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Oxidative damage to red blood cells (RBCs) may contribute to pathogenesis of sickle cell anemia. Reducing the deleterious effects of oxidants by exposing RBCs to a number of antioxidants has been shown to have protective effects against lipid and protein peroxidation. We hypothesize that antioxidants may also have beneficial effects on the abnormal membrane permeability of sickle cells. Increased cation permeability of these cells encourages HbS polymerization by causing RBC dehydration and also leads to externalization of the prothrombotic aminophospholipid phosphatidylserine (PS). Three antioxidants with different mechanisms of action were investigated – dithiothreitol, N-acetylcysteine, and quercetin. All three were found to inhibit the main cation pathways responsible for dehydration – the deoxygenation-induced cation conductance (or Psickle), the Ca2+-activated K+ channel (or Gardos channel), and the K+-Cl− cotransporter. They also reduced Ca2+-induced PS exposure and hemolysis. Findings provide evidence for additional beneficial actions of antioxidants in maintenance of rheology and reducing vascular adhesion and further inform the rationale for their clinical use.
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INTRODUCTION

Antioxidants are used in the treatment of many disorders notably neoplasia but also including sickle cell anemia (SCA), in which a phase 3 clinical trial of L-glutamine has recently been carried out (Niihara et al., 2018). Any effect on red blood cell (RBC) membrane permeability, however, has been largely ignored and is the subject of this report.

RBCs from patients with sickle cell anemia (of HbSS genotype; SCA) contain the abnormal hemoglobin (Hb) HbS. Compared to normal Hb, HbA, HbS results from a single base substitution in the seventh codon of the β globin gene, causing the replacement of glutamic acid with valine (Bunn and Forget, 1986). Loss of a negative charge at this site enables neighboring molecules of HbS to adhere following deoxygenation. The resultant long, rigid polymers of HbS initiate a concatenation of events ultimately resulting in the clinical signs observed in SCA patients. These fall largely into two groups: a chronic hemolytic anemia and acute episodes of vaso-occlusive ischemia. Complications include pain, acute chest syndrome, stroke, nephropathy, osteonecrosis, leg ulcers, and reduced lifespan, though both the frequency and severity of these problems vary markedly between patients (Steinberg, 1999; Rees et al., 2010).

SCA affects millions of people worldwide, especially in sub-Saharan Africa and India (Piel et al., 2013), where it results in considerable morbidity and mortality, as well as economic impact. Blood transfusion, antibiotic therapy, and pneumococcal vaccination all ameliorate complications; however, these apart, treatment remains largely supportive. While hydroxyurea has emerged as a specific licensed therapy (Platt et al., 1984; Charache et al., 1987), it is not without problems, and new effective therapies are keenly sought (Rees, 2011; Gibson et al., 2015).

An important feature of SCA is oxidative stress (Hebbel et al., 1982; Rice-Evans et al., 1986). Increased levels of reactive oxygen species are released from activated endothelial and white cells, from ischemia-reperfusion injury and from within RBCs, as HbS is more unstable than HbA breaking down into hemichromes and free iron (Hebbel et al., 1982, 1988; Rice-Evans et al., 1986; Aslan et al., 2000; Banerjee and Kuypers, 2004). It is also likely that antioxidant provision is reduced, both within RBCs and without circulating in plasma (Silva et al., 2013). For example, sickle red cells have a lower redox ratio with reduced levels of reduced nicotinamide adenine dinucleotide (Zerez et al., 1988; Al-Ali, 2002). Oxidant stress can result in lipid and protein damage with important pathogenic sequelae. It may also increase the solute permeability of RBCs, which is in itself problematical. It is not surprising, therefore, that the possible beneficial roles of antioxidant provision have received considerable attention.

Three abnormalities of HbS-containing RBCs are particularly relevant in the context of vascular adhesion and deformability. First, HbS polymerization deleteriously affects RBC shape and rheology (Hebbel et al., 1990), making it harder for RBCs to traverse the microvasculature. Second, HbS-containing RBCs expose higher levels of phosphatidylserine on their outer bilayer (Kuypers, 1998). This phospholipid is both prothrombotic and also increases adhesion to activated endothelial cells. Third, the unusually high cation permeability of HbS-containing RBCs mediates solute loss and dehydration, thus increasing intracellular HbS concentration (Lew and Bookchin, 2005). As the lag time to HbS polymerization is inversely proportional to a very high power of [HbS] (Eaton and Hofrichter, 1987), RBCs are therefore much more likely to sickle in hypoxic areas of the circulation. Three transport systems occupy a predominant role in mediating dehydration: the KCl cotransporter (KCC), the deoxygenation-induced cation conductance (sometimes called Psickle), and the Ca2+-activated K+ channel (or Gardos channel; Lew and Bookchin, 2005). KCC mediates coupled K+ and Cl− loss, has elevated activity, and is abnormally regulated in sickle cells. Psickle mediates Ca2+ entry and Mg2+ loss, which has three important effects: Ca2+ entry may activate the Gardos channel and also stimulate PS scrambling, while Mg2+ loss may increase KCC activity (Ortiz et al., 1990; Etzion et al., 1993).

Provision of antioxidant therapy to ameliorate the complications of SCA has been extensively investigated (Silva et al., 2013). Antioxidants have been shown to have a number of beneficial effects, protecting against RBC lipid peroxidation and increasing levels of reduced glutathione (GSH) while reducing levels of reactive oxygen species. Effects on RBC membrane permeability, however, have been largely unexplored. We postulate that antioxidant treatment may have important alternative beneficial effects on RBC function by reducing the permeability of the transport pathways mediating dehydration and by reducing PS exposure.

RBCs from SCA patients were exposed in vitro to three commonly used antioxidants – dithiothreitol (DTT), N-acetylcysteine (NAC), and quercetin (Silva et al., 2013) – and their effects on sickling, activities of Psickle, the Gardos channel and KCC, and PS exposure were investigated. Results reveal beneficial effects on HbS polymerization, inhibition of all three K+ dehydration pathways, and a reduction in externalized PS. Findings represent an additional rational reason to employ these reagents in vivo to ameliorate the complications of SCA.

MATERIALS AND METHODS

Reagents

Clotrimazole was purchased from Calbiochem (Nottingham, Notts, UK). 86Rb+ was supplied by Perkin Elmer (Beaconsfield, Bucks, UK) and nitrogen by BOC Ltd. (Guildford, Surrey, UK). Fluorescein isothiocyanate-conjugated bovine lactadherin (LA-FITC) came from Innovative Research (Novi, MI, USA), supplied by Tebu-Bio Ltd. (Peterborough, UK). Other reagents were purchased from Sigma Chemical Co. (Poole, Dorset, UK).

Sample Collection and Handling

Blood samples were taken at King’s College Hospital, London, with informed written consent from patients (and from their guardians if under 16) with sickle cell anemia (HbSS genotype) using the anticoagulant EDTA. Samples were anonymized blood samples, transported to Cambridge for laboratory assays, and used within 2 days. About half of the patients were being treated with hydroxyurea – there were no differences in the behavior of the cells comparing patients administered with this drug or not. Patients had not been transfused for at least 6 months, and none had a sickle cell crisis during this period. All research was conducted with ethical approval (NHS REC 16/LO/1309) and in accordance with the Helsinki Declaration of 1975, as revised in 2008.

Solutions and Tonometry

The standard saline (Cl-MBS) comprised (in mM): NaCl 145, CaCl2 1.1, glucose 5, and 3-(N-morpholino)-propane sulfonic acid (MOPS) 10 (pH 7.4 at 37°C; 290 ± 5 mOsm.kg−1 H2O). For experiments in which Cl− dependence of K+ influx was examined, NO3−-containing salts replaced those containing Cl− (N-MBS). For measurement of Gardos channel activity in Ca2+-loaded red cells (using the ionophore bromo-A23187, 6 μM), high potassium (HK)-containing MBS (HK-MBS) was used comprising (in mM) NaCl 70, KCl 80, and CaCl2 0.01, together with MOPS (10 mM) and glucose (5 mM). In these experiments, the HK medium was used to prevent cell shrinkage, which would otherwise occur rapidly should channel activity be markedly stimulated. In flux experiments, to remove unincorporated radioisotope (86Rb+), the wash solution comprised isotonic MgCl2 (107 mM) and buffered with MOPS (10 mM), pH 7.4 at 4°C (Mg-MBS). Stock solutions of bumetanide (10 mM), ouabain (10 mM), and clotrimazole (5 mM) were prepared in 100 mM Tris base and distilled water and dimethylsulfoxide (DMSO), respectively. Whole blood was washed five times in N-MBS to remove Cl−, plasma, and buffy coat. For most experiments, red cells (20% hematocrit, Hct) were then pre-incubated in air at 37°C for 30 min in the absence or presence of antioxidants (which remained present throughout subsequent experimental manipulations). Red cell suspensions (still 20% Hct) in N-MBS were then placed in tonometers (Eschweiler, Kiel, Germany) and flushed with warm, humidified gas mixtures for 20 min at 37°C to equilibrate them at the requisite O2 tension before measurement of K+ influx and red cell morphology (Speake et al., 1997). Gas mixtures were made using a Wösthoff gas mixing pump (Speake et al., 1997). Three O2 tensions were used: 100 mmHg oxygen, 0 mmHg to oxygenate and deoxygenate red cells fully, and an intermediate tension of 30 mmHg at which HbS is about half saturated with oxygen, when intracellular oxidant production is highest (Abugo and Rifkind, 1994; Balagopalakrishna et al., 1996). For influx measurements, red cell suspensions were then diluted 10-fold into test tubes and still equilibrated at the same requisite O2 tension. To analyze red cell shape, RBC aliquots were fixed in saline containing 0.25% glutaraldehyde before examination under light microscopy counting typically around 300 cells (Hannemann et al., 2015).

K+ Flux Measurements

To determine the activity of the K+ transport pathways, K+ influx was measured using 86Rb+ as a congener for K+ (Dunham and Ellory, 1981; Hannemann et al., 2011) at 37°C. Red cells were taken from tonometers and diluted 10-fold into saline, pre-equilibrated at the appropriate O2 tension at 260 mOsm.kg−1 (with the addition of 10% water to the appropriate standard MBSs) and pH 7 (conditions used to stimulate KCC activity). 86Rb+ was added in 150 mM KNO3 to give a final extracellular [K+] of 7.5 mM (except for experiments using bromo-A23187 – see below). Three flux conditions were used in the flux tubes: (1) Cl-MBS; (2) Cl-MBS with clotrimazole (CLT; 5 μM); and (3) N-MBS with CLT (5 μM). Ouabain (100 μM) and bumetanide (10 μM) were present in all experiments to obviate any K+ transport through the Na+/K+ pump and the Na+-K+-2Cl− cotransporter, respectively. After incubation with radioisotope for 10 min, red cells were washed five times in ice-cold Mg-MBS wash solution to remove extracellular 86Rb+. Following the final wash, the cell pellet was lysed with Triton X-100 (0.1%), and protein precipitated with trichloroacetic acid (5%). Activity was then measured as Čerenkov radiation by liquid scintillation (Packard Tri-carb 2800TR, Perkin Elmer). Psickle was assayed as the deoxygenation-induced, CLT-independent K+ influx measured in the absence of Cl− (condition 3); Gardos channel activity as the CLT-sensitive (5 μM) K+ influx (using conditions 1 and 2); and KCC activity was assayed as Cl−-dependent K+ influx (using flux conditions 2 and 3). As CLT and A23187 were dissolved in DMSO, controls were all treated with the same concentration of this solvent (<0.5% final). Either microhematocrit determination or the cyanohemoglobin method was used to measure the hematocrit (Hct) with appropriate samples taken at the start of each experiment (Speake et al., 1997; Hannemann et al., 2011). For uptake experiments using bromo-A23187 to stimulate the Gardos channel through pharmacological Ca2+ loading of RBCs, the extracellular [Ca2+] was 10 μM. Following incubation with 86Rb+, RBC aliquots were placed in ice-cold wash solution layered over dibutylphthalate oil. RBCs were then spun through the oil by centrifugation at 15,000 g for 10 s, supernatant removed, the tubes washed with Mg-MBS, the oil removed, and tubes cleaned with cotton buds. The RBC pellet was then lysed with Triton X-100 (0.1%) as described for influx experiments.

Non-electrolyte Hemolysis Assay

Previous work has shown that hemolysis of sickle cells in deoxygenated isosmotic non-electrolyte solutions provides a simple measure of Psickle activity and RBC fragility (Browning et al., 2007; Milligan et al., 2013). The effect of antioxidants was therefore tested in this assay. Washed red cells were pre-incubated with antioxidants in Ca2+ free N-MBS (30 min, 37°C), pelleted, and resuspended in isosmotic sucrose solution (290 mOsm.kg−1, pH 7.0 at 37°C), whose composition followed that of the standard MBS but in which all salts were replaced with sucrose (255 mM), after which RBC suspensions were placed in Eschweiler tonometers and flushed with N2 for 60 min. To measure hemolysis, aliquots of the suspension were taken every 10 min, and intact red cells pelleted by centrifugation and the optical density (OD) of the supernatant measured at 540 nm. Values for 100% hemolysis were obtained from similar aliquots diluted into 0.1% Triton X-100.

Measurement of Externalized Phosphatidylserine

To investigate the effects of antioxidants on (1) deoxygenated PS exposure or (2) PS exposure in Ca2+ loaded RBCs, RBC suspensions (0.5% HCT) in HK-HBS (in mM: NaCl 54, KCl 90, MgCl2 0.15, inosine 10, and HEPES 10; pH 7.4 at 37°C; 290 ± 5 mOsm.kg−1) were first pre-incubated for 30 min with DTT (0.25 mM), NAC (10 mM), or quercetin (100 μM). For (1), they were then incubated in HK-HBS containing 1.1 mM CaCl2 and 1 mM vanadate in tonometers, deoxygenated by flushing them with humidified N2 up to 80 min in the continued presence or absence of antioxidants. Samples were taken at indicated times and PS labeled using LA-FITC. For (2), RBCs were then incubated HK-HBS (0.5% Hct, 30 min, 37°C) containing 2 mM EGTA and concentrations of total [Ca2+] of 1.35, 1.85, and 1.91 mM to clamp free extracellular [Ca2+] at 0.1, 0.6, and 1 μM, respectively, and permeabilized to Ca2+ with the Ca2+ ionophore bromo-A23187 (6 μM) in the absence or presence of antioxidants. The activity of bromo-A23187 was abrogated by adding 0.4 mM Co2+, and RBCs were pelleted and resuspended in HK-HBS containing 1 mM vanadate (pH 7.4 at RT). Exposed PS was labeled using LA-FITC (16 nM, 0.01% Hct) in HK-HBS containing 1 mM vanadate for 10 min at room temperature in the dark. RBCs were washed once and kept on ice until flow cytometry. LA-FITC was detected in the FL1 channel of a BD Accuri C6 flow cytometer using logarithmic gain. The positive fluorescent gate was set using red cells unlabeled with LA-FITC. For each measurement, 10,000 events were gated. PS positive cells were defined as all events fall within the preset FSC, SSC, and positive fluorescent gates.

Statistics

Results are presented as means ± SEM of n observations in red cell samples taken from different individuals. Where appropriate, comparisons were made using unpaired and paired two-tailed Student’s t tests. Pearson correlation coefficients were calculated with GraphPad Prism (La Jolla, CA, USA). The level of significance used was p < 0.05. “Controls” refer to cells from SCA patients not exposed to antioxidants.

RESULTS

The Effect of Quercetin on Sickling and Psickle Activity

Quercetin is a flavonoid plant pigment. It is known to penetrate RBCs, where it binds to iron and also scavenges free hydroxyl and peroxyl radicals (Afanas’ev et al., 1989). Quercetin (100 μM) treatment significantly inhibited sickling at all three O2 tensions tested (full oxygenation, full deoxygenation, and at the intermediate O2 tension of 30 mmHg). At full deoxygenation, sickling was markedly reduced from 75 ± 3 to 50 ± 4% (Figure 1A, p < 0.01), while inhibition was still present though at smaller magnitudes at 30 and 100 mmHg O2. Quercetin treatment also markedly reduced Psickle activity, although the effect was significant only at the intermediate O2 and in fully deoxygenated RBCs (Figure 1B, p < 0.05 and p < 0.01), and not at 100 mmHg O2. There was also a significant correlation between Psickle activity and sickling in RBCs treated with quercetin (Figure 1C), consistent with the sickling shape change activating this conductance. Psickle and sickling correlate strongly in untreated RBCs (r = 0.83, p < 0.01), and while quercetin reduces both sickling and Psickle activity, this correlation remains (r = 0.77, p < 0.02).
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FIGURE 1. Effect of quercetin on sickling and Psickle activity in red blood cells (RBCs) from sickle cell anemia (SCA) patients. RBCs were pre-incubated for 30 min at 37°C in air without or with quercetin (100 μM) in N-MBS. They were then equilibrated for 20 min in Eschweiler tonometers at the required O2 tension in the continued absence or presence of quercetin. Subsequently, (A) aliquots were fixed in glutaraldehyde (0.25%) and sickling determined by light microscopy. Histograms represent means ± SEM, n = 6. *p < 0.05 and **p < 0.01, comparing RBCs in the absence (control) and presence of quercetin. (B) Aliquots were diluted 10-fold into flux tubes (pH 7) and Psickle activity measured for 10 min as K+ influx in N-MBS in the presence of clotrimazole (5 μM), bumetanide (10 μM), and ouabain (100 μM) at an extracellular [K+] of 7.5 mM and with influxes normalized to those of control RBCs at 0 mmHg. Histograms represent means ± SEM, n = 3. *p < 0.05, **p < 0.01, comparing RBCs in the absence and presence of quercetin. (C) Correlation between sickling and Psickle activity. Pearson correlation coefficients are r = 0.83 (p < 0.01) and r = 0.77 (p < 0.02) in the absence and presence of quercetin, respectively. Symbols represent data from three individual patients at the three O2 tensions.
 

The Effect of Quercetin on Gardos Channel Activity

The effect of quercetin on Gardos channel activity showed the same relationship to that of Psickle. Quercetin decreased the level of Gardos channel activity (Figure 2A). The effect was most pronounced at the intermediate O2 tension and in fully deoxygenated RBCs, with activities declining from 1.21 ± 0.15 and 1.81 ± 0.25 mmol (l cells.h)−1 to 0.43 ± 0.05 and 0.94 ± 0.24 mmol (l cells.h)−1, respectively (both p < 0.05). These findings are consistent with an inhibitory of quercetin on sickling, indirectly reducing Gardos channel activity via the inhibition of Ca2+ entry through Psickle. Similar to sickling, Gardos channel activity correlated strongly to Psickle activity (r = 0.82 and 0.88, without or with quercetin, p < 0.01 and p < 0.005, respectively, Figure 2B).
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FIGURE 2. Effect of quercetin on Gardos channel activity in RBCs from SCA patients. RBCs were pre-incubated for 30 min at 37°C in air without or with quercetin (100 μM) in N-MBS. They were then equilibrated for 20 min in Eschweiler tonometers at the required O2 tension in the continued absence (control) or presence of quercetin. Gardos channel activity, defined as the clotrimazole (5 μM)-sensitive K+ influx in Cl-MBS, was measured in the continued absence or presence of quercetin. Ouabain (100 μM) and bumetanide (10 μM) were present, and influxes were normalized to those of control RBCs at 0 mmHg. (A) Histograms represent means ± SEM, n = 3. *p < 0.05, comparing RBCs in the absence and presence of quercetin. (B) Correlation between Psickle (data taken from Figure 1) and Gardos channel activity. Pearson correlation coefficients are r = 0.82 (p < 0.01) and r = 0.88 (p < 0.005) in the absence and presence of quercetin, respectively. Symbols represent data from three individual patients at the three O2 tensions.
 

The Gardos channel can also be activated by pharmacological loading of RBCs with Ca2+ using the ionophore bromo-A23187. In this case, channel inhibition following quercetin treatment was still observed with Vmax declining from 902 ± 133 to 482 ± 106 mmol (l cells.h)−1. Notwithstanding an indirect effect through a reduction in Psickle activity, there was therefore also evidence for a more direct inhibitory action on the channel itself in Ca2+-loaded RBCs.

The Effect of Quercetin on KCl Cotransport Activity

The effect of quercetin was also examined on KCC activity at the three O2 tensions used to investigate its behavior on sickling, Psickle, and Gardos channel. In RBCs from patients with SCA, there is an aberrant response to O2 tension such that KCC activities are the highest and similar in fully oxygenated and fully deoxygenated RBCs while reaching at nadir at about the P50 for saturation of Hb with O2 (Gibson et al., 1998b). This is unlike the pattern in RBCs from normal individuals in which there is a monotonic decline in KCC activity with O2 tension (Gibson et al., 1998b). In the presence of quercetin, KCC activity was reduced at all O2, although the effect was not significant at the intermediate O2 tension (p = 0.7) when KCC activity was at its lowest (Figure 3A). The reduction was significant in both fully oxygenated and deoxygenated RBCs, falling from 1.68 ± 0.14 and 2.78 ± 0.12 to 1.19 ± 0.19 and 0.93 ± 0.27 mmol (l cells.h)−1, respectively (Figure 3A, p < 0.05 for both).
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FIGURE 3. Effect of quercetin on KCl cotransport (KCC) activity in RBCs from SCA patients. RBCs were pre-incubated for 30 min at 37°C in air without or with quercetin (100 μM) in N-MBS. They were then equilibrated for 20 min in Eschweiler tonometers at the required O2 tension in the continued absence (control) or presence of quercetin. KCC activities, defined as the differences of clotrimazole-insensitive K+ influx in the absence and presence of Cl−, were measured. Ouabain (100 μM) and bumetanide (10 μM) were present in all experiments, and influxes were normalized to those of control RBCs at 100 mmHg. (A) RBCs were pre-incubated for 30 min at 37°C in air without or with quercetin (100 μM) in N-MBS, equilibrated in Eschweiler tonometers and KCC activity measured in the continued absence or presence of quercetin. Histograms represent means ± SEM, n = 3, *p < 0.05, comparing RBCs in the absence and presence of quercetin. (B) RBCs were first pre-incubated in N-MBS without or with NEM (1 mM) for 45 min at 37°C, 20% Hct. Both aliquots were divided and subsequently incubated without or with quercetin for 30 min, after which aliquots were diluted 10-fold into flux tubes and KCC activity measured as described in (A). All incubations were carried out in air. Histograms represent means ± SEM, n = 5. **p < 0.01, comparing RBCs in the groups indicated.
 

RBC KCC activity is thought to be controlled by conjugate pairs of regulatory protein kinases and phosphatases, such that it is stimulated by net dephosphorylation of the transporter itself or some regulatory protein. Activity of KCC increases following treatment with the thiol reacting reagent N-ethylmaleimide (NEM), an effect thought to be due to its action in reducing the effects of inhibitory protein kinases. This action of NEM was confirmed in the present work (Figure 3B, p < 0.01). Treatment with quercetin was able to inhibit KCC activity both before and after NEM treatment, although the latter did not quite reach significance (Figure 3B, p < 0.01 and p = 0.07). These results are consistent with inhibition by quercetin being mediated through effects on the regulatory phosphorylation step(s) and directly on the transporter per se.

Effect of Quercetin on Hemolysis in Deoxygenated Non-electrolyte Solution

RBCs undergo hemolysis when deoxygenated in isosmotic non-electrolyte solutions. Hemolysis often correlates with Psickle activity and is taken as a measure of RBC fragility. The effect of quercetin on hemolysis was investigated in the present work. As expected from its effects on sickling and Psickle activity, quercetin treatment reduced the rate of hemolysis in deoxygenated isosmotic sucrose solution. Inhibitory effects were apparent throughout the time course of the assay, consistently reaching about 40% after 20 min (Figure 4, p < 0.05), consistent with a stabilizing action on the integrity of the RBC membrane.
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FIGURE 4. Effect of quercetin on hemolysis on RBCs from SCA patients in deoxygenated isosmotic sucrose solutions. RBCs were pre-incubated without or with quercetin in Ca2+-free N-MBS for 30 min. They were then incubated in isosmotic non-electrolyte solution in Eschweiler tonometers and equilibrated with N2 for 60 min. Hemolysis (% total RBCs) was measured at 10 min intervals by removing serial aliquots of RBC suspensions, pelleting intact RBC by centrifugation, and measuring the optical density (OD) of the supernatant at 540 nm. About 100% hemolysis was ascertained by measuring OD in RBC suspensions treated with X-100 Triton (0.1% final). Histograms represent means ± SEM, n = 4. *p < 0.05, comparing RBCs in the absence (control) and presence of quercetin.
 

The Effect of the Antioxidants Dithiothreitol and N-Acetylcysteine on Red Blood Cell Permeability

The effects of two other antioxidants dithiothreitol (DTT) and N-acetylcysteine (NAC) were also examined. DTT protects oxidized thiol groups and may reduce disulfide bonds. NAC is a cysteine pro-drug associated with protection of reduced glutathione (GSH) levels. In a similar way to quercetin, both significantly (p < 0.05) reduced sickling and the activities of Psickle, the Gardos channel, and KCC. As for quercetin, the latter two effects were also seen in RBCs treated with Ca2+ ionophore or pretreated with NEM. As these data are very similar to those obtained with quercetin, they are not repeated in full here, but effects are summarized in Table 1.


TABLE 1. A comparison of the effect of three antioxidants, dithiothreitol, N-acetylcysteine, and quercetin on the permeability of red blood cells (RBCs) from patients with sickle cell anemia.
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The Effect of Antioxidants on Phosphatidylserine Exposure

In the final series of experiments, the effect of antioxidants was tested on phosphatidylserine (PS) exposure. PS exposure was elicited by two maneuvers, Ca2+ loading using the ionophore bromo-A23187 and also by deoxygenation over 80 min. All three antioxidants, DTT, NAC, and quercetin, inhibited Ca2+-induced PS exposure (Figure 5, p < 0.01 and p < 0.001). Of the three, however, quercetin alone significantly reduced deoxygenation-induced PS exposure, completely abolishing it (p < 0.001).
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FIGURE 5. Effect of antioxidants on Ca2+-induced phosphatidylserine (PS) exposure in RBCs from SCA patients. RBCs were incubated in HK-HBS with bromo-A23187 and different free extracellular [Ca2+]s for 30 min in the absence (control) or presence of dithiothreitol (DTT, 0.25 mM, n = 10), N-acetylcysteine (NAC, 10 mM, n = 7) or quercetin (0.1 mM, n = 7). PS was then labeled with FITC-lactadherin and percentage of positive RBCs determined by flow cytometry. PS exposures were normalized to those of control RBCs incubated with a free extracellular [Ca2+] of 1 μM. The data for DTT have been previously published (Hannemann et al., 2018). Histograms represent means ± SEM for RBCs from n different patients. **p < 0.01, ***p < 0.001 compared to RBCs in the absence of antioxidant.
 

DISCUSSION

The present findings show that three commonly used antioxidants, dithiothreitol (DTT), N-acetylcysteine (NAC), and quercetin, have significant beneficial effects on the membrane permeability of RBCs from patients with SCA. All three antioxidants reduced K+ permeability, inhibiting the three main transport systems associated with RBC dehydration – the KCl cotransporter (KCC), Psickle, and the Gardos channel. They also reduced phosphatidylserine (PS) exposure and hemolysis. In addition to their better appreciated role of protecting RBC proteins and lipids from oxidative damage, they therefore also reduced solute loss, RBC fragility, and PS exposure.

Although the etiology of SCA is simple – a mutated Hb with a single amino acid substitution – the disease has a complex pathogenesis affecting many body systems (Bunn and Forget, 1986; Steinberg, 1999; Rees et al., 2010). Pathologies are often grouped into two – a chronic hemolytic anemia with superimposed episodes of microvascular occlusion (Steinberg, 1999; Hebbel et al., 2004; Kato et al., 2009; Rees et al., 2010). Intravascular hemolysis is marked, with subsequent scavenging of nitric oxide (Gladwin et al., 2004).

Altered membrane permeability of HbS-containing RBCs is also an important feature and has been known about for over 60 years (Tosteson et al., 1952; Lew and Bookchin, 2005). Increased permeability to monovalent cation causes RBC shrinkage and associated elevation of HbS concentration, thus markedly encouraging polymerization (Eaton and Hofrichter, 1987; Lew and Bookchin, 2005). The high permeability to divalent cations, notably Ca2+ and Mg2+, has several effects (Ortiz et al., 1990; Etzion et al., 1993; Tiffert et al., 2003). Ca2+ entry activates the Gardos channel and further promotes solute loss (Etzion et al., 1993). Elevation of RBC intracellular Ca2+ concentration also stimulates PS exposure making RBC sticky and attractive to macrophages (Cytlak et al., 2011; Weiss et al., 2012). Exit of Mg2+ may serve to increase KCC activity (Delpire and Lauf, 1991). All of these encourage vascular adhesion and reduce RBC deformability, thus contributing to the pathogenesis of SCA.

A role of increased oxidative stress in pathogenesis is also anticipated (Rice-Evans et al., 1986). HbS is less stable than normal HbA and provides an intracellular oxidant challenge to RBCs, while extracellular oxidants come from activated white cells and the problems of ischemia/reperfusion (Hebbel et al., 1982, 1988; Rice-Evans et al., 1986; Banerjee and Kuypers, 2004). Oxidants damage the RBC membrane and cytoskeleton (Baskurt et al., 1998). They affect RBC deformability and rheology (Hebbel et al., 1990; Watanabe et al., 1990; Barodka et al., 2014). They have also been shown to stimulate solute loss and therefore increase RBC dehydration (Muzyamba et al., 2000; Gibson and Muzyamba, 2003a,b).

Antioxidants have therefore received considerable attention and their protective effects much studied. Three antioxidants in particular have been much studied – DTT, NAC (Gibson et al., 1998a; Shartava et al., 1999; Nur et al., 2012), and quercetin (Henneberg et al., 2013). DTT protects thiols and has previously been shown to reduce PS exposure (Hannemann et al., 2018). NAC maintains levels of reduced glutathione and reduces sickling and dense cell formation (Gibson et al., 1998a). It has been shown to reduce oxidative stress in sickle cell patients (Nur et al., 2012), although a more recent trial was inconclusive, perhaps because of non-compliance (Sins et al., 2016). Quercetin is able to sequester free radicals via ortho-dihydroxy structures (Moridani et al., 2003). It, too, protects against oxidative damage in sickle cells in vitro (Henneberg et al., 2013; Queiroz and Lima, 2013) and has been used clinically in cancer treatment (Ferry et al., 1996; M. D. Anderson Cancer Center, 2018).

The present results detail their effects on K+ permeability. Inhibition of the main dehydration pathways (Psickle, the Gardos channel, and KCC) will reduce solute loss, shrinkage, and hence the tendency for HbS to polymerize. They also inhibited Ca2+-induced PS exposure. The overall effect of all three antioxidants on RBC membrane permeability is therefore protective in several previously undocumented mechanisms.

An additional potential antioxidant is represented by L-glutamine. This reagent probably acts through increasing levels of reduced nicotinamide adenine dinucleotides and also possibly of reduced glutathione. It has received some attention for treatment of patients with SCA (Niihara et al., 2005, 2014a,b) and has been the subject of phase 3 clinical trials in which it appears to produce beneficial effects (Niihara et al., 2018). In our future work, we will address its effects on red cell permeability.

In conclusion, findings represent a further important rationale for provision of antioxidant therapy to patients with SCA.

DATA AVAILABILITY

All datasets generated for this study are included in the manuscript and/or the supplementary files.

ETHICS STATEMENT

All research was conducted with ethical approval (NHS REC 16/LO/1309) and in accordance with the Helsinki Declaration of 1975, as revised in 2008.

AUTHOR CONTRIBUTIONS

JG and DR designed the experiments. HA and AH carried out the experiments. JG, DR, JB, and AH contributed to writing the manuscript.

FUNDING

British Heart Foundation provided funds for most of this research supplemented by an award of a PhD studentship from the Sultan of Oman for HA.

ACKNOWLEDGMENTS

The authors thank His Majesty the Sultan of Oman and the British Heart Foundation for generous financial support.

REFERENCES

Abugo, O. O., and Rifkind, J. M. (1994). Oxidation of hemoglobin and enhancement produced by nitroblue tetrazolium. J. Biol. Chem. 269, 24845–24853.

Afanas’ev, I. B., Dorozhko, A. I., Brodskii, A. V., Kostyuk, V. A., and Potapovitch, A. I. (1989). Chelating and free radical scavenging mechanisms of inhibitory action of rutin and quercetin in lipid peroxidation. Biochem. Pharmacol. 38, 1763–1769. doi: 10.1016/0006-2952(89)90410-3 

Al-Ali, A. K. (2002). Pyridine nucleotide redox potential in erythrocytes of Saudi patients with sickle cell disease. Acta Haematol. 108, 19–22. doi: 10.1159/000063062 

Aslan, M., Thornley-Brown, D., and Freeman, B. A. (2000). Reactive species in sickle cell disease. Ann. N. Y. Acad. Sci. 899, 375–391. doi: 10.1111/j.1749-6632.2000.tb06201.x 

Balagopalakrishna, C., Manoharan, P. T., Abugo, O. O., and Rifkind, J. M. (1996). Production of superoxide from hemoglobin-bound to oxygen under hypoxic conditions. Biochemistry 35, 6393–6398. doi: 10.1021/bi952875+ 

Banerjee, T., and Kuypers, F. A. (2004). Reactive oxygen species and phosphatidylserine externalization in murine sickle red cells. Br. J. Haematol. 124, 391–402. doi: 10.1046/j.1365-2141.2003.04781.x 

Barodka, V., Mohany, J. G., Mustafa, A. K., Santhanam, L., Nyhan, A., Bhunia, A. K., et al. (2014). Nitroprusside inhibits calcium-induced impairment of red blood cell deformability. Transfusion 54, 434–444. doi: 10.1111/trf.12291 

Baskurt, O. K., Temiz, A., and Meiselman, H. J. (1998). Effect of superoxide anions on red blood cell rheologic properties. Free Radic. Biol. Med. 24, 102–110. doi: 10.1016/S0891-5849(97)00169-X 

Browning, J. A., Robinson, H. C., Ellory, J. C., and Gibson, J. S. (2007). Deoxygenation-induced non-electrolyte pathway in red cells from sickle cell patients. Cell. Physiol. Biochem. 19, 165–174. doi: 10.1159/000099204 

Bunn, H. F., and Forget, B. G. (1986). Hemoglobin: Molecular, genetic and clinical aspects. Philadelphia: Saunders.


Charache, S., Dover, G. J., Moyer, M. A., and Moore, J. W. (1987). Hydroxyurea-induced augmentation of fetal hemoglobin production in patients with sickle cell anemia. Blood 69, 109–116.

Cytlak, U. M., Rees, D. C., and Gibson, J. S. (2011). Deoxygenation-induced exposure of phosphatidylserine in red blood cells from patients with sickle cell disease. Proc. Physiol. Soc. 23:PC192.


Delpire, E., and Lauf, P. K. (1991). Magnesium and ATP dependence of K-cl co-transport in low K+-sheep red blood cells. J. Physiol. 441, 219–231.


Dunham, P. B., and Ellory, J. C. (1981). Passive potassium transport in low potassium sheep red cells: dependence upon cell volume and chloride. J. Physiol. 318, 511–530. doi: 10.1113/jphysiol.1981.sp013881 

Eaton, J. W., and Hofrichter, J. (1987). Hemoglobin S gelation and sickle cell disease. Blood 70, 1245–1266.

Etzion, Z., Tiffert, T., Bookchin, R. M., and Lew, V. L. (1993). Effects of deoxygenation on active and passive Ca2+ transport and on the cytoplasmic Ca2+ levels of sickle cell anemia red cells. J. Clin. Investig. 92, 2489–2498. doi: 10.1172/JCI116857 

Ferry, D. R., Smith, A., Malkhandi, J., Fyfe, D. W., de Takats, P. G., Anderson, D., et al. (1996). Phase 1 clinical trial of the flavomoid quercetin: pharmocokinetics and evidence for in vivo tyrosine kinase inhibition. Clin. Cancer Res. 2, 659–668.

Gibson, J. S., Al Balushi, H. W. M., Hannemann, A., and Rees, D. (2015). Sickle cell disease and 5HMF: the search for effective treatments. Drugs Future 40, 817–826. doi: 10.1358/dof.2015.040.12.2400622


Gibson, J. S., and Muzyamba, M. C. (2003a). The effect of 1-chloro-2,4-dinitrobenzene on K+ transport in normal and sickle human red blood cells. J. Physiol. 547, 903–911. doi: 10.1113/jphysiol.2002.036467 

Gibson, J. S., and Muzyamba, M. C. (2003b). Effect of phenazine methosulphate on K+ transport in human red cells. Cell. Physiol. Biochem. 13, 329–336. doi: 10.1159/000075120 

Gibson, X. A., Shartava, A., McIntyre, J., Monteiro, C. A., Zhang, Y., Shah, A., et al. (1998a). The efficacy of reducing agents or antioxidants in blocking the formation of dense cells and irreversibly sickled cells in vitro. Blood 91, 4373–4378.

Gibson, J. S., Speake, P. F., and Ellory, J. C. (1998b). Differential oxygen sensitivity of the K+-cl− cotransporter in normal and sickle human red blood cells. J. Physiol. 511, 225–234. doi: 10.1111/j.1469-7793.1998.225bi.x 

Gladwin, M. T., Crawford, J. H., and Patel, R. P. (2004). The biochemistry of nitric oxide, nitrite and hemoglobin: role in blood flow regulation. Free Radic. Biol. Med. 15, 707–717. doi: 10.1016/j.freeradbiomed.2003.11.032 

Hannemann, A., Cytlak, U. M., Wilkins, R. J., Ellory, J. C., Rees, D. C., and Gibson, J. S. (2011). “The use of radioisotopes to characterise the abnormal permeability of red blood cells from sickle cell patients” in Radioisotopes: Applications in bio-medical science. Ed. N. Singh (Rijeka: InTech), 151–172.


Hannemann, A., Rees, D. C., Brewin, J. N., Noe, A., Low, B., and Gibson, J. S. (2018). Oxidative stress and phosphatidylserine exposure in red cells from patients with sickle cell anaemia. Br. J. Haematol. 182, 567–578. doi: 10.1111/bjh.15441 

Hannemann, A., Rees, D. C., Tewari, S., and Gibson, J. S. (2015). Cation homeostasis in red cells from patients with sickle cell disease heterologous for HbS and HbC (HbSC genotype). EBioMedicine 2, 1669–1676. doi: 10.1016/j.ebiom.2015.09.026 

Hebbel, R. P., Eaton, J. W., Balasingam, M., and Steinberg, M. H. (1982). Spontaneous oxygen radical generation by sickle erythrocytes. J. Clin. Investig. 70, 1253–1259. doi: 10.1172/JCI110724 

Hebbel, R. P., Leung, A., and Mohandas, N. (1990). Oxidation-induce changes in microrheologic properties of the red blood cell membrane. Blood 76, 1015–1020.


Hebbel, R. P., Morgan, W. T., Eaton, J. W., and Hedlund, B. E. (1988). Accelerated autoxidation and heme loss due to instability of sickle hemoglobin. Proc. Natl. Acad. Sci. USA 85, 237–241. doi: 10.1073/pnas.85.1.237 

Hebbel, R. P., Osaogiabon, R., and Kaul, D. (2004). The endothelial biology of sickle cell disease: inflammation and chronic vasculopathy. Microcirculation 11, 129–151. doi: 10.1080/mic.11.2.129.151 

Henneberg, R., Otuki, M. F., Furman, A. E. F., Hermann, P., do Nascimento, A. J., and Leonart, M. S. S. (2013). Protective effect of flavonoids against reactive oxygen species production in sickle cell anemia patients treated with hydroxyurea. Rev. Bras. Hematol. Hemoter. 35, 52–55. doi: 10.5581/1516-8484.20130015 

Kato, G. J., Hebbel, R. P., Steinberg, M. H., and Gladwin, M. T. (2009). Vasculopathy in sickle cell disease: biology, pathophysiology, genetics, translational medicine, and new research directions. Am. J. Hematol. 84, 618–625. doi: 10.1002/ajh.21475 

Kuypers, F. A. (1998). Phospholipid asymmetry in health and disease. Curr. Opin. Hematol. 5, 122–131. doi: 10.1097/00062752-199803000-00007 

Lew, V. L., and Bookchin, R. M. (2005). Ion transport pathology in the mechanism of sickle cell dehydration. Physiol. Rev. 85, 179–200. doi: 10.1152/physrev.00052.2003 

M. D. Anderson Cancer Center (2018). Trial of quercetin in the treatment and prevention of chemotherapy-induced neuropathic pain in cancer patients. ClinicalTrials.gov.


Milligan, C., Rees, D. C., Ellory, J. C., Osei, A., Browning, J. A., Hannemann, A., et al. (2013). A non-electrolyte haemolysis assay for diagnosis and prognosis of sickle cell disease. J. Physiol. 591, 1463–1474. doi: 10.1113/jphysiol.2012.246579 

Moridani, M. Y., Pourahmad, J., Bui, H., Siraki, A., and O’Brien, P. J. (2003). Dietary flavonoid iron complexes as cytoprotective superoxide radical scavengers. Free Radic. Biol. Med. 34, 243–253. doi: 10.1016/S0891-5849(02)01241-8 

Muzyamba, M. C., Speake, P. F., and Gibson, J. S. (2000). Oxidants and regulation of KCl cotransport in equine red blood cells. Am. J. Phys. 279, C981–C989. doi: 10.1152/ajpcell.2000.279.4.C981 

Niihara, Y., Koh, H. A., and Tran, L. (2014a). A phase 3 study of L-glutamine therapy for sickle cell anemia and sickle β0-thalassemia. Blood 124:86.


Niihara, Y., Macan, H., Eckman, J. R., Koh, H. A., Cooper, M. L., Ziegler, T. R., et al. (2014b). L-glutamine therapy reduces hospitalization for sickle cell anemia and sickle β0-thalassaemia patients at six months – a phase II randomized trial. Clin. Pharmacol. Biopharm. 3, 1–5. doi: 10.4172/2167-065X.1000116


Niihara, Y., Matsui, N. M., Shen, Y. M., Akiyama, D. A., Johnson, C. S., Sunga, M. A., et al. (2005). L-glutamine therapy reduces endothelial adhesion of sickle red blood cells to human umbilical vein endothelial cells. BMC Blood Disord. 5, 1–7. doi: 10.1186/1471-2326-5-4


Niihara, Y., Miller, S. T., Kanter, J., Lanzkron, S., Smith, W. R., Hsu, L. L., et al. (2018). A phase 3 trial of L-glutamine in sickle cell disease. N. Engl. J. Med. 379, 226–235. doi: 10.1056/NEJMoa1715971 

Nur, E., Brandjes, D. P., Teerlink, T., Otten, H.-M., Oude Elferink, R. P. J., Musiket, F., et al. (2012). N-acetylcysteine reduces oxidative stress in sickle cell patients. Ann. Hematol. 91, 1097–1105. doi: 10.1007/s00277-011-1404-z 

Ortiz, O. E., Lew, V. L., and Bookchin, R. M. (1990). Deoxygenation permeabilizes sickle cell anaemia red cells to magnesium and reverses its gradient in the dense cells. J. Physiol. 427, 211–226. doi: 10.1113/jphysiol.1990.sp018168 

Piel, F. B., Patil, A. P., Howes, R. E., Nyangiri, O. A., Gething, P. W., Dewi, M., et al. (2013). Global epidemiology of sickle haemoglobin in neonates: a contemporary geostatistical model-based map and population estimates. Lancet 381, 142–151. doi: 10.1016/S0140-6736(12)61229-X 

Platt, O. S., Orkin, S. H., Dover, C. G., Beardsley, G. P., Miller, B. A., and Nathan, D. G. (1984). Hydroxyurea enhances fetal haemoglobin in sickle cell anaemia. J. Clin. Investig. 74, 652–656.


Queiroz, R. F., and Lima, E. S. (2013). Oxidative stress in sickle cell disease. Rev. Bras. Hematol. Hemoter. 35, 3–17. doi: 10.5581/1516-8484.20130008


Rees, D. C. (2011). The rationale for using hydroxycarbamide in the treatment of sickle cell disease. Haematologica 96, 488–491. doi: 10.3324/haematol.2011.041988 

Rees, D. C., Williams, T. N., and Gladwin, M. T. (2010). Sickle-cell disease. Lancet 376, 2018–2031. doi: 10.1016/S0140-6736(10)61029-X 

Rice-Evans, C., Omorphos, S. C., and Baysal, E. (1986). Sickle cell membranes and oxidative damage. Biochem. J. 237, 265–269. doi: 10.1042/bj2370265 

Shartava, A., Shah, A. K., and Goodman, S. R. (1999). N-acetylcysteine and clotrimazole inhibit sickle erythrocyte dehydration induced by 1-chloro-2,4-dinitrobenzene. Am. J. Hematol. 62, 19–24. doi: 10.1002/(SICI)1096-8652(199909)62:1<19::AID-AJH4>3.0.CO;2-C 

Silva, D. G. H., Belini, E. Jr., de Almeida, E. A., and Bonini-Domingos, C. R. (2013). Oxidative stress in sickle cell disease: an overview of erythrocyte redox metabolism and current antioxidant therapeutic strategies. Free Radic. Biol. Med. 65, 1101–1109. doi: 10.1016/j.freeradbiomed.2013.08.181 

Sins, J. W. R., Fijnvandraat, K., Rijneveld, A. W., Boom, M. B., Kerkhoffs, J.-L., van Meurs, A. H., et al. (2016). N-acetylcysteine in patients with sickle cell disease: a randomized controlled trial. Blood 128:123.


Speake, P. F., Roberts, C. A., and Gibson, J. S. (1997). Effect of changes in respiratory blood parameters on equine red blood cell K-cl cotransporter. Am. J. Phys. 273, C1811–C1818. doi: 10.1152/ajpcell.1997.273.6.C1811 

Steinberg, M. H. (1999). Management of sickle cell disease. N. Engl. J. Med. 340, 1021–1030.


Tiffert, T., Bookchin, R. M., and Lew, V. L. (2003). “Calcium homeostasis in normal and abnormal human red cells” in Red cell membrane transport in health and disease. eds. I. Bernhardt and J. C. Ellory (Berlin: Springer-Verlag), 373–405.


Tosteson, D. C., Shea, E., and Darling, R. C. (1952). Potassium and sodium of red blood cells in sickle cell anaemia. J. Clin. Investig. 48, 406–411.


Watanabe, H., Kobayashi, A., Yamamoto, T., Suzuki, S., Hayashi, H., and Yamazaki, N. (1990). Alterations of human erythrocye membrane fluidity by oxygen-derived free radicals and calcium. Free Radic. Biol. Med. 8, 507–514. doi: 10.1016/0891-5849(90)90150-H 

Weiss, E., Cytlak, U. M., Rees, D. C., Osei, A., and Gibson, J. S. (2012). Deoxygenation-induced and Ca2+-dependent phosphatidylserine externalisation in red blood cells from normal individuals and sickle cell patients. Cell Calcium 51, 51–56. doi: 10.1016/j.ceca.2011.10.005 

Zerez, C. R., Lachant, N. A., Lee, S. J., and Tanaka, K. R. (1988). Decreased erythrocyte nicotinamided adenine dinucleotide redox potential and abnormal pyridine nucleotide content in sickle cell disease. Blood 71, 512–515.

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2019 Al Balushi, Hannemann, Rees, Brewin and Gibson. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fphys-10-00976-g005.jpg
150{C= Control

=1 NAC (10 mM)
EE DTT (0.25mM)
125 MM Quercetin (0.1 mM)

=

=3

=3
I

PS exposure (% RBCs)
~
i

0.1 0.6 1.0
0, tension (mmHg)





OPS/images/fphys-10-00976-t001.jpg
Antioxidant Sickling Piactiity  Gordoschannel KOl cotransport KOl cotransport Hemolysis

(@ mmHg) (@ mmHg) activity 0 mmHg)  activity (100 mmHg)  activty (0 mmHg) at60 min
Othihotol 0= 4-5)  ~a228% 5825% 82 8% a1=9% a3=6% -69= 6%
N acetyysicne 49+ 6% 512 14% 65+ 13% 43= 14% 7= 14% 502 12%
n-3-4)
Quercetin 0 - 3-6) sx6% “0s7% —49:7% 2027% 662 10% 7%

Sk, ... actiy, and Grcos channel achty &t gen fr RBCS cubated a0 b O, whio KCO actty s on at both 100and 0 g O, Tho afcton homolyss i
sosmotc o eectote scutons s Gven afer 80 min docxygenaton, Vs S ihe pecentage o on reaiment with ntodants. Comparing nteated RECS and 050
kel S A Gacitcari i it SR ot I .





OPS/images/fphys-10-00976-g003.jpg
>
N
3
3

= Control
= Querctin

K* influx (normalised)

0 30 100
0, tension (mmHg)

B 4007 control

=W Quercetin

©
8
S

influx (normalised)
3

1100

KCC/NEM





OPS/images/fphys-10-00976-g004.jpg
129 control

El Quercetin

e
=)

*

Non-electrolyte haemolysis (% RBCs)
i
*

I
*
oJla Ll
0 10 20 30 40 50 60
Time (min)






OPS/images/fphys-10-00976-g001.jpg
80,

2
3

@
S
o
9
3

a
&

B c
=3 Control =3 Control 10016 Gontrol
== Quercetin 100 == Guerctin ® Quercetin
5 °
°
g %0
- 2 -
£ oo M
£
.
X
] °
g - v o°
2 i ﬂ
-
Clm . i_ s
1 2 3

[ 30 100
0, tension (mmHg)

[A tonsion (mmHg)

Ko activity (mmol.(I cells.h)")





OPS/images/fphys-10-00976-g002.jpg
»n
o

=3 Control ~2570 control
100- . Querctin P ® Quercetin
= o
5 220
80 2 o
g S15
£ £ o © o
£ E o
x 2 o
40 3o
£ g
% q
* 20 205
€
8
0 0.0
100 0 1 2 3

30
0, tension (mmHg) Paickie activity (mmol.(l cells.h)™)





OPS/images/cover.jpg
frontiers
in Physiology

The Effect of Antioxidants on the
Properties of Red Blood Cells From
Patients With Sickle Cell Anemia









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Physiology





