (P < 0.0001) and 210 minutes incubation (P = 
0.002) (Figure 1B). Extracellular GSH concentrations increased only slightly during DMNQ 
treatment and were comparable between normal and sickle erythrocytes at each time 
point (Figure 1C). Extracellular GSSG concentrations increased during DMNQ treatment 
in both healthy and sickle erythrocytes. However, in parallel with the higher increases 
in intracellular concentrations, increases in extracellular GSSG concentrations were 
significantly higher in sickle erythrocytes as compared to healthy erythrocytes (Figure 
1D). While intracellular GSH/GSSG ratios between sickle and healthy erythrocytes were 
comparable at baseline, they were significantly lower in sickle erythrocytes after 210 
minutes DMNQ treatment (Figure 2). GSSG is actively excreted out of the erythrocytes 
by the MRP1 transporter which has a high affinity for GSSG, whereas GSH is only poorly 
transported by MRP1.25 The higher GSSG efflux in sickle erythrocytes was probably not 
due to increased hemolysis since the increases in extracellular GSH concentrations were 
significantly smaller as compared to extracellular GSSG concentrations.

Also during H2O2 stimulation, increases in both intracellular and extracellular 
GSSG concentrations were significantly higher in sickle erythrocytes than in healthy 
erythrocytes (Figure 3A and B).

Within the SCD group, 8 of the 18 patients were on hydroxyurea therapy. Patients 
using hydroxyurea had higher fetal hemoglobin (HbF) percentage than those without 
hydroxyurea therapy, though the difference was not statistically significant (12.9 % (5.3 
– 13.9) vs. 3.8 % (2.0 – 14.2), P = 0.1). Increases in intracellular and extracellular GSSG

Figure 1. Intra- and extracellular GSH and GSSG concentrations in sickle (• solid line; n = 18) and normal 
erythrocytes (, dashed line; n=9) at baseline and after 90, 150 and 210 minutes stimulation with 10 µM 
DMNQ. (A) Intracellular GSH concentrations at the indicated times after addition of DMNQ  (B) Intracellular 
GSSG concentrations at the indicated times after addition of DMNQ  (C) Extracellular GSH concentrations at 
the indicated times after addition of DMNQ (D) Extracellular GSSG concentrations at the indicated times after 
addition of DMNQ. * P < 0.05. Bars indicate means ± SEM.

concentrations after 210 minutes DMNQ treatment tended to be smaller in erythrocytes 
of patients using hydroxyurea (67.9 ± 4.2 µmol/l and 21.4 ± 2.8 µmol/l respectively) than 
those without hydroxyurea therapy (71.4 ± 6.0 µmol/l and 29.3 ± 4.0 µmol/l respectively), 
though the differences were not statistically significant.

Intracellular and extracellular hemoglobin concentrations at baseline were 
comparable between sickle and healthy erythrocytes and did not change significantly 
after 210 minutes DMNQ treatment (16.1 ± 6.2% vs. 14.8 ± 4.0% and 2.2 ± 2.3% vs. 3.9 ± 
2.5% respectively), also ruling out any significant role of hemolysis in GSSG efflux.

Adding the MRP1 inhibitor MK571 (25 µM) to erythrocytes of a sickle cell patient 
and a healthy control before DMNQ treatment resulted in inhibition of GSSG efflux in 
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both (Figure 4D), indicating that GSSG efflux is largely mediated by MRP1.25 As can be 
seen in Figure 4A, inhibition of MRP1 seems to prevent a decrease in intracellular GSH 
concentrations in sickle erythrocytes.

Figure 2. Intracellular GSH/GSSG ratios in healthy (CTRL, black bars; n = 9) and sickle (SCD, gray bars; 
n = 18) erythrocytes at baseline and after 210 minutes DMNQ stimulation. While comparable at baseline, 
sickle erythrocytes had a significantly lower intracellular GSH/GSSG ratio after 210 minutes DMNQ stimulation 
(P = 0.008). The decrease in GSH/GSSG ratio (between baseline and 210 minutes DMNQ stimulation) was more 
pronounced in sickle erythrocytes.

Discussion

Oxidative stress is an important characteristic of SCD, contributing significantly to 
disease severity and chronic organ complications.3-6 Erythrocytes are not only a main 
source of ROS in SCD but also endure the brunt of the intracellular oxidative stress.7, 26 
Sickle erythrocytes are characterized by decreased concentrations of GSH,8, 27 even though 
de novo synthesis is known to be increased.11 In the present study we demonstrated 
that increased GSSG efflux from oxidatively stressed erythrocytes, leads to a net loss of 
glutathione from sickle erythrocytes.

Upon generation from GSH, GSSG can be either recycled back to GSH (mediated 
by glutathione S-reductase) or excreted to the extracellular environment by an ATP-
dependent transport system located in the plasma membrane.28-30 GSSG is an oxidant 
itself and its enhanced excretion under oxidative conditions prevents the potentially 
toxic effects of intracellular GSSG accumulation.17 Sulfhydryl group of hemoglobin can 
react with GSSG, thereby generating GSH.31 Whether the abnormal sickle hemoglobin 
is less reactive with GSSG which could play a role in its increased accumulation and 
export in sickle erythrocytes, can not be ruled out.

Figure 3. Intra- and extracellular GSH and GSSG concentrations in sickle (• solid line; n = 8) and normal 
erythrocytes ( , dashed line; n=6) at baseline and after 90, 150 and 210 minutes stimulation with 4 mM 
H2O2. (A) Intracellular GSH concentrations at the indicated times after addition of H2O2. Note the breaks on the 
Y-axis. (B) Intracellular GSSG concentrations at the indicated times after addition of H2O2. Note the breaks on 
the Y-axis. (C) Extracellular GSH concentrations at the indicated times after addition of H2O2. (D) Extracellular 
GSSG concentrations at the indicated times after addition of H2O2. * P < 0.05. Bars indicate means ± SEM.

GSSG efflux is probably driven by higher intracellular concentrations and mediated 
by specialized membrane transporter MRP1 which is also important in elimination of 
xenobiotics.18, 19 This was confirmed in our study where adding an MRP1 inhibitor to 
erythrocytes blocked DMNQ induced GSSG efflux in both sickle and healthy erythrocytes. 
Inhibition of MRP1 also seemed to prevent a DMNQ induced decrease in intracellular 
GSH concentrations. This was confirmed in an animal study where complete inhibition 
of MRP1 transport in MRP1 knock-out mice resulted in increased intracellular GSH 
concentrations.32 Future animal studies need to elucidate whether MRP1 inhibition 
and the resulting increase in intracellular GSH concentrations would ameliorate or 
deteriorate oxidative stress and hemolysis in sickle erythrocytes.
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Figure 4. Intra- and extracellular GSH and GSSG concentrations after DMNQ stimulation in erythrocytes of a 
sickle cell patient (black lines) and a healthy control (gray lines) without (solid lines) or with (dashed lines) 
the MRP1 inhibitor MK571. While GSSG efflux is higher in sickle erythrocytes, it is inhibited by MK571 (25 μM) 
in both sickle and healthy erythrocytes.

Interestingly, while in healthy erythrocytes the concentrations of intracellular 
GSH during oxidative stimulation remained unchanged, they decreased significantly in 
sickle erythrocytes, indicating a higher GSH consumption in sickle erythrocytes. Even 
though the exact mechanism remains to be elucidated, two processes may contribute 
to this phenomenon. First, sickle erythrocytes have a higher intrinsic production of ROS 
and a less optimal antioxidant status, which leads to enhanced GSSG production.33-35 
Second, the increased formation of GSSG drives a resultant enhanced GSSG efflux in 
sickle erythrocytes which prevents GSSG from being recycled to GSH by glutathione 
S-reductase, leading to net loss of thiol equivalents from the cells. This is especially 
important under conditions of elevated oxidative stress, such as vaso-occlusive painful 
crisis with ischemia-reperfusion, acute chest syndrome and accelerated hemolysis.1, 2

Of the eighteen sickle cell patients of our study, eight were on hydroxyurea therapy. 
Hydroxyurea is a cytostatic agent that inhibits myelopoiesis and its therapeutic effect is 
thought to be primarily based on an increased synthesis of HbF.36, 37 A higher percentage 
of HbF in sickle erythrocytes results in a lower intracellular HbS concentration and 
thus decreased production of ROS by the autoxidative HbS.7, 38 The anti-oxidative effect 
of hydroxyurea is also suggested by our data as the erythrocytes of patients using 
hydroxyurea tended to have smaller increases in intracellular and extracellular GSSG 
concentrations compared to erythrocytes of patients not using hydroxyurea, even though 
the differences were not statistically significant.

Oxidative stress might increase during acute vaso-occlusive painful crisis with 
ensuing ischemia-reperfusion injury. Whether a painful crisis causes increased GSSG 
production and efflux in sickle erythrocytes remains to be elucidated.

Sickle cell disease is characterized by chronic hemolysis and its role in higher GSSG 
efflux in sickle erythrocytes should be taken in consideration. However, the increases 
in extracellular concentrations of GSH were comparable between sickle and healthy 
erythrocytes and much lower than GSSG concentrations, arguing against a significant 
role of hemolysis in higher GSSG efflux from sickle erythrocytes. GSH has a much lower 
affinity to MRP1 transporters and since its intracellular concentrations are significantly 
higher than intracellular GSSG concentrations, any significantly higher increases in 
extracellular concentrations of GSH in sickle erythrocytres would be primarily due to 
hemolysis. Furthermore, concentrations of intra- and extracellular hemoglobin were 
comparable between the sickle and healthy erythrocytes and did not change during 
DMNQ stimulation, ruling out any significant role of hemolysis in the increased GSSG 
efflux in sickle erythrocytes. 

In contrast to previous reports of lower erythrocyte concentrations of total 
glutathione and GSH,11, 27 we did not observe a difference in glutathione concentrations 
between sickle and healthy erythrocytes. The fact that we only used very fresh erythrocyte 
preparations may contribute to this lack of difference, as consumption of glutathione 
is higher in sickle erythrocytes and can not be replenished in vitro. However, it is also 
possible that the sample size of this study might be too low to detect any statistically 
significant differences in intracellular glutathione concentrations. Our data do suggest, 
however, that our hypothesis is relevant: we show that equal stimuli for oxidative 
stress (such as DMNQ or H2O2) lead to higher loss of intracellular glutathione in sickle 
erythrocytes as compared to healthy erythrocytes. Hence, also in vivo increases in 
oxidative stress are likely to lead to more loss of intracellular glutathione in sickle cell 
patients as compared to healthy controls.

In conclusion, GSSG efflux in sickle erythrocytes is increased and could play 
an important role in glutathione depletion in these cells. This loss of intracellular 
glutathione diminishes the antioxidant defense of erythrocytes rendering them more 
susceptible to oxidative damage. 
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Abstract
Oxidative stress is of importance in the pathophysiology of sickle cell disease 

(SCD). In this open label randomized pilot study the effect of oral N-acetylcysteine 

(NAC) on oxidative stress, hemolysis, coagulation and endothelial activation 

was studied. Eleven consecutive patients (10 HbSS, 1 HbSβ0-thalassemia) were 

randomly assigned to treatment with either 1200 or 2400 mg NAC daily during 

6 weeks. Three patients were excluded due to incompliance. Whole blood 

glutathione levels increased and erythrocyte outer membrane phosphatidylserine 

exposure and plasma levels of advanced glycation end-products (AGEs) and cell-

free heme decreased after 6 weeks of NAC treatment in both 1200 mg (n = 4) 

and 2400 mg (n = 4) groups. NAC treatment did not cause significant changes 

in markers of hemolysis, coagulation activation and endothelial activation. 

During the study period none of the patients experienced painful crises or 

other significant SCD or NAC related complications. These data indicate that 

N-acetylcysteine treatment of sickle cell patients may reduce SCD related 

oxidative stress.

Keywords: Advanced glycation end-products; Cell-free heme; Oxidative Stress; 

N-acetylcysteine; Phosphatidylserine; Sickle Cell Disease 

Introduction

Oxidative stress plays a role of major importance in the development of organ damage in 
sickle cell disease (SCD).1-5 Oxidative stress in SCD results from factors such as the unstable 
auto-oxidative sickle hemoglobin (HbS),6 chronic intravascular hemolysis,7-9 recurrent 
ischemia reperfusion injury4 and low grade inflammation.10 Increased levels of reactive 
oxygen species (ROS) lead to further acceleration of hemolysis,8, 11 hypercoagulability,12, 

13 decreased nitric oxide (NO) bio-availability,14 and endothelial damage.15

 Given the fact that oxidative stress is a likely major contributing factor in the 
development of both acute and chronic complications in SCD, the potential of anti-
oxidants as therapeutics for SCD should be explored. A major intracellular anti-
oxidant is the reduced form of the amino-thiol glutathione (GSH).16, 17 Due to increased 
consumption by excessive levels of ROS, sickle cell patients have decreased levels of 
plasma and erythrocyte total glutathione and the ratio of GSH to its oxidized form 
glutathione disulfide (GSSG) is reduced.18, 19 N-acetylcysteine (NAC), the rate limiting 
substrate for GSH generation, is an important antioxidant with pleiotropic effects 
on inflammation and vasomotor function.20 NAC readily enters cells and within the 
cytoplasm it is converted to L-cysteine, which is a precursor to GSH.21 Treatment of 
sickle cell patients with NAC has been demonstrated to have an inhibitory effect on the 
formation of dense red cells.22 Augmenting the antioxidant capacity in sickle red blood 
cells by NAC may reduce oxidative red cell membrane damage and reduce its many down-
stream pathophysiological effects, such as hemolysis, endothelial damage and activation, 
activation of the coagulation cascade, and the decrease of NO bio-availability,23, 24 In 
this randomized open label pilot study the effects of oral NAC treatment on markers of 
oxidative stress, erythrocyte membrane damage, hemolysis, coagulation and endothelial 
activation in sickle cell patients were investigated.

Patients and Methods

Study population
Consecutive adult (age ≥18 years) homozygous sickle cell anemia (HBSS) or HbSβ0-
thalassemia outpatients (high performance liquid chromatography (HPLC) confirmed), 
at the Academic Medical Center (AMC), Amsterdam, The Netherlands, were eligible for 
the study. Exclusion criteria were painful crisis and blood transfusion in the preceding 4 
weeks and 4 months respectively, pregnancy or the desire to get pregnant in the following 
3 months, renal insufficiency, known gastric/duodenal ulcers, active infections, auto-
immune inflammatory diseases and use of hydroxyurea, vitamin K antagonists or other 
oral anticoagulants and contraindications for NAC use. Ten race and age matched healthy 
volunteers were included as controls for base-line values. All participants received verbal 
and written explanation of the objectives and procedure of the study and subsequently 
provided written informed consent. The study was approved by the AMC Medical Ethical 
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Commission and experiments were performed in accordance with the Declaration of 
Helsinki. The study was registered in the Dutch Trial Registry www.trailregister.nl; trial 
ID number NTR1013).

End points
The primary end point of the study was reduction of erythrocyte phosphatidylserine (PS) 
expression as a direct indicator of erythrocyte membrane (oxidative) damage. Secondary 
end points were tolerability of oral NAC, changes in hemolytic rate, plasma levels of 
advanced glycation end-products (AGEs) as indicators of oxidative stress, markers of 
hypercoagulability, endothelial activation and inflammation, and levels of arginine and 
asymmetrical dimethylarginine (ADMA) as markers of nitric oxide bioavailability.

Study Protocol
After baseline measurements and randomization to either 1200 mg or 2400 mg of NAC 
per day, patients started taking NAC (Acetylcysteine 600 mg tablets dissolved in water; 
Pharmachemie B.V. Haarlem, The Netherlands) orally twice daily during 6 weeks followed 
by another 6 weeks of follow up after NAC cessation. Both during NAC treatment (visits 
0 – 3) and in the post-treatment period (visits 4 – 6) patients were seen two-weekly for 
follow up visits during which questionnaires pertaining to side effects were completed, 
weight, blood pressure and pulse were measured and a blood sample was drawn via 
venipuncture. Patients kept a daily pain score diary (visual analogue scale pain score). 
Participants with less than 80% NAC intake were excluded from the final study analysis. 
Patient compliance was monitored by history taking and pill counts. If possible, NAC 
treatment would not be discontinued in case of an (hospital admission due to) acute 
vaso-occlusive pain crisis or other clinical event.

Blood samples
Standard blood counts were performed in EDTA anti-coagulated blood (Cell-Dyn 4000; 
Abbott, Illinois, USA). Lactate dehydrogenase (LDH), total and direct bilirubin and 
ferritin levels were measured in heparinized plasma with spectrophotometry (P800 
Modular; Roche, Basel, Switzerland). Citrate, serum and EDTA samples were centrifuged 
immediately for 15 minutes at 3000 rpm (4 oC). Aliquots were stored at -80oC until further 
analysis. L-arginine (immediate precursor of NO), asymmetric dimethylarginine (ADMA) 
and symmetric dimethylarginine (SDMA) levels were measured in EDTA plasma using 
reversed-phase HPLC as described elsewhere.25, 26 NT-proBNP levels were measured in 
EDTA plasma with electrochemiluminescence immunoassay (Roche Diagnostics). 
Ultra-sensitive C-reactive protein (US-CRP) was measured with ELISA according to the 
manufacturer’s instructions (Biokit, Barcelona, Spain). Prothrombin fragment 1+2 (F1+2) 
and thrombin-antithrombin (TAT) complexes were determined using sandwich enzyme-
linked immunosorbent assay (ELISA; Enzygnost, Dade Behring Marburg GmbH, Germany). 
Plasma levels of von Willebrand Factor antigen (vWF-ag) were determined in citrate 
plasma with in an in-house ELISA. Soluble vascular adhesion molecule-1 (sVCAM-1) levels 

were determined in serum (R&D Systems; Minneapolis, MN, USA).

Glutathione Levels
Concentrations of GSH and GSSG were determined according to Tietze et al (1969) and 
Sacchetta et al (1986) respectively. After measurement in EDTA full blood, the glutathione 
values were adjusted for erythrocyte numbers and mean corpuscular volume (MCV). GSH 
is the difference between total glutathione and GSSG concentrations.

Phosphatidylserine exposure
For measurement of PS expression, first 5 µl blood (EDTA) was washed in a HEPES 
buffer (10 mM HEPES, 150 mM NaCl, 5 mM KCl, 1.8 mM CaCl2, 2.1 mM MgCl2, pH 7.4), 
centrifuged at 3650 rpm for 90 seconds and after adding 5 µl annexin V antibodies 
(Annexin V-FITC; IQP-120F, IQ products) incubated for 10-15 minutes at 4γC in the dark. 
After the incubation period, the erythrocytes were washed, resuspended in 500 µl HEPES 
buffer and erythrocyte PS expression was measured by flow cytometry using FACSCalibur 
(BD Biosciences, CA, USA). Assuming that especially mature old sickle erythrocytes have 
higher levels of external PS expression leading to their removal, we also analyzed the 
percentage of sickle erythrocytes having external PS expression more than one log greater 
than the PS negative erythrocytes.

Cell-free heme
Plasma levels of cell-free heme were determined in citrate plasma with a 
spectrophotometer (Shimadzu UV-2401 PC) according to the methods of Kahn et al. 
which adjusts for hyperbilirubinemia and lipemia.27

Advanced glycation end-products
Two different advanced glycation end-products (AGEs) were measured (i.e. pentosidine 
and Nε-(carboxy-methyl)lysine (CML)) at baseline and after the 6 weeks of NAC treatment. 
Pentosidine and CML were measured in EDTA plasma using single-column HPLC with 
fluorescence detection and ultra performance liquid chromatography-tandem mass 
spectrometry respectively, as previously described.28, 29

Statistical analysis
Friedman test for repeated measures of non-parametric data was used for comparisons 
between different time points within a treatment groups. The Wilcoxon signed rank 
test was used for comparisons between 2 related samples within a treatment group. The 
Mann–Whitney U-test was used for comparisons between two groups. Continuous data 
are presented as medians with corresponding inter quartile ranges (IQR), unless stated 
otherwise. P <0.05 was considered statistically significant (SPSS 16.0, Chicago, IL, USA).
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Table 1. Markers of hemolysis before and after NAC treatment.

1200 mg (n = 4) 2400 mg (n = 4)

baseline 6 weeks baseline 6 weeks

Hemoglobin (g/L) 8.1 (7.2 – 10.1) 9.3 (7.1 – 10.1) 8.2 (7.3 – 8.9) 8.4 (7.2 – 8.9)

Leukocytes (*109/L) 9.3 (8.0 – 11.2) 7.9 (7.2 – 9.4) 9.7 (8.7 – 10.5) 9.1 (8.2 – 10.9)

Platelets (*109/L) 338 (250 – 605) 276 (243 – 496) 461 (439 – 515) 521 (480 – 531)

Reticulocytes (*109/L) 303 (180 – 338) 155 (305 – 338) 259 (244 – 353) 277 (221 – 459)

LDH (U/L) 354 (323 – 658) 341 (288 – 564) 343 (271 – 367) 311 (161 – 358)

Total bilirubin (mg/dL) 3.36 (1.93 – 14.5) 3.36 (2.02 – 14.8) 3.60 (2.59 – 4.39) 3.57 (2.95 – 6.29)

Numbers are medians with inter quartile ranges. Hb hemoglobin; LDH lactate dehydrogenase.

Results

Eleven patients (10 HbSS and 1 HbS-β0-thalassemia; median age 23 years (range: 20 – 
47), 6 male, 5 female) who met eligibility criteria, were included in the study. Three 
patients (including the patient with HbSβ0-thalassemia) were excluded from the final 
analyses due to insufficient treatment compliance (<80%). One patient on the 2400 mg 
NAC dose had gastro-intestinal complaints that disappeared after switching to 1200 mg 
on the second day of treatment which she continued using. For the final data analysis, 
this patient was designated to the 1200 mg group. No other patient reported adverse 
events. During the treatment period none of the study patients was admitted with SCD 
related complications. The daily pain score did not change during treatment. Levels of 
hemoglobin, LDH and bilirubin and reticulocyte, leukocyte and platelet counts did not 
change significantly (Table 1). Sickle cell patients had significantly lower whole blood 
total glutathione and GSH levels than controls (Figure 1A). Total glutathione and GSH 
levels increased during treatment period both in 1200 and 2400 mg dose groups, with 
the differences being statistically significant (P < 0.05) when analyzing the two dose 
groups combined (Figure 1B).
 Red blood cell PS expression was higher in sickle cell patients as compared to 
healthy controls (Figure 2A) and decreased gradually during 6 weeks of NAC treatment 
in both 1200 and 2400 mg NAC groups (Figure 2B) reaching statistical significance when 
analyzing both dose groups together (P = 0.036). Also the percentage of sickle erythrocytes 

Figure 1. Whole blood glutathione levels in patients and controls. (A) Levels of total glutathione (t-glutathione) 
and the reduced glutathione (GSH) are significantly lower in sickle cell patients (grey bars) than in race-matched 
healthy controls (black bars). The oxidized disulfide form of glutathione (GSSG) and GSH/GSSG ratios were 
comparable between patients and controls. (B) Total glutathione levels increase in both 1200 mg (solid line; n 
= 4) and 2400 mg (dashed line; n = 4) treatment groups after 6 weeks of NAC treatment, though the differences 
are not statistically significant. Means ± SEM.
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Figure 2. Erythrocyte phosphatidylserine (PS) expression in sickle cell patients (SCD) during the study period 
and compared to healthy controls (CTRL). (A) Sickle erythrocytes (SCD, grey bar) have a significantly higher 
outer membrane PS expression than erythrocytes of race matched healthy controls (CTRL, black bar) (P < 0.0001). 
(B) PS expression decreases in both 1200 mg (solid line; n = 4)) and 2400 mg (dashed line; n = 4) groups after 6 
weeks NAC treatment, returning towards baseline values after cessation of NAC intake. (C) Percentage of sickle 
erythrocytes with very high external PS expression (more than one log greater than the PS negative erythrocytes) 
decreased significantly after 6 weeks of NAC treatment in both dose groups, though the difference was only 
statistically significant for the 2400 mg group (Figure 2C). Means ± SEM.

with very high external PS expression (more than one log greater than the PS negative 
erythrocytes) decreased during the treatment and returned towards baseline values after 
cessation of NAC treatment (Figure 2C). The decrease was statistically significant in the 
2400 mg group (P = 0.039) and when analyzing both dose groups together (P = 0.030). 
 Plasma levels of cell-free heme decreased during NAC treatment and returned 
towards baseline levels after cessation of the treatment both in 1200 and 2400 mg groups, 
though the differences were not statistically significant (Figure 3). Both pentosidine and 
CML were significantly higher in sickle cell patients at baseline than in healthy controls 
and CML decreased significantly after 6 weeks of treatment when analyzing the 2 dose 
groups together (Figure 4). None of the other measured parameters changed during the 
treatment period (Table 2).

Figure 3. Plasma levels of cell-free heme during the study period. Plasma levels of cell-free heme in both 1200 
mg (solid line; n = 4) and 2400 mg (dashed line; n = 4) groups decrease during NAC treatment and return towards 
baseline values after cessation of NAC treatment. The differences were not statistically significant. Means ± SEM. 
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Figure 4. Plasma levels of AGEs (pentosidine and Nε-(carboxy-methyl)lysine (CML)) in controls (CTRL; white 
bar) and sickle cell patients (SCD) at baseline (black bar) and after 6 weeks (grey bar) N-acetylcysteine (NAC) 
treatment. (A) Baseline pentosidine levels were higher in sickle cell patients than in controls (P < 0.0001). 
Pentosidine decreased after 6 weeks NAC treatment in both 1200 mg and 2400 mg groups, though the differences 
were not statistically significant. (B) CML levels at baseline were also higher in sickle cell patients than in controls 
(P = 0.019) and decreased after 6 weeks NAC treatment in both groups. Means ± SEM.

Discussion

In this pilot study 6 weeks of NAC treatment seemed to reduce oxidative stress and 
hemolysis in SCD, as reflected by reduced red cell membrane PS expression, plasma 
levels of AGEs and cell-free heme.

Through enzymatic reactions PS is normally restricted to the inner monolayer of 
the cell membrane.30 Increased intracellular generation of ROS [6] leads to (per-)oxidative 
damage to the erythrocyte inner membrane and proteins responsible for maintaining 
normal PS asymmetry, resulting in abnormal PS externalization.11, 31 NAC treatment 
resulted in a continuous decrease of surface membrane PS expression with both 1200 and 
2400 mg dose groups. With a reduction in red cell membrane damage, the hemolytic rate 
would be expected to be reduced. This was demonstrated by a decrease in plasma levels 
of cell-free heme, which is a more sensitive indicator of changes in hemolytic rate than 
the standard clinical markers of hemolysis.32 Downstream events of pathophysiological 
PS exposure such as thrombin generation and increased expression of sVCAM-1 did not 
change.33-35 Given large variability of such parameters, we cannot rule out that a potential 
ameliorating effect of NAC supplementation on endothelial and coagulation activation 
has been missed due to the small number of included patients.

Increased production and tissue accumulation of AGEs due to oxidative stress are 
associated with disease severity and organ complications in diabetes and inflammatory 
diseases.36-40 AGE interaction with intra- and extracellular tissue structures leads to 
distortion of normal tissue architecture,37 resulting in (micro-)vasculature basement 

Table 2. Markers of endothelial and coagulation activation and NO bioavailability before 

and after NAC treatment.

1200 mg (n = 4) 2400 mg (n = 4)

baseline 6 weeks baseline 6 weeks

sVCAM-1 (ng/mL) 1155 (1027 – 2505) 1110 (975 – 2525) 788 (638 – 1578) 905 (778 – 1516)

vWF:Ag (%) 282 (172 – 382) 288 (156 – 381) 162 (129 – 217) 162 (130 – 234)

TAT (μg/L) 8.2 (4.9 – 13.9) 8.1 (5.7 – 17.6) 10.2 (7.8 – 10.7) 8.4 (6.3 – 11.2)

F1 + 2 (pmol/L) 267 (190 – 334) 270 (171 – 396) 302 (179 – 366) 254 (170 – 360)

Thrombin Generation

  Lag time (min) 2.0 (1.3 – 2.0) 1.8 (1.3 – 2.0) 1.0 (1.0 – 1.8) 1.0 (1.0 – 1.8)

  Peak value (nM) 334 (284 – 388) 319 (269 – 356) 343 (271 – 367) 311 (161 – 358)

  ETP (nM.min) 1286 (1017 – 1531) 1195 (1006 – 1338) 1156 (913 – 1287) 1102 (520 – 1313)

Arginine (μmol/L) 57.4 (46.2 – 72.3) 65.7 (55.5 – 80.2) 61.2 (57.6 – 71.4) 63.5 (60.6 – 78.0)

ADMA (μmol/L) 0.56 (0.47 – 0.71) 0.59 (0.43 – 0.68) 0.57 (0.51 – 0.64) 0.61 (0.55 – 0.64)

NT-proBNP 65.5 (15.6 – 145) 58.3 (0 – 93.5) 28.3 (24.3 – 46.9) 33.5 (13.3 – 64.1)

Numbers are medians with inter quartile ranges. sVCAM-1 soluble vascular cellular adhesion molecule-1; vWF-Ag von 
Willebrand factor antigen; TAT thrombin antithrombin complex; F1+2 prothrombin fragments 1+2; ADMA asymmetric 
dimethylarginine; NT-proBNP N-terminal pro-Brain Natriuretic Peptide. Changes not significant.

membrane thickening with reduced vascular wall elasticity, reduced filtration 
rate across the vessel lumen and diminished arteriolar vasodilatatory response all 
contributing to tissue ischemia.40-42 Furthermore, the interaction of AGEs with their 
receptor (RAGE) enhances the production of pro-inflammatory cytokines, adhesion 
molecules and more oxidants,36 inducing a pro-inflammatory response and further 
increasing oxidative stress. In SCD, steady state plasma AGEs are increased in both 
children and adults with SCD and we have recently demonstrated AGEs to be significantly 
associated with both hemolytic rate and hemolysis-related organ complications in adult 
sickle cell patients.19 These data suggest that oxidative stress induced tissue and organ 
damage in SCD could be, at least partly, mediated by tissue accumulation of AGEs (e.g. 
in blood vessels). Somjee et al reported a strong inverse correlation between plasma 
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AGEs and GSH levels in sickle erythrocytes.19, 43 Decreased levels of GSH may be play an 
important role in the increased formation of AGEs since GSH is an essential cofactor 
for glyoxalase 1, the enzyme that detoxifies the major AGE precursor methylglyoxal to 
S-d-lactoyl-glutathione.44 The decrease in AGE levels during NAC treatment could suggest 
that production and tissue accumulation of AGEs and thus oxidative tissue damage can 
be reduced by enhancing GSH production with NAC treatment. 

In contrast to the study by Pace et al in which glutathione increments were only 
observed in patients treated with 2400 mg NAC during 6 weeks,22 increases in glutathione 
levels in this study were comparable in both 1200 mg and 2400 mg dose groups. A 
possible explanation for this discrepancy could be of methodological nature as we 
measured glutathione in whole blood while Pace et al determined glutathione in red 
cells. The comparable glutathione increments with concurrent reductions in erythrocyte 
PS expression and plasma AGEs in both dose groups may suggest that 1200 mg NAC per 
day may be as efficacious as 2400 mg. This is an important finding as gastro-intestinal 
side effects may be dose-limiting (as observed in one patient in the current study).

 The obvious limitation of our study is the limited number of patients in a pilot 
study lacking a control (placebo) group, as well as the short duration of treatment. 
However, the data in this feasibility study clearly indicate gradual decrease in red 
cell surface PS expression, plasma levels of AGEs and cell-free heme with subsequent 
increments after NAC cessation. Obviously, these findings now need confirmation in 
larger randomized placebo-controlled clinical trials. 

 In conclusion, N-acetylcysteine treatment of sickle cell patients seems to 
reduce erythrocyte PS expression, plasma AGEs and cell-free heme levels. Given the 
wide availability, safety and low cost of NAC and the findings in this pilot study, we are 
of the opinion that potential of NAC as a ‘supportive care therapeutic’ in SCD deserves 
further study.
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Abstract
The painful crisis is the hallmark of sickle cell disease (SCD). Bone resorption, as 

part of physiological bone turnover, results in release into the circulation with 

subsequent urinary excretion of the collagen cross-links pyridinoline (PYD) and 

deoxypyridinoline (DPD). Urinary PYD and DPD concentrations could reflect the 

extent of bone infarction during painful sickle cell crisis. Urinary concentrations 

of PYD and DPD, adjusted for urine creatinine, were measured in sickle cell 

patients (38 clinically asymptomatics, 27 during painful crisis) and healthy 

controls (n=25) using high performance liquid chromatography (HPLC). PYD 

and DPD concentrations were higher in asymptomatic HbSS/HbSβ0-thalassemia 

patients compared to controls (P<0.05) with further increments during painful 

crisis in both HbSS/HbSβ0-thalassemia and HbSC/HbSβ+-thalassemia patients 

(P<0.05). In the asymptomatic HbSS/HbSβ0-thalassemia patients there was a 

statistically significant positive correlation between DPD and hemolytic rate. 

Based on urinary PYD and DPD concentrations, bone degradation is increased in 

asymptomatic sickle cell patients, with further increments during painful crisis. 

Urinary PYD and DPD concentrations are potentially diagnostic and prognostic 

tools in sickle cell disease.

Introduction

Sickle cell disease (SCD) affects millions worldwide. One of the most frequently occurring 
complications is the painful crisis.1 The painful crisis manifests as acute musculo-skeletal 
(usually juxta-articular) and/or visceral pain mostly associated with mild pyrexia which often 
necessitates treatment with parenteral opiates and thus hospital based medical care.2 The 
pathophysiology involves multiple mechanisms ultimately leading to the obstruction of 
microvasculature with subsequent tissue ischemia and infarction as result.3-5 Even though 
mostly self-limiting, painful crises is associated with severe complications such as the acute chest 
syndrome, stroke, multi-organ failure and sudden death.6-8 Furthermore, patients experiencing 
3 or more painful crises per year requiring medical attention carry a higher risk of early death.1

One of the most challenging aspects in the management of patients with acute 
painful crises is the lack of objective laboratory tools to confirm the diagnosis and to 
estimate its severity. Next to parameters such as reticulocyte and leukocyte counts and 
lactate dehydrogenase levels, studies have focused on laboratory markers involved in 
the pathophysiological processes of sickle cell disease such as markers of endothelial 
activation, cytokine profiles and coagulation proteins,9-16 none of which have made 
the transition to the clinic. The lack of diagnostic tools to diagnose vaso-occlusion can 
contribute to misinterpretation of symptoms, unjust withholding of adequate analgesia, 
distorted communication and doctor-patient relationships with unjust stigmatization 
of patients as drug addicts. Therefore, objective laboratory tools accurately reflecting 
the vaso-occlusive process would be of great value to those caring for patients with SCD. 

As marrow ischemia and infarction potentially leads to bone degradation, 
laboratory markers of bone resorption may be of value in monitoring vaso-occlusion in 
SCD. Pyridinoline (PYD) and deoxypyridinoline (DPD) are collagen cross-links and their 
urinary concentrations haven been proven accurate  markers of bone resorption.17-20 After 
bone degradation, PYD and DPD are released in the circulation and excreted directly 
into urine without further systemic metabolism. Pyridinium-based cross-links are an 
important part of the extracellular collagen fibrils in most connective tissue types. 
However unlike other connective tissue types, bone is continuously remodeled and 
therefore forms the main source of urinary pyridinoline cross-links. Furthermore, the 
ratio of PYD to DPD in urine is approximately the same as in adult human bone (3.5:1), 
further supporting bones as the predominant source of urinary PYD and DPD.21 Given 
the above, we set out to determine profiles of urinary PYD and DPD in SCD in both the 
clinically asymptomatic state as well as during painful crisis.

Methods

Study population
Consecutive clinically asymptomatic adult (≥18 years old) patients with SCD (HbSS, 
HbSβ0-thalassemia, HbSβ+-thalassemia and HbSC confirmed by high performance liquid 
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chromatography (HPLC)) visiting the outpatient clinic and patients admitted with a 
painful crisis at the Academic Medical Centre and Slotervaart Hospital, Amsterdam, the 
Netherlands, were eligible for the study. A painful crisis was defined as musculo-skeletal 
pain not otherwise explained and recognized as such by the patient. The clinically 
asymptomatic state was defined as being free of SCD related acute events, such as painful 
crises, priapism, acute chest syndromes and strokes during at least 4 months prior to 
study participation. Exclusion criteria were: auto-immune inflammatory diseases, active 
infection, pregnancy and women in (post-) menopausal stage. Healthy race and age 
matched HbAA volunteers served as controls. All participants gave written informed 
consent. The protocol was reviewed and approved by the local medical ethical committee 
and conducted in agreement with the Helsinki declaration of 2000.

Blood and urine samples
Blood samples were drawn via venipuncture. Standard blood counts were performed 
in EDTA-anticoagulated blood (Cell-Dyn 4000, Abbott, Illinois, USA). Lactate 
dehydrogenase (LDH) and total bilirubin levels were measured in heparinised plasma 
with spectrophotometry (P800 Modular, Roche, Basel, Switzerland). Urine samples were 
collected in the morning between 8 and 10 a.m. after overnight fasting of at least 8 hours 
and stored at -80°C until measurements.

Laboratory analysis
Cross-links are determined by high performance liquid chromatography using 
commercial reagents (ChromSystems, München, Germany). To adjust for the degree of 
urine concentration, urinary creatinine is measured and the cross-links are expressed 
as PYD to creatinine and DPD to creatinine ratios. 

Statistical analysis
For data analysis, patients were divided in two groups with patients with the relatively 
severe genotypes HbSS and HbSß0-thalassemia grouped in one group (HbSS/HbSβ0-thal) 
and patients with the relatively milder HbSC and HbSß+-thalassemia genotypes collected 
in the other group (HbSC/HbSβ+-thal).22 As data were not normally distributed, statistical 
tests for nonparametric data were used. For multiple group comparisons of continuous 
variables the Kruskal–Wallis test was employed. The Mann–Whitney U-test was used 
for comparison between two groups. The Wilcoxon Signed Rank Test was used for a 
paired analysis of patients included both during asymptomatic state and painful crisis. 
For correlation studies, the Spearman Rank correlation coefficient (rs) was determined. 
Continuous data are presented as medians with corresponding interquartile ranges 
(IQR), unless stated otherwise. P <0.05 was considered statistically significant (SPSS 16.0, 
SPSS Inc., Chicago, IL, USA).
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Results

Twenty seven HbSS/HbSβ0-thal (23 HbSS and 4 HbSβ0-thalassemia) and 11 HbSC/HbSβ+-thal 
(all HbSC) sickle cell patients during clinically asymptomatic state and 21 HbSS/HbSβ0-
thal (all HbSS) and 6 HbSC/HbSβ+-thal (1 HbSβ+-thalassemia and 5 HbSC) during painful 
crisis were included. Twenty five race- and age-matched healthy HbAA (HPLC confirmed) 
volunteers were included as controls. Baseline characteristics are shown in the Table.
 While urinary PYD and DPD to creatinine ratios were comparable between healthy 
controls and HbSC/HbSβ+-thal patients in steady state, they were significantly higher 
in asymptomatic state HbSS/HbSβ0-thal patients (Figure 1 A and B). Further increments 
were observed during painful crisis, though the differences did not reach statistical 
significance for PYD in both groups and for DPD in HbSC/HbSβ+-thal patients. In a paired 
analysis of 19 patients who were included both during asymptomatic state and painful 
crisis, the urinary cross-links increased during painful crisis, though the difference was 
only statistically significant for DPD (Figure 2).
 Urinary concentrations of PYD and DPD were significantly related to hemolytic rate 
in asymptomatic state HbSS/HbSβ0-thal patients but not HbSC/HbSβ+-thal patients (Figure 
3). No correlations between the cross-links and the hemolytic rate were observed during 
painful crisis. Gender was not related to the degree of urinary excretion of PYD and DPD 
(data not shown). PYD and DPD after the first night of hospital admission were not related 
to the duration of hospital stay (days) for the treatment of painful crisis (data not shown).

Figure 1. Urinary concentrations of pyridinoline 
(PYD) and deoxypyridinoline (DPD), adjusted for 
urine creatinine, in 25 healthy controls with normal 
HbAA hemoglobin (CTRL), 27 HbSS/HbSβ0-thalassemia 
(SS) and 11 HbSC/HbSβ+-thalassemia (SC) sickle cell 
patients during asymptomatic state (A) and 21 HbSS/
HbSβ0-thal and 6 HbSC/HbSβ+-thal patients during 
painful crisis (C). (A) PYD concentrations. (B) DPD 
concentrations.
* Significantly different as compared to healthy 
controls (P < 0.05). † Significantly different as 
compared to asymptomatic state (P < 0.05). Bars 
indicate means ± SEM.

Figure 2. Deoxypyridinoline (DPD) in 19 patients included both during asymptomatic state (ASST) and painful 
crisis (CRIS). Urinary concentrations of DPD are higher during painful crisis as compared to the asymptomatic state.

Discussion 

The findings in this study indicate a higher degree of chronic bone degradation in sickle 
cell disease with exacerbations during painful crisis. Increased urinary excretion of PYD 
and DPD during painful crisis primarily suggests that bone ischemia and subsequent 
necrosis due to micro-vascular occlusion induces bone degradation. However, increased 
metabolic bone turnover during painful crisis could also contribute. The degree of 
increments in PYD and DPD concentrations during painful crisis in most patients of the 
paired analysis was comparable. Due to inter-patient variation in baseline concentrations 
during asymptomatic state, it was not possible to determine a normal cut-off value. 
 Baseline PYD and DPD values were elevated in HbSS/HbSβ0-thal patients as compared 
to healthy controls. Given the fact that sickle cell patients are characterized by an 
increased renal creatinine excretion,23 the expressed cross-links to creatinine ratios are 
likely to be underestimated in these patients. PYD and DPD concentrations were highest 
in patients with the greatest hemolytic rate and it may well be possible that hemolytic 
anemia induced bone marrow expansion contributes to bone degradation. Sickle cell 
disease is characterized by a continuous state of inflammation which could also be a 
significant contributory factor to increased bone resorption.24 Ongoing clinically silent 
vaso-occlusion is another potential explanation of increased bone ischemic damage 
and degradation.25 Hemolysis induced vasculopathy in SCD, mediated by oxidative 
stress, reduced nitric oxide bioavailability, hemostatic activation, adhesion of activated 
leukocytes and platelets to endothelial cells might result in ischemia-reperfusion injury 
and thus bone degradation, especially in genotypes characterized by severe hemolysis 
(HbSS/HbSβ+-thalassemia).26, 27 It is very likely that a combination of these factors in 
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addition to bone volume and bone metabolism related factors such as calcium, phosphate, 
vitamin D,  parathyroid hormone and age ultimately determines (the variation in) 
base-line PYD and DPD values in the clinically asymptomatic state. Associations with 
biomarkers of inflammation and bone metabolism were out of the scope of this study. 
Currently, it is unknown whether each individual patient has a stable base-line value 
over time.

Figure 3. Urinary deoxypyridinoline/creatinine (DPD/creatinine) in relation to hemoglobin, lactate 
dehydrogenase (LDH) and total bilirubin as markers of hemolytic anemia in 27 HbSS/HbSβ0-thalassemia 
patients during asymptomatic state. (A) DPD/creatinine was inversely correlated to hemoglobin levels (Sr = -0.37), 
though the relation did not reach statistical significance (P = 0.06). DPD/creatinine was positively correlated to 
(B) LDH (Sr = 0.41, P = 0.039) and (C) total bilirubin (Sr = 0.56, P = 0.004). 

 In interpreting these data some pitfalls should be considered. As there is no gold 
standard for diagnosing a sickle cell crisis (let alone its severity), one should be cautious 
to relate the urinary concentrations of PYD and DPD to the severity of a vaso-occlusive 
crisis. We could not find a correlation between the urinary PYD and DPD concentrations 
and crisis duration. The number of patients included was low and these preliminary 
findings need confirmation in a large, prospective study where serial measurements 
of PYD and DPD during painful crisis are studied in relation to clinical outcomes such 
as pain score. In the paired analysis DPD, but not PYD, increased significantly during 
painful crisis. This could be explained by the greater bone specificity of DPD, as PYD is 
also a major component of collagen fibrils in other tissue types.21 
 In conclusion, the findings of increased PYD and DPD in asymptomatic state sickle 
cell patients with further increments during painful crisis seem not only of potential 
diagnostic importance but of pathophysiological importance as well as sickle cell 
patients may have an increased risk of osteoporosis due to continuously increased bone 
degradation, with further increments during each painful crisis.3, 28 Urinary PYD and 
DPD concentrations can be determined rapidly with a widely available technique and 
their value as potential diagnostic tools of the painful sickle cell crisis is now subject of 
further study.
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Abstract
The painful crisis accounts for the majority of sickle cell disease (SCD) related 

hospital admissions. The prototypic long pentraxin 3 (PTX3), an acute phase 

protein, is elevated in patients with inflammatory and ischemic states. As 

the sickle cell painful crisis is associated with both inflammation and tissue 

ischemia, we questioned whether plasma PTX3 levels are increased during and 

associated with painful crisis severity. Furthermore, since PTX3 up-regulates 

endothelial expression of tissue factor we studied PTX levels in relation to 

markers of endothelial and coagulation activation. Plasma levels of PTX3, ultra-

sensitive C-reactive protein (US-CRP), prothrombin fragment 1+2, thrombin−

antithrombin (TAT) complexes, von Willebrand Factor antigen and soluble 

vascular adhesion molecule-1 were determined in 105 asymptomatic sickle cell 

patients, 33 patients during painful crisis and 30 race matched healthy controls. 

Plasma PTX3 levels were comparable between patients in asymptomatic state and 

healthy controls, but significantly higher during painful crisis (P<0.01). US-CRP 

levels were higher in asymptomatic patients compared to controls (P<0.0001) and 

increased further during painful crisis (P<0.0001). PTX3 levels at presentation 

with painful crisis correlated significantly with the duration of subsequent 

hospital admission (rs=0.43; P=0.013), whereas US-CRP levels did not. PTX3 levels 

did not correlate with markers of hypercoagulability. The increase of PTX3 levels 

during painful crisis and their relation to the duration of subsequent hospital 

stay suggest that PTX3 might serve both as a diagnostic and severity marker of 

the painful sickle cell crisis. 

Keywords: Sickle cell disease, painful crisis, pentraxin-3, ischemia

Introduction

SCD is characterized by intravascular hemolysis and recurrent microvascular ischemia 
and reperfusion injury resulting in chronic organ damage and a decreased life 
expectancy.1-3 The painful crisis is the most frequently occurring acute complication in 
sickle cell patients and accounts for the majority of SCD related hospital admissions.4, 5 It 
manifests as acute musculo-skeletal and/or visceral pain which often necessitates hospital 
admission and intravenous hydration and opiates.5 Even though mostly self-limiting, 
painful crises are associated to severe complications such as the acute chest syndrome, 
stroke, multi-organ failure and sudden death.5 Furthermore, patients experiencing 3 or 
more painful crises per year requiring medical care are at higher risk of early death.4, 6 

The pathophysiology of micro-vascular occlusions in SCD is multi-factorial, 
involving endothelial activation, enhanced adhesion of erythrocytes, leukocytes and 
platelets, increased endothelial expression of adhesion molecules, release of pro-
inflammatory cytokines and coagulation activation, ultimately leading to the obstruction 
of microvasculature with subsequent tissue ischemia and infarction as result.7, 8 

The lack of objective laboratory tools to confirm the diagnosis and to assess 
the severity of the painful sickle cell crisis makes its management one of the most 
challenging aspects in caring for sickle cell patients. The prototypic long pentraxin-3 
(PTX3), an acute phase protein and a key component of innate immunity,9-11 is elevated 
in patients with acute infections, auto-immune inflammatory diseases and myocardial 
infarction (MI).11-15 In contrast to C-reactive protein (CRP), which is produced mainly in 
the liver in response to pro-inflammatory stimuli,10 PTX3 is produced and released locally 
at the site of inflammation by several cell types, including mononuclear phagocytes, 
endothelial cells, dendritic cells and fibroblasts.16, 17 PTX3 expression is induced by the 
pro-inflammatory cytokines (IL-1ß, TNF-α) and microbial components.10 PTX3 has several 
essential functions in vivo, including binding to pathogens (functioning as a pattern 
recognition receptor for mononuclear phagocytes and dendritic cells), activation of 
complement component C1q and participating in the handling of apoptotic cells.18 As 
PTX3 is produced and released by endothelial cells in response to inflammatory stimuli, 
we questioned whether PTX3 levels are increased in SCD, especially during painful 
crisis. Furthermore, PTX3 can activate endothelial cells and up-regulate tissue factor 
(TF) expression by endothelial cells and monocytes and thus potentially can induce both 
endothelial and coagulation activation.19, 20 We therefore studied the relationship of PTX3 
levels to markers of endothelial activation and hypercoagulability as well.

Materials and methods

Study population
Adult (≥18 years old) patients with SCD [HbSS, HbSβ0-thalassemia (HbSβ0-thal), 
HbSβ+-thalassemia (HbSβ+-thal) and HbSC confirmed by high performance liquid 
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chromatography] visiting the out-patient clinic during the asymptomatic state or 
admitted for a painful crisis at the Academic Medical Centre and Slotervaart Hospital, 
Amsterdam, The Netherlands were eligible for the study. A painful crisis was defined as 
musculo-skeletal pain not otherwise explained and recognized as such by the patient. 
The clinically asymptomatic state was defined as the patient being free of SCD related 
acute events, such as painful crises, priapism, acute chest syndromes and strokes 
during at least 4 months prior to study participation. Exclusion criteria were: auto-
immune inflammatory diseases, proven active infection at presentation with painful 
crisis, blood transfusion during 4 months prior to inclusion and pregnancy. Four out 
of 109 consecutive sickle cell patients during the asymptomatic state and none during 
painful crisis declined to participate in the study. Healthy normal HbAA race and age 
matched volunteers served as controls. All participants gave written informed consent. 
The protocol was reviewed and approved by the local medical ethical committee and 
conducted in agreement with the Helsinki declaration of 2000.

Blood sample collection
Blood samples were obtained upon a regular visit to the outpatient clinic or at 
presentation at the emergency department for a painful crisis. Standard blood counts 
were performed in EDTA-anticoagulated blood (Cell-Dyn 4000, Abbott, Illinois, USA). 
Lactate dehydrogenase (LDH) and bilirubin levels were measured in heparinized plasma 
with spectrophotometry (P800 Modular, Roche, Basel, Switzerland). Blood samples were 
centrifuged within 30 minutes of withdrawal at 3000 rpm, 4 oC for 15 minutes and EDTA 
and citrated plasma and serum samples were stored at -80oC for further analysis.

Laboratory analyses
Plasma levels of PTX3 were measured using an in-house sandwich enzyme-linked 
immunosorbent assay (ELISA).11 Ultra-sensitive C-reactive protein (US-CRP) was measured 
with ELISA according to the manufacturer’s instructions (Biokit, Barcelona, Spain). 
Prothrombin fragment 1+2 (F1+2) and thrombinγantithrombin (TAT) complexes were 
determined using sandwich enzyme-linked immunosorbent assay (ELISA; Enzygnost, 
Dade Behring Marburg GmbH, Germany). Plasma levels of von Willebrand Factor 
antigen (vWF:Ag) were determined in citrate plasma using a homemade ELISA. Soluble 
vascular adhesion molecule-1 (sVCAM-1) levels were determined in serum (R&D Systems; 
Minneapolis, MN, USA).
 
Statistical analysis
For data analysis, patients were divided in two groups with patients with the relatively 
severe genotypes HbSS and HbSβ0-thal grouped in one group (HbSS/HbSβ0-thal) and 
patients with the relatively milder HbSC and HbSß+-thalassemia genotypes collected in 
the other group (HbSC/HbSß+-thal).21 As data were not normally distributed, statistical 
tests for nonparametric data were used. For multiple group comparisons of continuous 
variables the Kruskal–Wallis test was employed. The Mann–Whitney U-test was used for 

comparison between two groups. The Wilcoxon Signed Rank Test was used for a paired 
analysis of patients who were included both during asymptomatic state and painful crisis. 
For correlation studies, the Spearman Rank correlation coefficient (rs) was determined. 
To analyze the association of plasma PTX3 levels and the degree of hemolysis with 
endothelial activation as reflected by sVCAM-1 and vWF:Ag levels, a multivariate 
stepwise regression model with forward entry and removal was constructed with 
either sVCAM-1 or vWF:Ag as the dependent variable and PTX3, US-CRP, LDH and Hb 
as the independent variables. P <0.05 was considered statistically significant (SPSS 
16.0, Chicago, IL, USA).

Results

Between June 2008 and July 2009, 105 sickle cell patients in clinically asymptomatic 
state (62 HbSS/HbSβ0-thal and 43 HbSC/HbSβ+-thal), 33 patients during painful crisis (25 
HbSS/HbSβ0-thal and 8 HbSC/HbSβ+-thal) and 30 race matched HbAA healthy controls 
were included. Baseline characteristics are summarized in Table 1.

Pentraxin-3 and US-C-reactive protein
Whereas in asymptomatic state PTX3 levels in both HbSS/HbSβ0-thal and HbSC/
HbSβ+-thal groups were comparable with those in healthy controls, PTX3 levels were 
significantly higher in both groups during painful crisis (Figure 1A). In contrast to PTX3, 
US-CRP levels were increased in the asymptomatic state (Figure 1B). Both PTX3 and US-
CRP levels also increased significantly in a paired sample analysis of 24 patients who 
were included both during asymptomatic state and painful crisis (from 1.0 (0.7–2.0) 
to 2.1 (1.4–3.1), P=0.001 and from 3.3 (2.2–5.2) to 8.6 (3.6–17.1), P=0.001 respectively) 
with 19 positive, 3 negative ranks and 2 ties for PTX3 and 17 positive and 7 negative 
ranks for US-CRP.  Plasma levels of PTX3 upon presentation with a painful crisis were 
significantly related to the duration of hospital stay in days (Sr = 0.43; P =0.013; n 
= 33). In patients included both during asymptomatic state and painful crisis, the 
PTX3 increments from values during the clinically asymptomatic state were related 
to the duration of hospital stay as well (Sr = 0.60; P = 0.002; n = 24). US-CRP levels 
did not correlate with PTX3 levels or the duration of hospital stay (data not shown). 
Retrospective chart review of all patients treated for a painful crisis revealed 7 patients 
with proven infections (pneumonia [4], gastro-enteritis [1], pelvic inflammatory disease 
[1] and parodontitis [1]). PTX3 levels did not differ between patients with (2.2 ng/mL 
(1.5–3.3)) and patients without infections (2.1 ng/mL (1.2–2.8), P = 0.6) during the painful 
crisis were comparable.

Two patients during painful crisis (with PTX3 values of 6.5 and 2.8 ng/mL) 
developed an acute chest syndrome during admission without documentation of 
infection.
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Figure 1. Plasma levels of pentraxin 3 (PTX3) and ultra-sensitive C-reactive protein (US-CRP). (A) Whereas PTX3 
levels in asymptomatic state (A) in both HbSC/HbSβ+ (SC) and HbSS/HbSβ0 (SS) patients are comparable with 
healthy race-matched controls (HbAA), they increase significantly during acute painful crisis (C) in both groups 
(P < 0.003 (#) and P < 0.0001 (†) respectively). (B) US-CRP levels are higher in asymptomatic HbSC/HbSβ+ and HbSS/
HbSβ0 patients as compared to controls (P < 0.0001,*) with further increments during painful crisis (P < 0.062 
and P < 0.0001 (†) respectively). Bars indicate means ± SEM.

Coagulation and endothelial activation
In the asymptomatic state, plasma levels of F1+2, TAT, vWF:Ag and sVCAM-1 were 
significantly higher in both HbSC/HbSβ+-thal and HbSS/HbSβ0-thal patients compared to 
healthy controls with further increments of F1+2 and TAT during painful crisis in HbSS/
HbSβ0-thal patients (Table 2). Markers of coagulation activation were strongly related to 
the markers of hemolysis (hemoglobin, LDH and total bilirubin) (Table 2) but not to PTX3 
levels (Table 3). PTX3 levels were significantly related to sVCAM-1 levels in controls and 
HbSC/HbSβ+-thal patients in asymptomatic state but not in HbSS/HbSβ0-thal patients in 
asymptomatic state (Figure 2). PTX3 was not related to vWF:Ag levels (data not shown). 
In a multivariate stepwise regression analysis, with PTX3, US-CRP, LDH and Hb as the 
independent variables, only PTX3 was significantly related to sVCAM-1 in controls (0.44 
× PTX3, P = 0.021) and HbSC/HbSβ+-thal patients (0.61 × PTX3, P < 0.0001) while LDH was 
the only predictor of sVCAM-1 levels in HbSS/HbSβ0-thal patients (0.49 × LDH, P < 0.0001).  
PTX3 levels were not related to markers of hemolysis, neutrophil and monocyte counts 
(Table 3).T
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Figure 2. Serum levels of soluble vascular cell adhesion molecule-1 (sVCAM-1) in relation to pentraxin 3 (PTX3), 
lactate dehydrogenase (LDH) and ultrasensitive C-reactive protein (US-CRP) in healthy controls and sickle cell 
patients during asymptomatic state. Relationship of sVCAM-1 with PTX3, LDH and US-CRP in healthy controls 
(CTRL) (A, D, G), HbSC/HbSβ+ patients (B, E, H) and HbSS/HbSβ0 patients (C, F, I). Spearman Rank correlation 
analysis was used.
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Table 3. PTX3 levels in relation to markers of coagulation and hemolysis and neutrophils 

and monocytes in healthy controls and sickle cell patients during steady state.

PTX3 (ng/mL)

Controls HbSC/HbSβ+-thal HbSS/HbSβ0-thal

rs

(P-value)
rs

(P-value)
rs

(P-value)

F1+2 (pmol/L)
-0.23
(0.22)

-0.17
(0.28)

0.06
(0.68)

TAT (μg/L)
0.31

(0.09)
-0.15
(0.35)

-0.1
(0.45)

vWF:Ag (%)
0.06

(0.75)
0.02

(0.93)
0.12

(0.35)

Hb (g/dL)
0.19

(0.32)
-0.07
(0.64)

-0.20
(0.13)

LDH (U/L)
-0.24
(0.24)

0.06
(0.72)

0.12
(0.36)

Total bilirubin (mg/dL)
0.07

(0.73)
-0.07
(0.56)

-0.13
(0.34)

Neutrophils (109/L)
-0.12
(0.53)

0.07
(0.69)

0.01
(0.98)

Monocytes (109/L)
0.01

(0.95)
-0.22
(0.21)

0.02
(0.93)

F1+2 prothrombin fragment 1 + 2; TAT thrombin-antithrombin complexes; vWF:Ag von Willebrand Factor 
antigen, Hb hemoglobin, LDH lactate dehydrogenase

Discussion

In the present study, plasma levels of PTX3 in clinically asymptomatic sickle cell patients 
were comparable with those in healthy controls but increased significantly during painful 
crisis. PTX3 levels at admission with a painful crisis as well as PTX3 increments from 
base-line were significantly related to the duration of hospital stay.

SCD is characterized by chronic intravascular hemolysis and recurrent clinically (a-)
symptomatic vaso-occlusion with ischemia–reperfusion injury resulting in continuous 
inflammation and endothelial activation.7 However, despite the ongoing low grade 
inflammation in asymptomatic state, overt tissue ischemia and infarction seems 
necessary to trigger increased PTX3 generation and release into the circulation. PTX3 is 
considered to be an early marker of inflammation and clinical studies have demonstrated 
that elevated plasma PTX3 levels are early indicators of acute MI.14, 15 In a study of patients 
with an acute coronary syndrome, PTX3 appeared to be the only independent predictor 
of 3-month mortality.15 Moreover, a study in critically ill patients admitted to intensive 
care unit, PTX3 strongly correlated with severity of infection.11 In the present study, 

both PTX3 levels at admission with a painful crisis and differences between baseline 
and painful crisis were significantly correlated with the duration of subsequent hospital 
stay, suggesting PTX3 could be a useful marker of painful crisis severity.

SCD is characterized by ischemia–reperfusion injury, especially after overt vaso-
occlusion during painful crises, which contributes to oxidative stress induced tissue 
damage.22, 23 Studies in mice have shown that PTX3 has an enhancing role in ischemia-
reperfusion injury.24, 25 This was demonstrated by the observation that while wild type 
mice had a further increase in PTX3 expression and tissue injury after an episode of 
ischemia followed by reperfusion, no local or remote tissue injury could be observed 
in PTX3–/– mice.25 Whether PTX3 expression also affects ischemia-reperfusion injury in 
SCD remains to be elucidated.

The significant relation between hemolysis and coagulation was confirmed in this 
study.26, 27 However, despite evidence that PTX3 induces endothelial and monocyte TF 
expression.19, 20 no relation between PTX3 levels and markers of coagulation was detected. 
While in controls and HbSC/HbSβ+-thal patients, characterized by mild hemolysis, PTX3 
was the only variable significantly related to sVCAM-1, in HbSS/HbSβ0-thal patients with 
more severe hemolysis, LDH was the only significant predictor of sVCAM-1 levels. It may 
well be possible that PTX3 might play a significant role in endothelial and coagulation 
activation, but that hemolysis, with the resulting oxidative stress and down stream 
effects on endothelial and coagulation activation,28 might overshadow the effects of 
PTX3 in such correlation studies.  

This study confirms the earlier findings of increased CRP levels in asymptomatic 
sickle cell patients with a further rise during painful crisis.29 During painful crisis, CRP 
is reported to reach peak levels approximately 72 hours after hospital admission.30 In a 
study of MI patients, peak CRP levels were reached 50 hours after the onset of symptoms. 
In contrast, PTX3 levels in MI patients peaked just 7 hours after the onset of symptoms, 
returning towards baseline after a few days, suggesting that PTX3 may be valuable as 
an early marker of ischemia induced inflammation.14 Similarly to what is reported in 
other studies,14 we did not observe a relation between PTX3 and CRP levels, which could 
be explained by different production times and sites of these two related proteins. CRP 
in fact is only produced systemically by the liver and its levels, significantly increased 
in asymptomatic sickle cell patients, possibly reflect the chronic inflammatory state of 
these subjects. PTX3 on the contrary is locally produced by several cell types, including 
endothelial cells. Ischemia and reperfusion can induce PTX3 in animal models31 and can 
likely be involved in the PTX3 increase observed during painful crisis. The local versus 
systemic production respectively of PTX3 and CRP can also explain the different time 
course of the two proteins observed in sickle cell patients as well as in other pathological 
conditions.32 Since PTX3 peaks much earlier compared to CRP, plasma PTX3 levels could be 
declining while CRP levels are still increasing, rendering a linear relationship unlikely.33 
We measured PTX3 and US-CRP levels only once, upon presentation at the emergency 
department and therefore we are not informed about the dynamics of the PTX3 plasma 
levels in our patients.  Further studies with serial measurements should demonstrate 
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the dynamics of PTX3 concentrations during a painful crisis.
Sickle cell painful crisis can be triggered by acute infections which can also cause 

increased PTX3 production. However, patients with evidence of an active infectious 
disease at initial presentation with a painful crisis were excluded from the study, and 
PTX3 levels between patients with proven infections during admission for painful 
crisis were comparable to those without proven infections. As systematic screening for 
infectious disease was not performed in absence of suggestive symptoms, we cannot 
exclude that mild self-limiting infections may have been missed in some patients. 
Nonetheless, based upon our data it seems likely that the PTX3 increments are largely 
attributable to the sickle cell painful crisis itself.

Two of the included patients developed acute chest syndrome during their painful 
crises. One of these patients had a much higher PTX3 level (6.5) ng/mL) than other 
patients with painful crisis. Whether PTX3 measurement has a potential as a prognostic 
factor for acute chest syndrome remains to be elucidated.

In conclusion, plasma levels of the acute phase reactant PTX3 seem to be normal 
in clinically asymptomatic sickle cell patients but increase significantly during painful 
crisis. The increases in PTX3 levels during sickle cell painful crisis and their relation to 
the duration of subsequent hospital stay suggest that PTX3 could serve as a diagnostic 
and severity marker of the painful sickle cell crisis.
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Summary

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, oxidative stress 
and endothelial activation and damage, 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

 The HbS gene occurs primarily in areas where malaria falciparum has been endemic, 
such as Equatorial Africa, central India, Saudi Arabia, but also in areas around the 
Mediterranean (North Africa, Italy, Greece, Turkey).15 Through slave trade and migration, 
SCD is also prevalent in the Americas and northern Europe.15

 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 are also presented.
 Chapter 1 is an introduction of the history, epidemiology, pathophysiology and 
diagnostic and treatment possibilities of sickle cell disease. 
 Chapter 2 describes the results of our study showing that cerebrovascular CO2 
responsiveness is impaired in adult sickle cell patients without previous symptomatic 
stroke.16 Under normal conditions, increments and decrements of the partial arterial and 
thus end-tidal CO2 tension (PETCO2) increase and decrease cerebral blood flow (CBF) by 
cerebral vasodilatation and vasoconstriction respectively.17 This phenomenon is known 
as the cerebrovascular CO2 responsiveness and reflects the vasodilatatory capacity of the 
cerebral vasculature or cerebrovascular reserve capacity.18-22 A reduced cerebrovascular 
reserve capacity has been demonstrated to be an independent predictor of cerebrovascular 
ischemic events.23-25 The impaired cerebrovascular CO2 responsiveness (chemoregulation) 
reflects a reduced cerebrovascular reserve capacity in sickle cell patients and might play 
an important role in the pathophysiology of SCD related stroke.10, 26 The second important 
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influence on CBF consists of cerebral dynamic autoregulation (mechanoregulation) that 
maintains CBF within a range of mean arterial pressure between 60 and 150 mmHg.27 In 
a study, reported in chapter 3, we demonstrated that adult sickle cell patients also have 
an impaired dynamic cerebral autoregulation.28 Together the results of these two studies 
imply that in SCD both mechano- and chemoregulation, as the two major operative 
mechanisms responsible for maintaining CBF, are impaired, rendering SCD patients 
susceptible to ischemic episodes, particularly upon increased metabolic requirements 
or during episodes of hypoperfusion, e.g. SCD-related cerebral vaso-occlusion and 
hypotension. 
 Ischemic stroke primarily occurs in pediatric sickle cell patients, occurring in 
approximately 10% of patients in the first two decades of life.29-31 Silent cerebral infarctions 
are present in about one third of homozygous SCD patients,32, 33 and are associated with 
poor cognitive functioning.34 Future studies need to elucidate whether mechano- and 
chemoregulation impairment occurs at an earlier age and whether these impairments 
are associated with the presence of  silent cerebral infarctions.
  Our study on cerebrovascular reserve capacity showed that patients using 
hydroxyurea had higher cerebrovascular CO2 responsiveness than patients not on 
hydroxyurea, suggesting a direct ameliorating effect of hydroxyurea on endothelial 
function. Whether hydroxyurea can reverse endothelial damage and the impaired CBF 
regulation in sickle cell patients, needs to be studied in future interventional studies 
with measurements of cerebrovascular CO2 responsiveness and dynamic cerebral 
autoregulation before and after the start of hydroxyurea in candidate patients for this 
therapy. 
 Endothelial damage in SCD is the result of continuous activation by sickle 
erythrocytes, leukocytes and inflammatory cytokines and direct mechanical damage 
and ischemia and infarction during vaso-occlusive episodes.7, 35-38 Increased counts of 
circulating endothelial cells (CECs) have been associated with endothelial damage 
(vasculopathy). In chapter 4 we report that sickle cell patients during asymptomatic 
state have elevated counts of CECs which are associated to SCD related pulmonary 
hypertension.39 While low grade inflammation and asymptomatic vaso-occlusion could 
be implicated in elevated CEC counts during asymptomatic state, acute vaso-occlusive 
painful crisis causes overt endothelial ischemia, infarction and mechanical damage 
potentially resulting in further increments in CEC counts. Future studies need to 
elucidate whether further increments in CEC counts can be measured during acute 
vaso-occlusive painful crises. 
 As reported in chapter 5, counts of circulating endothelial progenitor cells (EPCs) 
were normal during asymptomatic state but increased significantly during painful 
crisis,40 suggesting a pro-angiogenic response upon microvascular ischemia.41 EPCs are 
defined as hematopoietic progenitor cells (HPCs) with vascular endothelial growth 
factor receptor-2 (VEGFR-2) expression and can be detected in peripheral blood by flow 
cytometry.42, 43 EPCs take part in endothelial rejuvenation and neovascularisation after 
ischemic tissue damage and are mobilized by pro-angiogenic factors such as vascular 

endothelial growth factor (VEGF) and erythropoietin (EPO).44, 45 The increase in EPC counts 
during painful crisis suggests that EPCs might be implicated in re-endothelialization 
and neo-vascularization after tissue ischemia/infarction and reperfusion injury during 
vaso-occlusive painful crisis. Despite the fact that EPO is considered to be an important 
regulator of angiogenesis and the release of EPCs, no relations between EPO and the 
circulating EPCs counts could be demonstrated.
 Oxidative stress is an important feature of SCD and plays a major role in 
the pathophysiology of hemolysis, vaso-occlusion and organ damage in sickle cell 
patients.46-51 Reactive oxygen species (ROS) and the (end-)products of their oxidative 
reactions are potential markers of disease severity and could be targets for antioxidant 
therapies. Chapter 6 provides a general overview of the role of oxidative stress in the 
pathophysiology of SCD and its potential implication for SCD management. 
 Chapter 7 of this thesis reports about our findings of increased plasma levels of 
advanced glycation end products (AGEs) and their association with hemolysis related 
organ complications in sickle cell patients.52 These data suggest that AGEs may play 
an important role in the pathophysiology of chronic hemolysis associated organ 
complications in SCD. AGEs are generated by non-enzymatic glycation and oxidation of 
proteins in the Maillard reaction and their production is increased in diseases associated 
with oxidative stress.53 Interaction of AGEs with intra- and extracellular tissue leads 
to distortion of the normal tissue architecture.54 This is especially important in the 
cardiovascular system where thickening of the basement membrane and reduced 
elasticity in blood vessels cause reduced filtration rate across the vessel lumen and 
diminished arteriolar vasodilatatory response resulting in tissue ischemia.54-56 
Furthermore, AGEs interact with and activate receptors for AGEs (RAGE), which enhances 
the production of pro-inflammatory cytokines and adhesion molecules (through 
activation of NF-κB) and more oxidants.53 RAGE is expressed on different cell types, 
including endothelial cells.57

 Erythrocytes are not only a main source of ROS in SCD but also endure the 
brunt of the intracellular oxidative stress.58, 59 Intracellular levels of the important 
antioxidant glutathione (GSH) have been shown to be decreased in sickle erythrocytes,47, 

51 even though de novo synthesis is known to be increased.60 In our study described in 
chapter 8, we demonstrated that increased efflux of the oxidized form of glutathione 
(GSSG) from oxidatively stressed erythrocytes leads to a net loss of glutathione from 
sickle erythrocytes. GSSG efflux is mediated by the specialized membrane transporter 
multidrug resistance-associated protein-1 (MRP-1) which is also important in elimination 
of xenobiotics.61, 62 This was confirmed in our study where adding an MRP-1 inhibitor to 
erythrocytes blocked oxidative stress induced GSSG efflux in both sickle and healthy 
erythrocytes. Future animal studies need to elucidate whether MRP-1 inhibition would 
ameliorate or deteriorate oxidative stress and hemolysis in sickle erythrocytes.
 N-acetylcysteine (NAC), the rate limiting substrate for GSH generation, is an 
important antioxidant with pleiotropic effects on inflammation and vasomotor function.63 
NAC readily enters cells and within the cytoplasm it is converted to L-cysteine, which is 
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a precursor to GSH.64 Treatment of sickle cell patients with NAC has been demonstrated 
to have an inhibitory effect on the formation of dense red cells.65 Augmenting the 
antioxidant capacity in sickle red blood cells by NAC may reduce oxidative red cell 
membrane damage and reduce its many down-stream pathophysiological effects, such 
as hemolysis, endothelial activation and damage , coagulation activation, and the 
decrease of NO bio-availability. In a randomized open label pilot study, NAC seemed to 
reduce oxidative stress and hemolysis in SCD, as reflected by reduced red cell membrane 
phosphatidylserine expression, plasma levels of AGEs and cell-free heme.66 The results 
of this study are shown in chapter 9.
 One of the most frequently occurring complications of SCD is the vaso-occlusive 
painful crisis.67 The painful crisis manifests as acute skeletal and/or visceral pain mostly 
associated with mild pyrexia which often necessitates treatment with parenteral 
opiates and thus hospital based medical care.68 The pathophysiology involves multiple 
mechanisms ultimately leading to the obstruction of microvasculature with subsequent 
tissue ischemia and infarction as result.7 One of the most challenging aspects in the 
management of patients with acute painful crises is the lack of objective laboratory tools 
to confirm the diagnosis and to estimate its severity. As marrow ischemia and infarction 
potentially leads to bone degradation,69 we questioned whether laboratory markers 
of bone resorption such as the cross-links pyridinoline (PYD) and deoxypyridinoline 
(DPD) may be of value in monitoring vaso-occlusion in SCD.70 As reported in chapter 
10, we found that urinary levels of PYD and DPD are elevated in sickle cell patients in 
asymptomatic state with further increments during painful crisis.71 These findings seem 
not only of potential diagnostic importance but of pathophysiological importance as well, 
as sickle cell patients may have an increased risk of osteoporosis due to continuously 
increased bone degradation, with further increments during each painful crisis.72-74 
Urinary PYD and DPD concentrations can be determined rapidly with a widely available 
technique,75 and their value as potential diagnostic tools of the painful sickle cell crisis 
is now subject of further study. 
 Another potential marker of disease severity during painful crisis is the long 
pentraxin-3 (PTX3), an acute phase protein which is an important part of innate immunity 
and is a strong and early indicator of ischemic inflammation.76-78 In contrast to C-reactive 
protein (CRP), which is produced mainly in the liver in response to pro-inflammatory 
stimuli,76 PTX3 is produced and released locally at the site of inflammation by several 
cell types, including mononuclear phagocytes and endothelial cells.76 PTX3 expression 
is induced by the pro-inflammatory cytokines (IL-1ß, TNF-α) and microbial components.76 
In chapter 11 we describe that plasma levels of PTX3 in clinically asymptomatic sickle 
cell patients were comparable with those in healthy controls but increased significantly 
during painful crisis. PTX3 levels at admission with a painful crisis as well as PTX3 
increments from base-line were significantly related to the duration of hospital stay. 
The increases in PTX3 levels during sickle cell painful crisis and their relation to the 
duration of subsequent hospital stay suggest that PTX3 could serve as a diagnostic and 
severity marker of the painful sickle cell crisis.
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Sikkelcelziekte (SCZ) is een erfelijke aandoening die wereldwijd bij miljoenen mensen 
voorkomt.1, 2 SCZ ontstaat door een puntmutatie in het β globine gen waardoor in plaats 
van het normale hemoglobine het afwijkende sikkel hemoglobine ontstaat.3 Bij een laag 
zuurstofgehalte in het bloed (na deoxygenatie) gaat het hemoglobine polymeriseren 
waardoor de erytrocyten hun normale ronde vorm verliezen en vaak langwerpig en soms 
sikkelvormig worden. Sikkelcelziekte gaat gepaard met een chronische hemolytische 
anemie. 4 Daarnaast wordt sikkelcelziekte gekenmerkt door obstructie van kleine 
bloedvaten (vaso-occlusie) die, indien ernstig genoeg, een pijnlijke crise kan uitlokken.5, 6 
Vaso-occlusie in SCZ is een complex proces waarin oxidatieve stress (verhoogde productie 
van reactieve zuurstof radicalen [oxidanten]), versterkte adhesie van sikkelcellen en 
leukocyten aan het endotheel, versterkte inflammatie en een verhoogde stollingactivatie 
een belangrijke rol spelen.6-8 
Een pijnlijke crise manifesteert zich door acute botpijn in de rug, ledematen en 
thorax en gaat vaak gepaard met koorts.9 De behandeling van een pijncrise bestaat 
uit hydratie en adequate pijnstilling waarvoor vaak opiaten nodig zijn.9 Chronische 
activatie en beschadiging van het endotheel, en recidiverende vaso-occlusies 
resulteren in gegeneraliseerde progressieve ischemische orgaanschade en verminderde 
levensverwachting.10-12 Belangrijkste orgaancomplicaties in SCZ zijn (ischemische) 
cerebrovasculaire accident (CVA), pulmonale hypertensie, nefropathie, retinopathie, 
avasculaire necrose van botten, chronische ulcera van de huid, longinfarcten (acute chest 
syndrome) en het optreden van langdurige pijnlijke erecties (priapisme).10-14

 
Dit proefschrift omvat studies over:
De pathofysiologie van endotheelschade en orgaancomplicaties in SCZ.
Oxidatieve stress als een belangrijke factor in de pathofysiologie van SCZ en de implicaties 
daarvan voor de behandeling van deze ziekte.
Potentiële objectieve markers van ziekte-ernst gedurende de vaso-occlusieve pijnlijke crise.

 Hoofdstuk 1 van dit proefschrift is een inleiding die een korte samenvatting geeft 
van de geschiedenis, epidemiologie, pathofysiologie van SCZ en de diagnostische en 
therapeutische mogelijkheden bij deze ziekte.
 Hoofdstuk 2 beschrijft de bevindingen van ons onderzoek naar de cerebrovasculaire 
CO2 reactiviteit bij sikkelcel patiënten.15 Ischemische CVA is één van de ernstigste 
complicaties van SCZ die bij 10% van sikkelcel patiënten in de eerste 2 levensdecades 
voorkomt1-3. Door factoren zoals chronische intravasale hemolyse, oxidatieve stress en 
endotheel schade, hebben sikkelcel patiënten een chronisch tekort aan stikstofmonoxide 
(NO) dat een belangrijke rol speelt in dilatatie van bloedvaten en daarom de 
cerebrovasculaire CO2 reactiviteit.16-18 Onder normale omstandigheden zorgen stijgingen 
en dalingen van arteriële CO2 drukken voor respectievelijk vasodilatatie en vasoconstrictie 
van het cerebrovasculaire systeem om ze de perfusie van de hersenen (cerebral blood 
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flow [CBF]) te kunnen regelen. 19 Dit fenomeen wordt cerebrovasculaire CO2 reactiviteit 
(chemoregulatie) genoemd en reflecteert de vasodilatoire capaciteit van de cerebrale 
bloedvaten.20-24 Samen met dynamische autoregulatie van bloedstroom snelheid (waarover 
later meer), zorgt de cerebrovasculaire CO2 reactiviteit voor een adequate perfusie van 
hersenen. Chronische ziekten die gekenmerkt worden door een NO gebrek, hebben een 
verstoorde (verminderde) cerebrovasculaire CO2 reactiviteit en zijn geassocieerd met een 
hogere incidentie van cerebrale infarcten,.25-27 Onze studie laat zien dat cerebrovasculaire 
CO2 reactiviteit ook bij volwassen sikkelcel patiënten zónder CVA in de voorgeschiedenis 
verstoord is. De verstoorde cerebrovasculaire CO2 reactiviteit leidt tot een verminderde 
cerebrovasculaire reserve capaciteit en kan een belangrijke rol spelen in het ontstaan 
van ischemische CVA’s bij sikkelcel patiënten.10, 28

 Zoals hierboven kort genoemd, is dynamische cerebrale autoregulatie 
(mechanoregulatie) het tweede belangrijke mechanisme in het reguleren van CBF.29 
Dynamische cerebrale autoregulatie houdt de CBF min of meer constant ondanks 
veranderingen in bloeddruk binnen een range van 60 en 150 mmHg gemiddelde arteriële 
druk.29 Hoofdstuk 3 van dit proefschrift toont aan dat ook de dynamische cerebrale 
autoregulatie verstoord is bij sikkelcel patiënten.30 De resultaten van deze twee studies 
wijzen erop dat bij sikkelcel patiënten de twee belangrijkste mechanismen in het 
reguleren van de cerebrale bloedtoevoer, de chemoregulatie en de mechanoregulatie, 
niet goed functioneren waardoor deze patiënten gevoelig zijn voor het oplopen van 
cerebrale ischemie. 
 Bij SCZ is het endotheel chronisch beschadigd door continue activatie 
door erytrocyten, leukocyten, inf lammatoire cytokines en directe schade door 
oxidanten,infarcering en necrose.6, 31-34 In hoofdstuk 4 wordt beschreven dat het aantal 
circulerende endotheliale cellen (CECs) bij sikkelcel patiënten in asymptomatische fase 
hoger is dan bij gezonde controles.35 In eerdere studies is aangetoond dat het aantal 
circulerende CECs maat zijn voor de ernst van endotheliale vaatschade. In onze studie 
waren de verhoogde CEC aantallen geassocieerd met de aanwezigheid van pulmonale 
hypertensie bij sikkelcel patiënten. Pulmonale hypertensie wordt bij ongeveer 30% van 
sikkelcel patiënten beschreven en moet worden gezien als een belangrijke maat voor 
vasculopathie en is geassocieerd met een hoge mortaliteit.11 Toekomstige studies zullen 
ook moeten uitwijzen of de CEC aantallen tijdens sikkelcelcrisen verder toenemen. 
Tijdens een sikkelcelcrise is er sprake van meer uitgesproken microvasculaire vaso-
occlusie leidend tot ischemische endotheel schade waarbij meer endotheelcellen in de 
circulatie zouden kunnen vrijkomen.
 Hoofdstuk 5 rapporteert over aantallen circulerende endotheliale voorloper 
cellen (endothelial progenitor cells; EPCs).36 EPCs spelen een belangrijke rol in de 
vaatnieuwvorming (angiogenese).37 EPCs zijn hematopoiëtische voorloper cellen 
(hematopoietic progenitor cells; HPCs) die de vascular endothelial growth factor receptor-2 
(VEGFR-2)  tot expressie brengen en in het perifere bloed gedetecteerd kunnen worden 
met behulp van flow cytometry.38, 39 EPCs worden gemobiliseerd door pro-angiogenese 
factoren zoals vascular endothelial growth factor (VEGF) en erythropoiëtine (EPO) en 

zijn betrokken bij de verjonging van het endotheel en neovascularisatie na ischemische 
weefselschade.40, 41 In onze studie vonden we een toegenomen aantal circulerende EPCs 
in sikkelcel patiënten tijdens vaso-occlusieve crise. De stijging in EPC aantallen tijdens 
deze crisen suggereert dat EPCs betrokken zouden kunnen zijn bij re-endothelialisatie 
en neovascularisatie van het endotheel na beschadiging door ischemie/ en reperfusie 
schade gedurende de vaso-occlusieve pijnlijke crise.
 Oxidatieve stress is een belangrijk aspect van SCZ en speelt een significante rol in 
de pathofysiologie van hemolyse, vaso-occlusie en het ontstaan van orgaanschade in 
sikkelcel patiënten.16, 42-46 Reactieve zuurstof radicalen (oxidanten) en de (eind-)producten 
van hun reacties met eiwitten, suikers of vetzuren zouden kunnen dienen als markers 
van ziekte ernst, maar ook als potentiële aangrijpingspunten voor antioxidatieve 
therapieën. In hoofdstuk 6 wordt een review gegeven van  de rol van oxidatieve stress 
in de pathofysiologie van SCZ en de potentiële implicaties ervan voor de behandeling 
van SCZ.
 Een van de eindprodukten van oxidatieve stress zijn de zogenaamde advanced 
glycation end products (AGEs). In hoofdstuk 7 beschrijven wij een studie waarin blijkt 
dat deze AGEs verhoogd zijn in het bloed van sikkelcel patiënten en geassocieerd blijken 
met de mate van hemolyse en hemolyse gerelateerde orgaan complicaties bij SCZ.  Onze 
data laten niet alleen zien dat deze AGEs verhoogd zijn bij sikkelcelziekte maar mogelijk 
ook zelf betrokken zijn bij de pathofysiologie van de chronische hemolyse geassocieerde 
orgaan complicaties van SCZ. AGEs worden gevormd door niet-enzymatische glycolysering 
en oxidatie van eiwitten in de zogenaamde Maillard reacties.47 De productie van AGEs 
is toegenomen in ziektes waarbij de oxidatieve stress verhoogd is.47 Door reacties van 
AGEs met intra- en extracellulaire structuren wordt de normale weefselarchitectuur 
verstoord.48 Dit is vooral van belang in het cardiovasculaire systeem waar deze interacties 
verdikking van het basaal membraan en verminderde elasticiteit van bloedvaten kunnen 
veroorzaken.48-50 Door de verdikking van het basaal membraan wordt het transport van 
stoffen door de vaatwanden belemmerd en de verminderde elasticiteit van de bloedvaten 
verstoort de vasodilaterende capaciteit van de bloedvaten (arteriolen), resulterend in 
weefselischemie.48-50 
Sikkelcellen zijn niet alleen een belangrijke bron van oxidanten, maar ondergaan 
daardoor ook zelf veel oxidatieve schade.52, 53 Naast de verhoogde productie van oxidanten, 
worden sikkelcellen ook gekenmerkt door een tekort aan antioxidanten.54, 55 Een van de 
belangrijkste intracellulaire antioxidanten is glutathion (GSH), waarvan de intracellulaire 
spiegels in sikkelcellen verlaagd zijn.43, 46 Dit terwijl de novo aanmaak van glutathion 
in sikkelcellen juist verhoogd blijkt te zijn.56 Wat de precieze oorzaak van dit tekort 
is, was tot nu toe niet bekend. In de studie beschreven in hoofdstuk 8 laten wij zien 
dat het glutathion in erytrocyten na verbruik (oxidatie), in verhoogde mate naar de 
extracellulaire ruimte wordt uitgescheiden. Het geoxideerd glutathion (GSSG) kan 
na ontstaan 2 wegen volgen. Het kan door glutathion reductase of andere reductase 
systemen weer omgezet worden in de gereduceerde GSH vorm of het kan door een 
gespecialiseerde transporter naar de extracellulaire ruimte geëxporteerd worden. Omdat 
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het GSSG zelf ook een oxidant is en daardoor toxisch kan zijn voor de cellen, wordt het 
bij een te hoge productie (bijvoorbeeld door overmatige oxidatieve stress zoals het geval 
is in sikkelcellen) waarschijnlijk door de cel actief uitgescheiden naar de extracellulaire 
ruimte. Onze studie laat zien dat een toename in GSSG uitscheiding (efflux) leidt tot 
netto verlies van glutathion in sikkelcellen, resulterend in een verdere verzwakking van 
de intracellulaire afweer tegen oxidanten. De GSSG efflux vindt via een gespecialiseerde 
membraantranspoorter, multidrug resistance-associated protein-1 (MRP1), plaats.57, 58 
Deze transpoorter is belangrijk o.a. in het elimineren van toxische en vreemde stoffen 
(xenobiotica) uit de cellen.57, 58 Het MRP1 gemedieerde transport van GSSG wordt in onze 
studie bevestigd waar het remmen van MRP1 het GSSG transport in zowel gezonde als 
sikkelcellen blokkeert. Toekomstige studies moeten duidelijk maken of het inhiberen van 
MRP1 de oxidatieve stress en hemolyse in sikkelcellen zal verminderen of juist verergeren. 
 N-acetylcysteïne (NAC) is het belangrijkste substraat voor GSH productie en bepaalt 
de snelheid van GSH productie.59, 60 Daarmee is NAC een belangrijke antioxidant met 
pleiotrope effecten op zowel ontsteking als vaatfunctie.59 Recent heeft een studie laten 
zien dat behandeling van sikkelcel patiënten met NAC een inhiberend effect heeft op 
het ontstaan van afwijkende sikkelcellen.61 Het versterken van de antioxidatieve afweer 
capaciteit door NAC zou de oxidatieve membraanschade van sikkelcellen kunnen 
verminderen en daardoor ook andere stroomafwaartse pathofysiologische effecten, 
zoals hemolyse, activering en beschadiging van endotheel, activering van stolling en 
verminderde beschikbaarheid van NO, afremmen. In een gerandomiseerd open label 
pilotstudie (hoofdstuk 9), bleek dat behandeling van sikkelcel patiënten met NAC 
gedurende 6 weken de oxidatieve stress (afname in expressie van fosfatidylserine aan 
de buitenkant van de celmembraan en plasma spiegels van AGEs) en hemolyse (daling 
in spiegels celvrij heem) doet verminderen.62

 Een van de meest voorkomende complicaties van SCZ is de vaso-occlusieve pijnlijke 
crise.63 Het gebrek aan een objectief laboratoriumonderzoek om de diagnose en de 
ernst van ziekte tijdens een pijncrise vast te stellen, is een grote belemmering in de 
klinische zorg van sikkelcel patiënten. Aangezien er bij pijncrise sprake is van botpijn 
door ischemie en/of infarcering die kan leiden tot botafbraak,64 stelden wij de vraag of 
de markers van botafbraak zoals de crosslinks pyridinoline (PYD) en deoxypyridinoline 
(DPD) zouden kunnen fungeren als markers van pijncrise en de ernst daarvan.65 Zoals 
beschreven in hoofdstuk 11, zagen wij dat de waarden van PYD en DPD in de urine 
hoger zijn bij sikkelcel patiënten in stabiele fase dan bij gezonde controles met verdere 
stijging tijdens pijncrise.66 Deze bevindingen zijn niet alleen van potentieel diagnostische 
waarde, maar hebben ook een pathofysiologische betekenis: door de continue botafbraak 
met exacerbaties tijdens de pijncrises, hebben sikkelcel patiënten een hogere kans op 
osteoporose die al op jonge leeftijd kan optreden.67-69 Urine concentraties van PYD en 
DPD kunnen snel en vrij makkelijk bepaald worden,70 en hun diagnostische waarde als 
parameter van pijncrise moet verder worden uitgezocht.
 Een andere potentiële objectieve parameter van ziekte ernst tijdens een pijncrise 
is pentraxine-3 (PTX3). PTX3 is een acute fase eiwit dat een belangrijke rol speelt in 

het aangeboren afweermechanisme (innate immunity) en een vroege parameter is van 
ischemische ontsteking..71-73 In tegenstelling tot C-reactive protein (CRP) dat als reactie op 
ontstekingsfactoren voornamelijk in de lever geproduceerd wordt,72 vindt de productie 
en afgifte van PTX3 lokaal ter plaatse van de ontsteking plaats.72 Verschillende celsoorten, 
waaronder endotheelcellen en monocyten, kunnen PTX3 produceren en de expressie 
ervan wordt gestimuleerd door pro-inflammatoire cytokines (IL-1ß, TNF-α) en microbiële 
componenten.72 Ons onderzoek wijst uit dat plasma concentraties van PTX3 in klinisch 
asymptomatische sikkelcel patiënten vergelijkbaar waren met de concentraties in gezonde 
controles maar significant hoger in patiënten tijdens pijncrise. PTX3 concentraties bij 
presentatie op de eerste hulp met een pijncrise waren gecorreleerd aan de duur van 
opname. De PTX3 concentratie kan mogelijk een goede objectieve parameter van ziekte 
ernst zijn tijdens pijncrise.
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The CURAMA study group

The CURAMA study group:

The CURAMA study group is a collaborative effort studying sickle cell disease in the 
Netherlands Antilles and the Netherlands. Participating centers: the Red Cross Blood Bank 
Foundation, Curaçao, Netherlands Antilles; the Antillean Institute for Health Research, 
Curaçao, Netherlands Antilles; the Department of Internal Medicine, Slotervaart Hospital, 
Amsterdam, the Netherlands; the Department of Vascular Medicine and the Department 
of Hematology, Academic Medical Center, Amsterdam, the Netherlands; the Department 
of Hematology, Erasmus Medical Center, Rotterdam, the Netherlands; the Department of 
Pathology, Groningen University Hospital, the Netherlands; the Department of Internal 
Medicine, the Laboratory of Clinical Thrombosis and Hemostasis, and the Cardiovascular 
Research Institute, Academic Hospital Maastricht, the Netherlands
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