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Abstract: Patients with sickle cell anemia (SCA) show impaired ventilatory efficiency, altered blood 
rheology, high levels of oxidative/nitrosative stress and enhanced hemolysis with large amounts of 
circulating free hemoglobin, which reduces nitric oxide (NO) bioavailability. The aim of the study 
was to investigate whether physical exercise could improve these physiological and biological 
markers described to contribute to SCA pathophysiology. Twelve SCA patients participated in a 
controlled six weeks training program with moderate volume (two sessions per week with 15–30 
min duration per session) and intensity (70% of the first ventilatory threshold). Parameters were 
compared before (T0) and after (T1) training. Daily activities were examined by a questionnaire at 
T0 and one year after the end of T1. Results revealed improved ventilatory efficiency, reduced 
nitrosative stress, reduced plasma free hemoglobin concentration, increased plasma nitrite levels 
and altered rheology at T1 while no effect was observed for exercise performance parameters or 
hematological profile. Red blood cell (RBC) NO parameters indicate increased NO bioavailability 
which did not affect RBC deformability. Participants increased their daily life activity level. The data 
from this pilot study concludes that even low intensity activities are feasible and could be beneficial 
for the health of SCA patients. 
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1. Introduction 

Sickle cell anemia (SCA) is an inherited disease based on a modified hemoglobin gene. A single 
amino acid substitution—glutamic acid changed to valine—at position six of the β-chain of 
hemoglobin results in an abnormal hemoglobin S (HbS). SCA is evidenced as homozygous for this 
mutation (HbSS). HbS polymerizes under low oxygen tension [1] which affects the structure of red 
blood cells (RBCs). Normal shaped RBCs are biconcave but polymerization of HbS results in calcium 
influx which leads to dehydration and finally sickling of the RBCs [2]. 

Sickle RBCs show reduced capacity to deform which affects blood flow through the 
microcirculation and tissue perfusion. Sickle RBCs are also very fragile and RBC lifespan is highly 
reduced [3] by about seven times. Lyzed RBCs release cell-free hemoglobin into the blood stream 
which binds to nitric oxide (NO) and thus reduces the availability of this important cell messenger. 
The reduction of bioavailable NO but also the depletion of L-arginine, the substrate for NO 
production, oxidative stress and endothelial inflammation caused by free heme [4] results in vascular 
dysfunction. This vascular dysfunction, in combination with the alterations in RBC rheology, 
increases the risk for frequent painful vaso-occlusive events [5,6] In addition, enhanced hemolysis 
leads to the development of severe chronic organ damages in SCA [7]. Thus, according to a study by 
Lanzkron et al. [8], the life expectancy of SCA patients is significantly reduced compared to healthy 
people, and was found to be 42 years for females and 38 years for males.  

Physical activity and endurance exercise have been proven to be beneficial for mental and 
physical health and were reported to reduce the risk for certain diseases like diabetes, cancer, 
coronary heart disease or mental health problems (for a review, see [9]). Besides the positive effects 
on complex metabolic processes, endurance exercise was also reported to have a high potential to 
positively affect RBC rheology [10–13] SCA patients show a reduced exercise tolerance because of 
several factors including reduced oxygen carrying capacity related to low hemoglobin concentration, 
pulmonary vascular disease, peripheral vascular impairments and alterations in RBC rheology (for a 
review, see [14]). However, physicians are often reluctant to promote regular physical activity in SCA 
patients [14–16] The main reason is that the metabolic changes occurring during exercise may 
promote HbS polymerization, RBC sickling, oxidative stress and inflammation, and ultimately lead 
to vaso-occlusive crises. Nevertheless, several studies showed that a moderate exercise of 10–20 min 
duration is well tolerated by both adults and children with SCA and does not cause further alterations 
in RBC rheology, hemolysis or inflammation [17–22] In addition, recent works in transgenic sickle 
cell mice (SAD and Townes models) showed that regular physical activity decreased oxidative stress 
and inflammation, and improved blood rheology [23–26]. These data support the fact that SCA 
patients are able to exercise [27] and that regular moderate physical activity could be beneficial for 
their health. Reports on accurate training programs in SCA patients are missing to date and it is 
difficult to know what kind of training programs could be prescribed without any risk. Thus, the aim 
of the study was to investigate for the first time the effect of a six week training program on a bicycle 
ergometer at defined intensity and volume on ventilatory efficiency, RBC rheology, RBC NO and 
oxidative stress parameters in young SCA patients. Moreover, questions on daily activity level were 
asked before training and one year after the end of the study which aims to determine whether the 
training programs motivates the participants to increase daily activity levels. 

2. Experimental Section 

2.1. Study Protocol 

The protocols used in this study were reviewed and approved by the ethics committee of the 
German Sport University Cologne (date of approval: 16th July, 2014). The protocols are in line with 
the Declaration of Helsinki and all participants or legal guardians of the participants gave written 
informed consent to participate in this study. A total of 12 young SCA patients (4m/8f) were included 
in this study (fetal hemoglobin (HbF) = 15.4 ± 9.7%, HbS = 77.9 ± 14.3%). Anthropometric data were 
as follows (mean/median/standard deviation): 13.4/13.0/6.4 years, 1.5/1.5/0.2 m, 38.3/38.5/14.5 kg, 
17.3/17.1/2.4 kg/m2. SCA diagnosis was made by hemoglobin electrophoresis and confirmed by 
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genetic studies in case of unclear electrophoresis results. Patients were at steady-state (i.e., without 
any acute vaso-occlusions or hospitalized complications and no blood transfusion in the last three 
months prior to intervention). Seven patients received hydroxycarbamide medication at the 
beginning of the training program (18–40 mg/kg body weight) and nine patients received 
hydroxycarbamide medication at the end of the training program (12–40 mg/kg body weight). 
Medication of the two additional patients with hydroxycarbamide during the protocol started in the 
first days after the beginning of training.  

2.2. Definition of the Training Program 

SCA patients performed a progressive submaximal exercise test on a cycle ergometer (ergoselect 
150, ergoline, Bitz, Germany) with breath-by-breath gas exchange analysis (Metalyzer 3B, Cortex 
Biophysics GmbH, Leipzig, Germany). A height adapted protocol was used (similar to [28]) to ensure 
that initial workload and workload increments were comparable between the subjects which were of 
different age and thus height varied between 1.05 m and 1.70 m. In detail, the measurement started 
with a 2 min breath-by-breath measurement at rest. The initial workload and workload increments 
were based on height of each subject: 10 watts for height <1.20 m, 15 watts for 1.20–1.50 m, and 20 
watts for >1.50 m. Watt power increased every 2 minutes. A cadence of 60 revolutions per minute 
(rpm) was maintained. The measurement was stopped when the subject reached the first ventilatory 
threshold (VT 1), which defines the switch from aerobic to aerobic–anaerobic metabolism (=T0). The 
presence of VT 1 was then verified by published methods [29]. Recorded exercise parameters 
included VT 1 [ml/min/kg], time to (reach) VT 1 [s] and power at VT 1 [W]. The ratios 
ventilation/oxygen uptake (VE/VO2)—which is the ratio of the volume of gas expired per minute to 
the volume of oxygen consumed per minute—and ventilation/carbon dioxide production 
(VE/VCO2)—which refers to the liters of ventilation per liter of CO2 output—were calculated at rest 
and at every step of the exercise test [30]. These ratios give information on the ventilatory efficiency 
of the subjects with normal values being around 30 for normal and reaching higher values in patients 
with chronic disease such as sarcoidosis (values around 60), chronic obstructive pulmonary disease 
(values around 50–60) or dilated cardiomyopathy (values around 40) [31]. The participants started 
the training program one week after this exercise test. The training sessions were conducted on a 
bicycle twice per week with training intensity at 70% VT1. The patients were asked to keep up a 
cadence of 60 rpm at all time. Training volume increased from 15 min during weeks 1 and 2 to 20 min 
during weeks 3 and 4, and 30 min during weeks 5 and 6, respectively. Training was scheduled on 
Mondays and Thursdays. SCA patients performed a second exercise test, which was comparable to 
the one performed at T0, one week after the end of the training program (T1). Additionally, 
participants were asked to fill out a questionnaire at T0 which was adapted from the Motoric-module-
questionnaire (MoMo-AFB) [32] to determine the daily activity state of the participants. The 
questionnaire was repeated one year after the end of the study to examine whether the training 
intervention encouraged the participants to further increase daily activities. 

2.3. Blood Sampling 

Venous blood was sampled from the elbow vein at rest before the exercise test at T0 and T1, 
respectively, and anticoagulated using sodium heparin (BD; Heidelberg, Germany) or EDTA (BD; 
Heidelberg, Germany). EDTA blood was used to measure basal RBC parameters. The remaining 
sample was directly stored at −80 °C for measurement of the different hemoglobin fractions using 
capillary electrophoresis (Capillarys 2 Flex Piercing Sebia, Evry, France). Sodium heparin 
anticoagulated whole blood was used to measure RBC deformability and RBC aggregation 
(described below). The remaining sample was separated by centrifugation at 3600 g for 2 min and 4 
°C. The plasma supernatant was used for the measurement of plasma free hemoglobin and plasma 
nitrite levels and were immediately stored at −20 °C and −80 °C, respectively, until measurement. An 
RBC pellet was processed as described for the different parameters (see below), snap frozen and 
stored at appropriate temperature until measurement. 
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2.4. Basal RBC Parameters 

Basal RBC parameters including hemoglobin concentration (Hb), mean corpuscular volume 
(MCV), mean corpuscular hemoglobin (MCH) and mean corpuscular hemoglobin concentration 
(MCHC) were directly determined in whole blood using the hematology analyzer Sysmex Digitana 
KX-21N (Sysmex, Switzerland). 

2.5. Plasma Free Hemoglobin Concentration 

Plasma samples were thawed on ice and the Human Hemoglobin ELISA kit (Abcam, Cambridge 
UK) was applied to measure the free human hemoglobin concentration according to the instructions 
supplied by kit booklet. 

2.6. RBC Deformability 

Whole blood was mixed with a polyvinylpyrrolidone solution in a 1:250 ratio (PVP; 28 cP at 37 
°C, RR Mechatronics, Hoorn, The Netherlands) and RBC deformability was measured by 
ektacytometry (laser assisted optical rotational cell analyzer; LORCA; RR Mechatronics, Hoorn, The 
Netherlands) [33]. The samples were sheared in a Couette system at nine consecutive shear stresses 
ranging from 0.3 and 50 Pa. A laser beam was directed through the samples. Deformation of RBCs 
upon shear stress affected the diffraction pattern of the laser beam which was measured by the 
LORCA software and used to calculate an elongation index which is presented herein. Thus, a higher 
elongation index represents greater RBC deformability. 

2.7. RBC Aggregation 

RBC aggregation was measured at 37 °C by syllectometry using the LORCA system. As 
recommended [34], prior to RBC aggregation measurement, all samples were fully oxygenated for 15 
min with the use of a Roller Mixer (Karl Hecht KG, Sondheim vor der Rhön, Germany). Oxygenated 
samples were transferred to the Couette system and changes of backscattered light were recorded 
over 120 sec using two photodiodes and presented as a graph (syllectogram) to calculate an 
aggregation index (AI%). To demonstrate the threshold shear rate balancing RBC aggregation and 
disaggregation, an iteration procedure was then performed to primarily calculate dIsc min. This 
parameter defines the minimum change in backscatter intensity during the iteration procedure, 
representing the minimum shear rate where RBC aggregates start to disaggregate (y at dIsc min (s-

1)). 

2.8. RBC L-Arginine  

L-arginine concentration of RBCs was measured using the L-arginine ELISA Kit (Immun 
Diagnostik AG, Bensheim, Germany) according to the manufacturers´ instructions. Frozen RBCs 
were lysed for 20 min in an ultrasound bath. Samples were centrifuged at 21,000 g and 4 °C for 10 
min and the supernatant was used for the analysis [35]. The results were evaluated using a 4-
parameter-algorithm with L-arginine concentration being inverse proportional to color development. 

2.9. Total RBC- NO synthase (RBC_NOS) and Akt kinase, Activation State of RBC-NOS and Akt Kinase 
and Nitrotyrosine Staining 

For immunohistochemical staining of RBC proteins and protein activation state, RBC pellet was 
fixed in 4% formaldehyde [36]. Blood smears were prepared and heat fixed. A test and a control area 
were marked on each slide using a grease pen for inner-slide-control. Both areas were washed with 
tris-buffered saline (0.1 mol tris-buffered-saline (TBS), pH 7.6) and incubated with 0.1% trypsin 
solution. RBCs were then treated with a solution containing 2% hydrogen peroxide, 80% methanol, 
rest aqua dest and non-specific antibody binding was minimized by following incubation of both 
areas with 3% skim milk. The test area of each slide was incubated with the respective primary 
antibody in a 0.3% skim milk solution: Anti-eNOS/NOS Type III (dilution: 1:700, BD, Heidelberg, 
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Germany), Anti-phospho eNOS (Ser1177) (dilution: 1:150, Millipore, Burlington, USA), Phospho- Akt 
(Ser473) (dilution 1:500, Cell Signaling, Danvers, USA), Anti-Akt1/PKBα (dilution 1:500, Merck-
Millipore, Burlington, USA) and Anti-Nitrotyrosine (dilution 1:500, Upstate/Millipore, Burlington, 
USA). Slides were washed with TBS, treated with 3% normal goat serum (Dako, Glostrup, Denmark) 
and incubated with a secondary goat anti-rabbit antibody (dilution: 1:400, Dako, Glostrup, Denmark). 
3,3-diaminobenzidine-tetrahydrochloride (DAB) solution (Sigma-Aldrich, St. Louis, USA) in TBS was 
used to develop staining. Slides were then dehydrated by exposure to alcohol solutions of increasing 
concentration and sealed using Entellan® (Merck, Darmstadt, Germany). Images were taken from 
the stained slides using a Zeiss microscope coupled to a CCD-camera (DXC-1850P, Sony, Berlin, 
Germany). The semi-quantitative analysis of the grey values was conducted using the ‘Image J’ 
software (National Institutes of Health, Bethesda, USA). Grey values of a total of 50 RBCs from at 
least four images were determined in the test area and subtracted from the background value, which 
was measured in a cell-free area of the slide in order to obtain staining intensity caused by the binding 
of the antibodies. Then, the grey values of a total of 10 RBCs from at least two images were 
determined in the control area and also subtracted from the background value to obtain the baseline 
grey values of unstained RBCs. Finally, grey values of RBCs from test and control areas were 
subtracted to obtain net staining intensities. 

2.10. Plasma Nitrite and RBC Nitrite/RSNO/Fe-NO  

Nitrite is produced by the oxidation of NO and 90% of the plasma nitrite concentration is derived 
from the L-arginine/NO pathway [37]. Thus, measurement of plasma nitrite represents a reliable 
marker for endothelial NO synthase activity and NO concentration [38]. Plasma samples were 
thawed on ice and immediately measured. After separation of whole blood, RBC pellet was mixed 
with a nitrite preservation solution, mixed, snap frozen and stored at –80 °C until measurement 
[39,40]. Plasma nitrite and RBC Nitrite/RSNO/Fe-NO concentrations were measured as described 
earlier [37,38]. Thawed RBC samples were mixed with ice-cold methanol (VWR International, 
Darmstadt, Germany), centrifuged and the Nitrite/RSNO/Fe-NO levels of the supernatant were 
measured. The sample was injected into an acidified tri-iodide (potassium iodide and iodine in acetic 
acid) solution and this NO was analyzed using a chemiluminescence NO detector (CLD 88e, 
EcoPhysics, Munich, Germany). All samples were measured in triplicate. The Chart FIA software 
(EcoPhysics, Munich, Germany) was used to integrate the area under the curve and the sample 
Nitrite/RSNO/Fe-NO concentration was calculated by the use of standard solutions. RBC 
Nitrite/RSNO/Fe-NO concentration of the samples was corrected for Nitrite/RSNO/Fe-NO 
concentrations of methanol and preservation solution, respectively. 

2.11. RBC Lipid Peroxidation 

An RBC pellet was diluted with 0.1 mol PBS (pH 7.4) to obtain 5 × 107 RBCs/ml, snap frozen and 
stored at −80 °C. Measurement of lipid peroxidation was performed by using the TBARS Assay Kit 
(Cayman Chemical, Ann Arbor, USA) according to the protocol supplied by the kit booklet.  

2.12. RBC Total Antioxidant Capacity 

RBC pellet was diluted with 0.1 mol PBS (pH 7.4) to obtain 1 × 107 RBCs/ml, snap frozen and 
stored at −80 °C until measurement. Samples were thawed on ice and the total antioxidant capacity 
assay kit (Abcam, ’Cambridge, UK) was applied to measure RBC total antioxidant capacity according 
to the manufacturers´ instructions.  

2.13. Statistics 

Statistical analyses and presentation of data were conducted using commercial software (Prism, 
GraphPad Software Inc., San Diego, USA). All data are presented as mean ± standard deviation (SD). 
Normal distribution of the data was tested using D´Agostino and Pearson omnibus normality test. 



J. Clin. Med. 2019, 8, 2155 6 of 17 

 

Comparison of data was done using paired t-test or a two-way repeated measures ANOVA when 
appropriate, followed by a Bonferroni post hoc test.  

3. Results 

3.1. Performance Parameters 

Tested performance parametes including VT1, watt power at VT1 and time to VT1 showed no 
significant difference between T0 and T1, respectively (Figure 1 a–c).  

3.2. Ventilatory Efficiency 

VE/VO2 and VE/VCO2 represent the ventilatory equivalent for O2 and CO2, respectively, and 
describe the relation between minute ventilation and oxygen consumption/carbon dioxide 
production. Ventilatory equivalents significantly decreased from T0 and T1. Two-way repeated 
measure ANOVA revealed a significant training (p = 0.02/p = 0.02) and step (p < 0.0001/p < 0.001) 
effect for both VE/VO2 and VE/VCO2,, respectively (Figure 1 d,e).  
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Figure 1. Performance parameters and ventilatory efficiency of young SCA patients during the 
exercise test at T0 and T1. (a) First ventilatory threshold (VT1), (b) time to VT1 and (c) watt power at 
VT1 showed no statistical difference between T0 and T1, respectively. For both (d) VE/VO2 and (e) 
VE/VCO2, we observed a training (p = 0.02) and a step effect (p < 0.0001). SCA, sickle cell anemia. 

3.3. Blood Parameters and Free Hemoglobin Concentration 

Blood parameters showed no significant difference between T0 and T1. Free hemoglobin 
concentration significantly decreased (p < 0.01) at T1 (Table 1).  

Table 1. Red blood cell parameters before (T0) and after training (T1). 

Parameter T0 T1 
Hb [g/dL] 9.2 (2.2) 8.8 (1.6) 
MCV [fl] 92.1 (13.8) 91.5 (11.9) 

MCH [pg] 32.0 (5.8) 35.9 (9.6) 
MCHC [g/dL] 36.9 (4.0) 39.9 (8.5) 

Free hemoglobin concentration [µg/mL] 3.6 (2.5)  2.8 (1.9) ** 
Corresponding heme levels [µM] 0.22 (0.1)      0.17 (0.1) ** 

Data are mean (SD). Significant difference between T0 and T1: ** p < 0.010; MCV, mean corpuscular 
volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration. 

3.4. Red Blood Cell Rheology 

RBC deformability values are presented for the nine measured shear stresses in Figure 2 a. RBC 
deformability decreased at T1 with significantly decreased values measured for 0.3 Pa (p = 0.0202), 
7.34 Pa (p = 0.0395), 13.92 Pa (p = 0.0418), 26.38 Pa (p = 0.0285) and 50 Pa (p = 0.0285), respectively. 
Percent change of RBC deformability from T0 to T1 was very slight: −5.95% at 0.3 Pa, −2% at 0.57 Pa, 
–1.84% at 1.08 Pa, −3.67% at 2.04 Pa, −4.22% at 3.87 Pa, −4.51% at 7.34 Pa, −4.84% at 13.92 Pa, −5.58% 
at 26.38 Pa and −5.39% at 50%. These changes are too low to have any physiological impact [41]. 
Aggregation Index (AI) slightly decreased from T0 to T1 (p = 0.2). Minimal shear rate needed to 
dissociate RBC aggregates (y at dIsc min) significantly decreased (p = 0.014) from T0 to T1 (Figure 2 
b,c).  

3.5. Plasma Nitrite Concentrations 

Plasma nitrite concentration significantly increased from T0 to T1 suggesting that training 
increased either endothelial NO production or NO bioavailability (Figure 2 d). 



J. Clin. Med. 2019, 8, 2155 8 of 17 

 

 
Figure 2. Red blood cell (RBC) rheological and plasma nitrite parameters of SCA patients at T0 and 
T1: (a) RBC deformability. (b) Aggregation Index, (c) RBC disaggregation threshold (i.e., the strength 
of RBC aggregates) and (d) plasma nitrite. Significant difference between T0 and T1: *p < 0.05. 

3.6. Red Blood Cell Nitric Oxide Signalling 

Total Akt kinase signal but also phosphorylation of Akt kinase did not change during 
intervention (Figure 3 a,b). The total RBC-NOS signal remained unaffected by intervention but 
activation of RBC-NOS, reflected by phosphorylation of RBC-NOS serine 1177 residue, decreased 
from T0 to T1 (p = 0.03) (Figure 3 c,d). RBC nitrite/RSNO/Fe-NO concentration was not affected by 
intervention and L-arginine concentration within RBCs also remained unaltered (Figure 3 e,f). 
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Figure 3. RBC NO signaling parameters in SCA patients at T0 and T1. (a) RBC total Akt kinase 
staining, (b) activated Akt kinase, reflected by phosphorylation of serine 473 residue. (c) Total RBC-
NOS staining, (d) Activation of RBC-NOS, reflected by phosphorylation of serine 1177 residue, (e) 
RBC nitrite/RSNO/Fe-NO concentration and (f) RBC L-arginine concentration remained unaltered 
during intervention. Significant difference between T0 and T1: *p < 0.05. 

3.7. Oxidative Stress Parameters 

Nitrotyrosine is a product of tyrosine nitration and marker for cell damage. NO and superoxide 
anions react to form peroxynitrite which is capable of nitration of tyrosine residues. Nitrotyrosine 
staining significantly decreased from T0 to T1 (p = 0.04) (Figure 4 a). RBC malondialdehyde (MDA) 
levels (Figure 4 b), a marker for lipid peroxidation, and total RBC antioxidant capacity (Figure 4 c) 
were not affected by training (Figure 4 b).  
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Figure 4. RBC oxidative stress marker in SCA patients at T0 and T1. (a) RBC nitrotyrosine signal, (b) 
RBC MDA and (c) total antioxidant capacity. Significant difference between T0 and T1: *p < 0.05. 
MDA, malondialdehyde. 

3.8. Considerations About HU Treatment 

Although the size of the subgroups (i.e., patients without HU (n = 3), patients with HU at both 
T0 and T1 (n = 7) and patients starting HU 1–2 weeks after T0 (n = 2)) was too small to perform 
statistical analyses, we looked at the possibility of different behavior regarding the different 
parameters analyzed. As expected, MCV and Hb were higher in the patients who were under HU 
therapy before the training period (100.4 ± 9.1 fl and 9.9 ± 2.7 g/dL, respectively) compared to patients 
not receiving HU at T0 (80.5 ± 10.0 fl and 8.3 ± 0.9 g/dL, respectively). However, the lack of training 
effect on these parameters for the whole group was also observed for each of the subgroups. The 
effect of training on free hemoglobin level was observed for the three groups but seems to be more 
pronounced in the HU treated groups. Because HU improves RBC deformability in SCA [42], it was 
not surprising to find higher EI values in the HU treated patients compared to those not receiving 
HU. However, the slight decrease occurring with training was of the same magnitude in the three 
groups. In addition, NO levels were higher in the HU treated patients; probably because HU is a NO 
donor [43], but training effect was similar in the three subgroups. Thus, the increase in plasma nitrite 
after exercise is comparable between the whole study population and the respective subgroups and 
not caused by varying HU therapy. Finally, VT1 remained unchanged in the whole group after 
training but we noted slight increment in the non-HU patients between T0 and T1. This is in 
agreement with the fact that the effects of training on VE/VO2 and VE/VCO2 was a little bit more 
pronounced in the non-HU group compared to the two other groups. The other parameters did not 
really differ between the three subgroups and the training effect seemed to be similar. 

3.9. Questionnaire 

The WHO documents on daily physical activity for age group 5–17 years recommend daily 
moderate- to vigorous-intensity physical activities for at least 60 minutes and muscle strengthening 
activities 2–3 times per week. Physical activites not only include sports but also play, transportation 
(to school, for example), planned exercise, school activities and recreation [44]. Evaluation of the 
questionnaire on daily activities revealed that, prior to the start of the training intervention described 
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herein, activity level of SCA patients is low compared to the WHO suggestions. SCA patients were 
active on 1.4 ± 0.9 days per week. In total, 60% of SCA patients participated in school sport activities 
and described moderate to heavy sweating and shortness of breath during sport. Interest in sport 
was moderate. In total, 20% of the SCA patients reported dizziness, pain or tiredness after recreational 
exercise. In total, 40% reported that they were hospitalized after recreational exercise. In total, 100% 
of the SCA patients go to school by bus or train. The same questions were asked one year after the 
end of the training program and 80% report that they increased their daily activities after the training 
program. The results reveal a trend through an increase in active days per week to 3.0 ± 2.5 but 
statistical significance was not reached (p > 0.05) and children described only moderate sweating and 
sometimes shortness of breath during sport. In total, 40% of the SCA patients reported dizziness or 
tiredness after exercise. None of them were hospitalized after recreational exercise. In total, 80% of 
the SCA patients went to school by bus or train and 20% walk. None of the patients included in this 
study were hospitalized during the training phase or in the short term after each physical session. 

4. Discussion 

To the best of our knowledge, this is the first study describing the effects of a six week training 
program on ventilatory efficiency, RBC rheology, RBC NO and oxidative stress parameters in young 
SCA patients. Key findings of this investigation suggest an improvement in ventilatory efficiency 
because of lower VE/VO2 and VE/VCO2 values after the training, a reduction in free hemoglobin 
concentration at rest, a reduction in nitrosative stress marker and an overall increased daily life 
activity level determined by questionnaires. The training program had no deleterious effects on RBC 
rheology and RBC NO signaling. 

Analysis of the questionnaire on daily activities revealed that SCA patients are interested in 
participating in sports activities but feel very insecure on doing so. They avoid physical activities 
during their daily routine. For example, they use a bus or train to get to school although alternatives 
(walking, taking the bicycle) would be possible. A follow up questionnaire one year after the end of 
the training program revealed a trend through an increase in daily activities and hospitalization rate 
after recreational physical activities decreased, though, more patients were under hydroxyurea 
therapy. In general, daily activities could be further increased but need additional guidance. Liem et 
al. [45] showed that 77% of 13 children with SCA completed 89% of prescribed sessions at home 
without any adverse events. However, the authors noted that adherence to prescribed training 
sessions decreased in the second half of their program, suggesting that higher efforts need to be made 
to motivate SCA to practice physical activities on a regular basis. The increase in activity levels might 
be beneficial for the health of SCA patients [21,46] but a higher number of patients involved in such 
a training program is needed to better answer this question. 

Very few studies, and most of them time case studies with poorly controlled exercise intensities 
and volumes, investigated the effects of regular physical activity in SCA [46,47]. Tinti et al. [46] 
previously reported that two sessions of 45 min per week of aquatic rehabilitation decreased chronic 
pain, improved respiratory muscle strength and quality of life in a SCA patient. Alcorn et al. [47] 
demonstrated that exercise therapy mixing moderate strength and endurance exercise, recreational 
gymnastics, stationary bicycle riding and games for 10–30 min duration decreased the length of 
hospitalization with vaso-occlusive crisis in SCA children. More recently, a well-controlled study 
showed that individualized program with three calibrated (i.e., intensity corresponded to a blood 
lactate concentration of approximatively 2.5 mM) 45 min exercise sessions per week, for 8 weeks, was 
safe for adults with SCA and was able to increase functional capacity (i.e., an increase of power output 
measured at 4 mM of blood lactate concentration) [21]. However, none of these studies investigated 
the changes in the different biological markers and modulators of the clinical severity in SCA. 

As previously described, specific performance parameters including watt power at VT 1, time 
to VT 1 and VO2 at VT 1 were lower in SCA patients compared to healthy controls [18,19]. The 
ventilatory threshold is considered a reliable marker to assess cardiorespiratory fitness and is defined 
as the point during exercise where pulmonary ventilation begins to disproportionately increase with 
regard to the increase in oxygen uptake. Thus, the VT 1 defines the onset of anaerobic metabolism 
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contributing to ATP production [48]. Endurance training is supposed to delay VT 1 [48,49] but the 
data presented herein remained unaltered during training, suggesting that the chosen intensity, 
volume or both were too low to have an effect on the performance parameters. In contrast, the 
parameters of ventilatory efficiency (VE/VO2 and VE/VCO2) were significantly lower after training 
both at rest and during exercise compared to before. The VE/VCO2 index defines ventilatory 
efficiency, for it reflects the interaction between pulmonary ventilation, pulmonary perfusion, and 
cardiac output, contributing to the prognosis of the patient. In patients with cardiac diseases, elevated 
VE/VCO2 index indicates inefficient ventilation [50]. VE/VCO2 moreover provides information about 
the ventilatory demands to remove produced CO2. Normal values are in the range of 25–30 [51] and 
higher levels as presented for SCA herein and elsewhere [19], are a marker of inefficient ventilation 
and poor gas exchange which can be due to hyperventilation or increased dead space. Although this 
study design should be characterized as pilot study and although study populations seem to be 
somewhat heterogeneous because some were under hydroxyurea therapy the whole time, and some 
received hydroxyurea during the intervention and others did not receive hydroxyurea treatment, the 
overall reduction of the values during training suggests that although the training program might be 
too low to affect aerobic performance capacity, ventilatory efficiency was improved which means 
that less liters of ventilation were needed to eliminate metabolically produced CO2 and less liters of 
ventilation were needed per liter of oxygen consumed [52]. These adaptations could considerably 
improve the ability of SCA children to perform regular exercise and limit their exercise intolerance. 
Future studies should differentiate between hydroxyurea treated and non-treated patients because it 
seems that the effect of training might be higher in non-treated patients. Furthermore, future studies 
should extend the study period and maybe add more training sessions per week for a higher 
outcome. 

Repeated cycles of RBC sickling and unsickling damage the cell membrane and increase cell 
fragility which finally undergo hemolysis. SCA patients show levels of plasma free hemoglobin 
concentration of about 6 mg/dl at normal phases which is up to 20 times higher compared to healthy 
people (0.3 mg/dL) [53] and approximately 4 µM heme compared to 0.2 µM heme in healthy controls 
[54]. Any events that would increase the rate of RBC sickling-unsickling cycles, such as those which 
occurs during exercise (metabolic acidosis and increased free radical production for instance), could 
increase the risk for cell lysis. Although the plasma free hemoglobin levels reported herein were 
slightly lower compared to the cited studies, our results demonstrated a decrease of plasma free 
hemoglobin after training. Decreased levels of plasma free hemoglobin would increase NO 
bioavailability and indeed, plasma nitrite levels were significantly higher at T1 compared to T0. It 
remains speculative whether this might also be related to increased eNOS activity because this was 
not measured. Comparing plasma and RBC NO parameters indicates that the training intervention 
did not affect total RBC Akt kinase levels or phosphorylation, thus activation, of Akt kinase at serine 
473. Furthermore, total RBC-NOS content remained unaffected but phosphorylation of RBC-NOS 
serine 1177 and thus basal activation of RBC-NOS was lower at T1 compared to T0. Functional activity 
of RBC-NOS has been described by several authors [55–58] and RBC-NOS produced NO was 
described to represent an important signaling molecule positively affecting RBC deformability 
[57,59]. Although RBC-NOS activation decreased during training, the substrate for NO production—
L-arginine—but also the levels of the resulting product—RBC nitrite/RSNO/Fe-NO—remained 
unaffected by the training program. RBC-NOS activation was shown to be higher in SCA patients 
compared to healthy controls [60] and a recent study on acute exercise effects on RBC-NOS activation 
in young patients with SCA also indicates a reduction in RBC-NOS activation by exercise [18]. Given 
the fact that RBC NO levels were comparable between T0 and T1, although RBC-NOS activation was 
reduced, suggests that NO bioavailability increased by other factors and that reduction in RBC-NOS 
activation represents an adjustment mechanism because of changed NO availability. 

Within the cell, NO reaction routes are diverse. NO can either be oxidized to nitrite and nitrate 
or reacts with hemoglobin or superoxide to form peroxynitrite, which would limit NO availability 
(see [61]). SCA patients show higher levels of reactive oxygen and nitrogen species compared to 
healthy controls [62]. Data of the present study showed reduced nitrotyrosine levels within the RBCs 
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after training suggesting an increase in NO availability because of a reduction of nitrosative stress 
parameters. Training intervention did not affect lipid peroxidation or total antioxidant capacity 
which, like for other parameters, might be explained by a too low training intensity and volume.  

Surprisingly, we observed a significant decrease of RBC deformability at some shear stresses 
after training. RBC deformability depends on the surface area to volume ratio, structural properties 
of the cytoskeleton, the interaction between the cytoskeleton with the membrane, intracellular 
viscosity and NO availability (for a review, see [63]). Although not significant, MCHC slightly 
increased after training, which could partly explain the decrease in RBC deformability. However, the 
magnitudes of changes in RBC deformability were small (less than 6%) and are unlikely to have an 
effect in vivo [41]. Differences measured ex vivo > 10% are suggested to have a physiological effect. 
Changes in MCHC might also be related to the timing of training intervention and it seemed that 
training rehabilitation occurred during summer and that patients could have been more or less 
hydrated from one visit to another. Thus, for future studies is might be important to thoroughly 
control hydration status of the participants. Moreover, the decrease in plasma free hemoglobin 
concentration after training does not support that RBCs were more damaged and fragile after training 
than before.  

RBC aggregation was shown to be altered in SCA patients which might also contribute to the 
pathophysiology of this disease [64,65]. RBC aggregation was shown to be partly related to plasma 
fibrinogen levels [64], which was not measured herein but might also be related to oxidative stress in 
SCA [66]. Oxidative/nitrosative stress markers were only measured within RBCs and besides a 
reduction in nitrotyrosine levels, stress markers were not affected by intervention. RBC aggregation 
index did not significantly change from T0 to T1 but the strength of RBC aggregates decreased with 
training. The data suggest that 30% less shear stress was necessary to prevent RBC aggregation after 
the training program. This high reduction rate might be of relevance in vivo. For instance, Lamarre 
et al. [67] reported an association between increased RBC aggregates strength and the risk of acute 
chest syndrome in SCA children. Endurance athletes show reduced aggregation index [68] which 
suggests that in general, training might positively affect aggregation. Since no effect of the applied 
training program on RBC aggregation was observed, we suspect that the training volume and 
intensity was too low to affect this parameter and again recommend that study duration show be 
longer in future investigations. 

5. Conclusions 

Our pilot study demonstrated that a controlled mild regular training program (i.e., cycling 
exercise, low volume and intensity) improved ventilatory efficiency of SCA patients. Moreover, our 
findings showed that regular physical exercise reduced oxidative/nitrosative stress and the amount 
of circulating free hemoglobin, which are known to play a key role in the genesis of vascular 
dysfunction in SCA. Finally, life quality seemed to improve after training possibly because of higher 
self-confidence to increase daily activity levels. Thus, physical activities below VT 1 seem somewhat 
safe and beneficial for SCA patients. Further studies should involve a control group and should now 
test whether higher training volumes might also improve performance parameters and blood 
rheology and should focus on possible training effects in HU treated and non-treated patients. 

Author Contributions: Conceptualization, M.G. and P.C.; methodology, M.G., T.D., B.C., E.N., M.J., A.S. C.R., 
D.A.B; formal analysis, E.N., M.J, A.S. M.G.; investigation, M.G., M.J., A.S., E.N., C.R., A.P., T.D., B.C. ,D.A.B; 
resources, M.G., P.C., W.B., A.P.; data curation, T.D., B.C., M.G.; writing—original draft preparation, M.G., P.C.; 
writing—review and editing, M.J., E.N., D.A.B., C.R., A.P., W.B., T.D., P.J., A.S., B.C.; visualization, M.G.; project 
administration, M.G.; funding acquisition, M.G., P.C. 

Funding: This research was funded by DFG grant GR4467/3-1. 

Acknowledgments: The authors would like to thank Mrs. Sabine Mallwitz for excellent support in recruitment 
of the SCA patients. 

Conflicts of Interest: The authors declare no conflict of interest.  



J. Clin. Med. 2019, 8, 2155 14 of 17 

 

References 

1. Bunn, H.F. Pathogenesis and treatment of sickle cell disease. N. Engl. J. Med. 1997, 337, 762–769, 
doi:10.1056/NEJM199709113371107. 

2. Steinberg, M.H.; Forget, B.G.; Higgs, D.R.; Weatherall, D.J. Disorders of Hemoglobin: Genetics, Pathophysiology, 
and Clinical Management, 2nd ed.; Cambridge University Press: Cambridge, UK, 2009; ISBN 9780511596582. 

3. Hebbel, R.P. Reconstructing sickle cell disease: A data-based analysis of the hyperhemolysis paradigm for 
pulmonary hypertension from the perspective of evidence-based medicine. Am. J. Hematol. 2011, 86, 123–
154, doi:10.1002/ajh.21952. 

4. Camus, S.M.; De Moraes, J.A; Bonnin, P.; Abbyad, P.; Le Jeune, S.; Lionnet, F.; Loufrani, L.; Grimaud, L.; 
Lambry, J.-C.; Charue, D.; et al. Circulating cell membrane microparticles transfer heme to endothelial cells 
and trigger vasoocclusions in sickle cell disease. Blood 2015, 125, 3805–3814, doi:10.1182/blood-2014-07-
589283. 

5. Charlot, K.; Romana, M.; Moeckesch, B.; Jumet, S.; Waltz, X.; Divialle-Doumdo, L.; Hardy-Dessources, M.-
D.; Petras, M.; Tressières, B.; Tarer, V.; et al. Which side of the balance determines the frequency of vaso-
occlusive crises in children with sickle cell anemia: Blood viscosity or microvascular dysfunction? Blood 
Cells Mol. Dis. 2016, 56, 41–45, doi:10.1016/j.bcmd.2015.10.005. 

6. Lei, H.; Karniadakis, G.E. Quantifying the rheological and hemodynamic characteristics of sickle cell 
anemia. Biophys. J. 2012, 102, 185–194, doi:10.1016/j.bpj.2011.12.006. 

7. Kato, G.J.; Steinberg, M.H.; Gladwin, M.T. Intravascular hemolysis and the pathophysiology of sickle cell 
disease. J. Clin. Investig. 2017, 127, 750–760, doi:10.1172/JCI89741. 

8. Lanzkron, S.; Carroll, C.P.; Haywood, C. Mortality rates and age at death from sickle cell disease: U.S., 
1979–2005. Public Health Rep. 2013, 128, 110–116, doi:10.1177/003335491312800206. 

9. Mang’eni Ojiambo, R. Physical Activity and Well-being: A Review of the Health Benefits of Physical 
Activity on Health Outcomes. J. Appl. Med. Sci. 2013, 2, 69–78. 

10. Koliamitra, C.; Holtkamp, B.; Zimmer, P.; Bloch, W.; Grau, M. Impact of training volume and intensity on 
RBC-NOS/NO pathway and endurance capacity. Biorheology 2017, 54, 37–50, doi:10.3233/BIR-16121. 

11. Mairbäurl, H. Red blood cells in sports: Effects of exercise and training on oxygen supply by red blood 
cells. Front. Physiol. 2013, 4, 332, doi:10.3389/fphys.2013.00332. 

12. Smith, J.A. Exercise, training and red blood cell turnover. Sports Med. 1995, 19, 9–31, doi:10.2165/00007256-
199519010-00002. 

13. Smith, J.A.; Martin, D.T.; Telford, R.D.; Ballas, S.K. Greater erythrocyte deformability in world-class 
endurance athletes. Am. J. Physiol. 1999, 276, H2188-93, doi:10.1152/ajpheart.1999.276.6.H2188. 

14. Connes, P.; Machado, R.; Hue, O.; Reid, H. Exercise limitation, exercise testing and exercise 
recommendations in sickle cell anemia. Clin. Hemorheol. Microcirc. 2011, 49, 151–163, doi:10.3233/CH-2011-
1465. 

15. Chirico, E.N.; Faës, C.; Connes, P.; Canet-Soulas, E.; Martin, C.; Pialoux, V. Role of Exercise-Induced 
Oxidative Stress in Sickle Cell Trait and Disease. Sports Med. 2016, 46, 629–639, doi:10.1007/s40279-015-0447-
z. 

16. Martin, C.; Pialoux, V.; Faes, C.; Charrin, E.; Skinner, S.; Connes, P. Does physical activity increase or 
decrease the risk of sickle cell disease complications? Br. J. Sports Med. 2018, 52, 214–218, 
doi:10.1136/bjsports-2015-095317. 

17. Balayssac-Siransy, E.; Connes, P.; Tuo, N.; Danho, C.; Diaw, M.; Sanogo, I.; Hardy-Dessources, M.-D.; Samb, 
A.; Ballas, S.K.; Bogui, P. Mild haemorheological changes induced by a moderate endurance exercise in 
patients with sickle cell anaemia. Br. J. Haematol. 2011, 154, 398–407, doi:10.1111/j.1365-2141.2011.08728.x. 

18. Grau, M.; Jerke, M.; Nader, E.; Schenk, A.; Renoux, C.; Collins, B.; Dietz, T.; Bizjak, D.A.; Joly, P.; Bloch, W.; 
et al. Effect of acute exercise on RBC deformability and RBC nitric oxide synthase signalling pathway in 
young sickle cell anaemia patients. Sci. Rep. 2019, 9, 1–10. 

19. Waltz, X.; Hedreville, M.; Sinnapah, S.; Lamarre, Y.; Soter, V.; Lemonne, N.; Etienne-Julan, M.; Beltan, E.; 
Chalabi, T.; Chout, R.; et al. Delayed beneficial effect of acute exercise on red blood cell aggregate strength 
in patients with sickle cell anemia. Clin. Hemorheol. Microcirc. 2012, 52, 15–26, doi:10.3233/CH-2012-1540. 

20. Faes, C.; Balayssac-Siransy, E.; Connes, P.; Hivert, L.; Danho, C.; Bogui, P.; Martin, C.; Pialoux, V. Moderate 
endurance exercise in patients with sickle cell anaemia: Effects on oxidative stress and endothelial 
activation. Br. J. Haematol. 2014, 164, 124–130, doi:10.1111/bjh.12594. 



J. Clin. Med. 2019, 8, 2155 15 of 17 

 

21. Gellen, B.; Messonnier, L.A.; Galactéros, F.; Audureau, E.; Merlet, A.N.; Rupp, T.; Peyrot, S.; Martin, C.; 
Féasson, L.; Bartolucci, P.; et al. Moderate-intensity endurance-exercise training in patients with sickle-cell 
disease without severe chronic complications (EXDRE): An open-label randomised controlled trial. Lancet 
Haematol. 2018, 5, e554–e562, doi:10.1016/S2352-3026(18)30163-7. 

22. Liem, R.I.; Onyejekwe, K.; Olszewski, M.; Nchekwube, C.; Zaldivar, F.P.; Radom-Aizik, S.; Rodeghier, M.J.; 
Thompson, A.A. The acute phase inflammatory response to maximal exercise testing in children and young 
adults with sickle cell anaemia. Br. J. Haematol. 2015, 171, 854–861, doi:10.1111/bjh.13782. 

23. Aufradet, E.; Douillard, A.; Charrin, E.; Romdhani, A.; De Souza, G.; Bessaad, A.; Faes, C.; Bourgeaux, V.; 
Chirico, E.N.; Canet-Soulas, E.; et al. Physical activity limits pulmonary endothelial activation in sickle cell 
SAD mice. Blood 2014, 123, 2745–2747, doi:10.1182/blood-2013-10-534982. 

24. Charrin, E.; Aufradet, E.; Douillard, A.; Romdhani, A.; De Souza, G.; Bessaad, A.; Faes, C.; Chirico, E.N.; 
Pialoux, V.; Martin, C. Oxidative stress is decreased in physically active sickle cell SAD mice. Br. J. Haematol. 
2015, 168, 747–756, doi:10.1111/bjh.13207. 

25. Charrin, E.; Dubé, J.J.; Connes, P.; Pialoux, V.; Ghosh, S.; Faes, C.; Ofori-Acquah, S.F.; Martin, C. Moderate 
exercise training decreases inflammation in transgenic sickle cell mice. Blood Cells Mol. Dis. 2018, 69, 45–52, 
doi:10.1016/j.bcmd.2017.06.002. 

26. Faes, C.; Charrin, E.; Connes, P.; Pialoux, V.; Martin, C. Chronic physical activity limits blood rheology 
alterations in transgenic SAD mice. Am. J. Hematol. 2015, 90, E32–E33, doi:10.1002/ajh.23896. 

27. Omwanghe, O.A.; Muntz, D.S.; Kwon, S.; Montgomery, S.; Kemiki, O.; Hsu, L.L.; Thompson, A.A.; Liem, 
R.I. Self-Reported Physical Activity and Exercise Patterns in Children With Sickle Cell Disease. Pediatr. 
Exerc. Sci. 2017, 29, 388–395, doi:10.1123/pes.2016-0276. 

28. Liem, R.I.; Reddy, M.; Pelligra, S.A.; Savant, A.P.; Fernhall, B.; Rodeghier, M.; Thompson, A.A. Reduced 
fitness and abnormal cardiopulmonary responses to maximal exercise testing in children and young adults 
with sickle cell anemia. Physiol. Rep. 2015, 3, doi:10.14814/phy2.12338. 

29. Beaver, W.L.; Wasserman, K.; Whipp, B.J. A new method for detecting anaerobic threshold by gas 
exchange. J. Appl. Physiol. 1986, 60, 2020–2027, doi:10.1152/jappl.1986.60.6.2020. 

30. Wasserman, K.; Whipp, B.J.; Koyl, S.N.; Beaver, W.L. Anaerobic threshold and respiratory gas exchange 
during exercise. J. Appl. Physiol. 1973, 35, 236–243, doi:10.1152/jappl.1973.35.2.236. 

31. Wasserman, K.; Hansen, J.E.; Sue, D.Y. Principles of Exercise Testing and Interpretation. Including 
Pathophysiology and Clinical Applications, 5th ed.; Wolters Kluwer Health: Philadelphia, PA, USA, 2011; ISBN 
9781609138998. 

32. Schmidt, S.; Will, N.; Henn, A.; Reimers, A.; Woll, A. Der Motorik-Modul Aktivitätsfragebogen MoMo-
AFB: Leitfaden zur Anwendung und Auswertung. KIT Sci. Work. Pap. 2016, 1–119. 

33. Hardeman, M.R.; Dobbe, J.G.; Ince, C. The Laser-assisted Optical Rotational Cell Analyzer (LORCA) as red 
blood cell aggregometer. Clin. Hemorheol. Microcirc. 2001, 25, 1–11. 

34. Baskurt, O.K.; Uyuklu, M.; Ulker, P.; Cengiz, M.; Nemeth, N.; Alexy, T.; Shin, S.; Hardeman, M.R.; 
Meiselman, H.J. Comparison of three instruments for measuring red blood cell aggregation. Clin. 
Hemorheol. Microcirc. 2009, 43, 283–298, doi:10.3233/CH-2009-1240. 

35. Bizjak, D.A.; Brinkmann, C.; Bloch, W.; Grau, M. Increase in Red Blood Cell-Nitric Oxide Synthase 
Dependent Nitric Oxide Production during Red Blood Cell Aging in Health and Disease: A Study on Age 
Dependent Changes of Rheologic and Enzymatic Properties in Red Blood Cells. PLoS ONE 2015, 10, 
e0125206, doi:10.1371/journal.pone.0125206. 

36. Suhr, F.; Porten, S.; Hertrich, T.; Brixius, K.; Schmidt, A.; Platen, P.; Bloch, W. Intensive exercise induces 
changes of endothelial nitric oxide synthase pattern in human erythrocytes. Nitric Oxide 2009, 20, 95–103, 
doi:10.1016/j.niox.2008.10.004. 

37. Kleinbongard, P.; Dejam, A.; Lauer, T.; Rassaf, T.; Schindler, A.; Picker, O.; Scheeren, T.; Gödecke, A.; 
Schrader, J.; Schulz, R.; et al. Plasma nitrite reflects constitutive nitric oxide synthase activity in mammals. 
Free Radic. Biol. Med. 2003, 35, 790–796. 

38. Lauer, T.; Preik, M.; Rassaf, T.; Strauer, B.E.; Deussen, A.; Feelisch, M.; Kelm, M. Plasma nitrite rather than 
nitrate reflects regional endothelial nitric oxide synthase activity but lacks intrinsic vasodilator action. Proc. 
Natl. Acad. Sci. USA 2001, 98, 12814–12819, doi:10.1073/pnas.221381098. 

39. Pelletier, M.M.; Kleinbongard, P.; Ringwood, L.; Hito, R.; Hunter, C.J.; Schechter, A.N.; Gladwin, M.T.; 
Dejam, A. The measurement of blood and plasma nitrite by chemiluminescence: Pitfalls and solutions. Free 
Radic. Biol. Med. 2006, 41, 541–548, doi:10.1016/j.freeradbiomed.2006.05.001. 



J. Clin. Med. 2019, 8, 2155 16 of 17 

 

40. Grau, M.; Hendgen-Cotta, U.B.; Brouzos, P.; Drexhage, C.; Rassaf, T.; Lauer, T.; Dejam, A.; Kelm, M.; 
Kleinbongard, P. Recent methodological advances in the analysis of nitrite in the human circulation: Nitrite 
as a biochemical parameter of the L-arginine/NO pathway. J. Chromatogr. B Anal. Technol. Biomed. Life Sci. 
2007, 851, 106–123, doi:10.1016/j.jchromb.2007.02.002. 

41. Baskurt, O.K.; Yalcin, O.; Meiselman, H.J. Hemorheology and vascular control mechanisms. Clin. 
Hemorheol. Microcirc. 2004, 30, 169–178. 

42. Lemonne, N.; Charlot, K.; Waltz, X.; Ballas, S.K.; Lamarre, Y.; Lee, K.; Hierso, R.; Connes, C.; Etienne-Julan, 
M.; Romana, M.; et al. Hydroxyurea treatment does not increase blood viscosity and improves red blood 
cell rheology in sickle cell anemia. Haematologica 2015, 100, e383-6, doi:10.3324/haematol.2015.130435. 

43. Nader, E.; Grau, M.; Fort, R.; Collins, B.; Cannas, G.; Gauthier, A.; Walpurgis, K.; Martin, C.; Bloch, W.; 
Poutrel, S.; et al. Hydroxyurea therapy modulates sickle cell anemia red blood cell physiology: Impact on 
RBC deformability, oxidative stress, nitrite levels and nitric oxide synthase signalling pathway. Nitric Oxide 
2018, 81, 28–35, doi:10.1016/j.niox.2018.10.003. 

44. WHO. Global Recommendations on Physical Activity for Health; WHO: Genève, Switzerland, 2010; ISBN 
9241599979. 

45. Liem, R.I.; Akinosun, M.; Muntz, D.S.; Thompson, A.A. Feasibility and safety of home exercise training in 
children with sickle cell anemia. Pediatr. Blood Cancer 2017, 64, doi:10.1002/pbc.26671. 

46. Tinti, G.; Somera, R.; Valente, F.M.; Domingos, C.R.B. Benefits of kinesiotherapy and aquatic rehabilitation 
on sickle cell anemia. A case report. Genet. Mol. Res. 2010, 9, 360–364, doi:10.4238/vol9-1gmr722. 

47. Alcorn, R.; Bowser, B.; Henley, E.J.; Holloway, V. Fluidotherapy and exercise in the management of sickle 
cell anemia. A clinical report. Phys. Ther. 1984, 64, 1520–1522, doi:10.1093/ptj/64.10.1520. 

48. Mahon, A.D.; Vaccaro, P. Ventilatory threshold and VO2max changes in children following endurance 
training. Med. Sci. Sports Exerc. 1989, 21, 425–431. 

49. Davis, J.A.; Frank, M.H.; Whipp, B.J.; Wasserman, K. Anaerobic threshold alterations caused by endurance 
training in middle-aged men. J. Appl. Physiol. Respir. Environ Exerc. Physiol. 1979, 46, 1039–1046, 
doi:10.1152/jappl.1979.46.6.1039. 

50. Habedank, D.; Reindl, I.; Vietzke, G.; Bauer, U.; Sperfeld, A.; Gläser, S.; Wernecke, K.D.; Kleber, F.X. 
Ventilatory efficiency and exercise tolerance in 101 healthy volunteers. Eur. J. Appl. Physiol. Occup. Physiol. 
1998, 77, 421–426, doi:10.1007/s004210050354. 

51. Wonisch, M.; Hofmann, P.; Förster, H.; Hörtnagl, H.; Ledl-Kurkowski, E.; Pokan, R., Eds. Kompendium der 
Sportmedizin. Physiologie, Innere Medizin und Pädiatrie; 2nd ed.; Springer: Wien, NY, USA, 2017; ISBN 
9783211997161. 

52. Luks, A.M.; Glenny, R.W.; Robertson, H.T. Introduction to Cardiopulmonary Exercise Testing; Springer: New 
York, NY, USA, 2013; ISBN 9781461462828. 

53. Naumann, H.N.; Diggs, L.W.; Barreras, L.; Williams, B.J. Plasma hemoglobin and hemoglobin fractions in 
sickle cell crisis. Am. J. Clin. Pathol. 1971, 56, 137–147, doi:10.1093/ajcp/56.2.137. 

54. Reiter, C.D.; Wang, X.; Tanus-Santos, J.E.; Hogg, N.; Cannon, R.O.; Schechter, A.N.; Gladwin, M.T. Cell-
free hemoglobin limits nitric oxide bioavailability in sickle-cell disease. Nat. Med. 2002, 8, 1383–1389, 
doi:10.1038/nm799. 

55. Kleinbongard, P.; Schulz, R.; Rassaf, T.; Lauer, T.; Dejam, A.; Jax, T.; Kumara, I.; Gharini, P.; Kabanova, S.; 
Ozüyaman, B.; et al. Red blood cells express a functional endothelial nitric oxide synthase. Blood 2006, 107, 
2943–2951, doi:10.1182/blood-2005-10-3992. 

56. Suhr, F.; Brenig, J.; Müller, R.; Behrens, H.; Bloch, W.; Grau, M. Moderate exercise promotes human RBC-
NOS activity, NO production and deformability through Akt kinase pathway. PLoS ONE 2012, 7, e45982, 
doi:10.1371/journal.pone.0045982. 

57. Grau, M.; Pauly, S.; Ali, J.; Walpurgis, K.; Thevis, M.; Bloch, W.; Suhr, F. RBC-NOS-dependent S-
nitrosylation of cytoskeletal proteins improves RBC deformability. PLoS ONE 2013, 8, e56759, 
doi:10.1371/journal.pone.0056759. 

58. Jubelin, B.C.; Gierman, J.L. Erythrocytes may synthesize their own nitric oxide. Am. J. Hypertens. 1996, 9, 
1214–1219, doi:10.1016/S0895-7061(96)00257-9. 

59. Bor-Kucukatay, M.; Wenby, R.B.; Meiselman, H.J.; Baskurt, O.K. Effects of nitric oxide on red blood cell 
deformability. Am. J. Physiol. Heart Circ. Physiol. 2003, 284, H1577-H1584, doi:10.1152/ajpheart.00665.2002. 

60. Grau, M.; Mozar, A.; Charlot, K.; Lamarre, Y.; Weyel, L.; Suhr, F.; Collins, B.; Jumet, S.; Hardy-Dessources, 
M.-D.; Romana, M.; et al. High red blood cell nitric oxide synthase activation is not associated with 



J. Clin. Med. 2019, 8, 2155 17 of 17 

 

improved vascular function and red blood cell deformability in sickle cell anaemia. Br. J. Haematol. 2015, 
168, 728–736, doi:10.1111/bjh.13185. 

61. Kim-Shapiro, D.B.; Gladwin, M.T. Nitric Oxide Pathology and Therapeutics in Sickle Cell Disease. Clin. 
Hemorheol. Microcirc. 2018, 68, 223–237, doi:10.3233/CH-189009. 

62. Renoux, C.; Joly, P.; Faes, C.; Mury, P.; Eglenen, B.; Turkay, M.; Yavas, G.; Yalcin, O.; Bertrand, Y.; Garnier, 
N.; et al. Association between Oxidative Stress, Genetic Factors, and Clinical Severity in Children with 
Sickle Cell Anemia. J. Pediatr. 2018, 195, 228–235, doi:10.1016/j.jpeds.2017.12.021. 

63. Huisjes, R.; Bogdanova, A.; van Solinge, W.W.; Schiffelers, R.M.; Kaestner, L.; van Wijk, R. Squeezing for 
Life—Properties of Red Blood Cell Deformability. Front. Physiol. 2018, 9, 656, doi:10.3389/fphys.2018.00656. 

64. Lominadze, D.; Dean, W.L. Involvement of fibrinogen specific binding in erythrocyte aggregation. FEBS 
Lett. 2002, 517, 41. 

65. Tripette, J.; Alexy, T.; Hardy-Dessources, M.-D.; Mougenel, D.; Beltan, E.; Chalabi, T.; Chout, R.; Etienne-
Julan, M.; Hue, O.; Meiselman, H.J.; et al. Red blood cell aggregation, aggregate strength and oxygen 
transport potential of blood are abnormal in both homozygous sickle cell anemia and sickle-hemoglobin C 
disease. Haematologica 2009, 94, 1060–1065, doi:10.3324/haematol.2008.005371. 

66. Hebbel, R.P.; Eaton, J.W.; Balasingam, M.; Steinberg, M.H. Spontaneous oxygen radical generation by sickle 
erythrocytes. J. Clin. Investig. 1982, 70, 1253–1259, doi:10.1172/jci110724. 

67. Lamarre, Y.; Romana, M.; Waltz, X.; Lalanne-Mistrih, M.-L.; Tressières, B.; Divialle-Doumdo, L.; Hardy-
Dessources, M.-D.; Vent-Schmidt, J.; Petras, M.; Broquere, C.; et al. Hemorheological risk factors of acute 
chest syndrome and painful vaso-occlusive crisis in children with sickle cell disease. Haematologica 2012, 
97, 1641–1647, doi:10.3324/haematol.2012.066670. 

68. Vikulov, A.D.; Mel’nikov, A.A.; Bagrakova, S.V. Erythrocyte aggregation in athletes. Fiziol. Cheloveka 2003, 
29, 76–83. 

 

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 


