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Abstract
Painful crises in sickle cell disease (SCD) are associated with increased plasma 
cytokines levels, including endothelin-1 (ET-1). Reduced red cell magnesium 
content, mediated in part by increased Na+/Mg2+ exchanger (NME) activity, con-
tributes to erythrocyte K+ loss, dehydration and sickling in SCD. However, the 
relationship between ET-1 and the NME in SCD has remained unexamined. We 
observed increased NME activity in sickle red cells incubated in the presence of 
500 nM ET-1. Deoxygenation of sickle red cells, in contrast, led to decreased red 
cell NME activity and cellular dehydration that was reversed by the NME in-
hibitor, imipramine. Increased NME activity in sickle red cells was significantly 
blocked by pre-incubation with 100 nM BQ788, a selective blocker of ET-1 type B 
receptors. These results suggest an important role for ET-1 and for cellular mag-
nesium homeostasis in SCD. Consistent with these results, we observed increased 
NME activity in sickle red cells of three mouse models of sickle cell disease 
greater than that in red cells of C57BL/J6 mice. In vivo treatment of BERK sickle 
transgenic mice with ET-1 receptor antagonists reduced red cell NME activity. 
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1   |   INTRODUCTION

Among patients with sickle cell disease (SCD), 5% experience 
3–10 potentially lethal vaso-occlusive painful crises annu-
ally.1,2 Vaso-occlusive crises are initiated, in part, by red cell 
deoxygenation and by elevated plasma levels of cytokines 
such as endothelin-1 (ET-1), leading to increased adhesive 
interactions among sickle red cells, between sickle red cells 
and endothelium and involving plasma factors, through 
mechanisms that remain incompletely understood.3–6 ET-1 
plays important roles in the disordered erythrocyte homeo-
stasis, inflammation, vaso-occlusion, tissue injury, and pain 
common to the pathophysiology of SCD.7,8 ET-1 levels are 
increased in SCD,9,10 and in vivo treatment with ET-1 re-
ceptor antagonists improve hematological parameters and 
reduced oxidant stress in mouse models of SCD.11 However, 
the mechanisms by which ET-1 receptor antagonists medi-
ate their beneficial effects in SCD remain unclear.

Dysregulated Mg2+ levels have been reported in SCD 
and in patients with Type 2 diabetes,12,13 hypertension, and 
stroke, all diseases with an important inflammatory com-
ponent.14–16 Low Mg2+ levels are accompanied by oxidant 
stress, impaired vascular function and increased inflamma-
tion, all associated with the pathophysiology of SCD.17,18 
Low cellular Mg2+ levels stimulate cytokine production in 
and release from endothelial cells and modulate activity 
of NF-κB, a master regulator of cytokine production.19,20 
Intracellular Mg2+ regulates multiple additional activities 
linked to SCD, including casein kinase II (CK2),21 PKC22–24 
and hypoxia-inducible factor-1 (HIF-1).25 Thus, regulation 
of Mg2+ levels has been proposed as a therapeutic target in 
SCD.26–28 A preliminary study reported that the activity of 
the Na+/Mg2+ exchanger (NME) in sickle erythrocytes was 
significantly reduced after 6 months of dietary Mg2+ supple-
mentation in SCD patients.29 This decrease was accompa-
nied by a significant increase in intracellular Mg2+ content 
and by a decrease in erythroid K/Cl cotransport in 17 SCD 
patients. Similar results were observed in the SAD mouse 
model of SCD, in which dietary Mg2+ supplementation 
increased erythrocyte Mg2+ content by up to 70%,30 while 
reducing both erythrocyte density and K/Cl cotransporter 
activity by 50%. However, a phase I clinical trial of 6 months 
duration to evaluate dietary Mg2+ as an adjuvant to hy-
droxyurea treatment of SCD revealed no significant differ-
ences in red cell Mg2+ concentration or NME activity, while 
nonetheless reducing erythroid K/Cl cotransport activity.31

Cellular Mg2+ homeostasis is regulated by extracellu-
lar Mg2+ influx mediated by a subset of Transient Receptor 
Potential Melastatin subfamily (TRPM) channels includ-
ing TRPM2 and TRPM7,32 and Mg2+ efflux mediated by 
SLC41A1,33,34 variously reported to mediate NME activity35 
or Na+-independent Mg2+ efflux.34 Variations in Mg2+ levels 
regulate transport processes that control the ionic composi-
tion and volume of many cell types. Cellular Mg2+ content 
is heavily dependent on concentrations of Mg2+-binding 
metabolites (with ATP and 2,3-bisphosphoglycerate being 
the major Mg2+ buffers), on intracellular pH, and intracel-
lular pO2. NME activity imports Na+ into the cell down its 
electrochemical gradient in exchange for energetically up-
hill efflux of intracellular Mg2+.36,37 NME activity is blocked 
by the removal of external Na+ or by intracellular ATP de-
pletion and can be partially inhibited to varying degrees by 
amiloride,38 quinidine,39 and tricyclic antidepressants such 
as imipramine.40 Despite their poor specificity, quinidine 
and imipramine have been used extensively to characterize 
NME activity independent of Ca2+ transporters. We have 
previously reported on increased NME activity and reduced 
intracellular Mg2+ levels in human sickle erythrocytes.41 
However, physiological modulators of NME in sickle eryth-
rocytes remain little investigated. We postulate that ET-1 
regulates cellular Mg2+ via NME which leads to cellular de-
hydration in sickle erythrocytes. Here, we investigate the role 
of ET-1 on NME activity in and sickle erythrocytes and the 
contribution of this regulation to red cell hydration status.

2   |   MATERIALS AND METHODS

2.1  |  Drugs and chemicals

A23187 ionophore was purchased from Calbiochem (La 
Jolla, CA, USA). Bovine serum albumin was from Roche 
(Indiana, IN, USA). Endothelin-1, Platelet Activator 
Factor (PAF), RANTES, and all other reagents were from 
Sigma-Aldrich (St Louis, MO, USA).

2.2  |  Human blood samples

Blood from sickle cell disease patients were collected after 
signed informed consent, following approval by the Boston 
Children's Hospital Institutional Review Board, and in 

Our results suggest that ET-1 receptor blockade may be a promising therapeutic 
approach to control erythrocyte volume and magnesium homeostasis in SCD and 
may thus attenuate or retard the associated chronic inflammatory and vascular 
complications of SCD.
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compliance with the U.S. Health Insurance Portability 
and Accountability Act (HIPAA) regulations.

2.3  |  Preparation of erythrocytes

Whole blood collected in heparinized tubes was passed 
through cotton to deplete leukocytes and centrifuged in a 
Sorvall RC28S (Newtown, CT, USA) at 3000 rpm for 4 min 
at 4°C as previously described.41 The plasma was removed 
by aspiration, and erythrocytes were washed 4 times with 
ice-cold Mg2+-free Choline Wash Solution (CWS-Mg-
free) containing 150 mM Choline Cl, 10 mM Tris MOPS 
(3-[N-Morpholino]propanesulphonic acid), pH 7.4 (4°C) 
and 20 mM Sucrose (299–310 mOsm)  as determined by 
freezing point osmometry (Osmette A, Precision Systems, 
MA). A 50% cell suspension was made in CWS-Mg free, 
and Manual hematocrit and mean cellular volume (MCV) 
were measured using the ADVIA 120 autoanalyzer (Bayer 
Siemans, Washington DC, USA). Aliquots of this 50% sus-
pension were diluted with 0.02% Acationox in double-
distilled water to measure intracellular Na+, K+, and Mg2+ 
contents by atomic absorption spectrophotometry (Perkin 
Elmer 800, Waltham, MA, USA).

2.4  |  Animals

BERK mice carry a hemizygous human transgenic inser-
tion containing normal human α-, γ-, and δ-globins and 
human sickle β-globin, in a mouse genetic background 
with targeted deletion of murine α- and β-globins (α−/−, 
β−/−, Tg). BERK mice have severe disease that partially 
phenocopies human sickle cell anemia (hemolysis, reticu-
locytosis, anemia, extensive organ damage, and shortened 
life span) and exhibit high levels of oxidative stress.42 Our 
mouse colony was generated by breeding α−/−, β−/−, Tg 
males with α−/−, β+/−, Tg females. BERK and BERK-trait 
mice (homozygous α knockout, heterozygous β knockout) 
of both sexes were studied at ages of 3–6 months. HbC 
(Hba+/Hba+/Hbb0/Hbb0) transgenic mice43 and NY1DD 
transgenic mice44 were provided by Dr. Mary Fabry (Albert 
Einstein College of Medicine, Bronx, NY, USA). Male and 
female mice between 8 and 16 weeks of age were stud-
ied. SAD mice carried the human βS (β6Val), βS-Antilles 
(β23Ile), and D-Punjab (β121Glu) globin β-chain transgene 
on C57Bl/6J backgrounds, and were from the Alper lab col-
ony at Beth Israel Deaconess Medical Center (derived from 
animals originally provided by Dr. Marie Trudel, IRCM, 
Montreal, Canada).45 Male SAD mice aged 8–10 months 
were studied. All our wild-type animals were C57Bl/6J 
from Jackson Laboratories (The Jackson Laboratory, Bar 
Harbor, ME). All procedures for study, animal care, and 

euthanasia followed approval by the Boston Children's 
Hospital Animal Care and Use Committees.

2.5  |  ADVIA hematological parameters

Blood cell counts were determined by ADVIA automated 
hematology analyzer (Bayer Diagnostics, Tarrytown, NY, 
USA). Freshly isolated whole blood human or mouse was 
collected in heparinized tubes, and an aliquot of 250 μl 
was used to perform the erythrocyte and reticulocyte 
counts and white blood differential for each sample using 
software programs specific for mouse or human blood.

2.6  |  Determination of Na+/Mg2+ 
exchange (NME) activity

Erythrocytes at 10% hematocrit were Mg2+-loaded for 30 min 
at 37°C in the presence of 6 μM A23187. The Mg2+ loading 
solution contained (in mM): 140 KCl, 12 MgCl2, 10 Glucose, 
and 10 Tris MOPS, pH 7.4 (37°C). The osmolarity was bal-
anced with sucrose to approximately ~300 mOsm. A23187 
was subsequently removed by four consecutive washes 
using 0.1% BSA at 37°C. The cells were further washed 4 
times with Mg-free CWS at 4°C to remove extracellular 
Mg2+. A 50% cell suspension was made in Mg2+-free CWS. 
Sodium, potassium, and magnesium cellular content were 
determined as described above. The NME activity assay was 
initiated by the addition of an aliquot of 50% cell suspension 
to either 6 ml NaCl or Choline Cl flux media containing (in 
mM): 140 NaCl or 140 Choline Cl, 10 Glucose, 10 Tris MOPS, 
pH 7.4 (37°C), 0.1 ouabain and 0.01 bumetanide. Triplicate 
samples were removed at 5 and 45  min and quickly cen-
trifuged at 4°C. Supernatants were carefully aspirated and 
quickly transferred to 4 ml plastic tubes. NME activity was 
also measured in the presence or absence of 100 nM PAF, 
100 nM PGE2, or 40 ng/ml RANTES, each added at the 
start of fluxes. Supernatant Mg2+ concentrations were de-
termined by atomic absorption. Mg2+ efflux was calculated 
from the slope of the linear regression of total Mg2+ content 
versus time and expressed in units of mmol/L cell × h. NME 
activity was calculated as the difference between Mg2+ efflux 
in NaCl and in Choline Cl flux media, and MCV-corrected 
values were expressed as mmol/1013 cells × h.

2.7  |  Phthalate density profile

Density distribution curves were obtained using phthalate es-
ters in microhematocrit tubes as previously described in de-
tail by Kurantsin-Mills et al.46,47 Briefly, phthalate solutions 
were prepared to give a range of densities between 1.08 and 
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1.11 g/ml. The hematocrit tubes were filled with 30 μl whole 
blood or cell suspension and 10 μl each of different phtha-
late solutions of varied densities. Tubes were centrifuged at 
12200 rpm for 10 min at room temperature in a temperature-
controlled microcentrifuge. The number of dense cells was 
calculated from the total cell content below the oil layer 
(lower layer) divided by the total amount of cells and ex-
pressed as a percentage, as we have previously described.48 
The data are presented as percentages of dense cells versus 
phthalate oil densities, with connection of data points unless 
otherwise stated. Best-fit sigmoidal curve analysis (SigmaPlot 
9.0 graphic software for Windows, Palo Alto, CA, USA) for 
each individual experimental curve at each condition was 
used to assess statistical differences between or among treat-
ments. Values of the phthalate oil density dividing the cell 
population into two equal parts (D50) were used to determine 
shifts in the cellular density profiles of red cell populations.

2.8  |  Cyclic deoxygenation-oxygenation 
experiments in vitro

Freshly isolated human erythrocytes were incubated in a 
plasma-like buffer containing (in mM) 145 NaCl, 2 KCl, 
25 NaHCO3, 10 glucose, 0.06 adenosine, 0.04 inosine, 0.15 
MgCl2, 2 CaCl2 and 10 μM clotrimazole for 3 h (30% hema-
tocrit) under a 10-min oxygenation-deoxygenation cycle 
(ChronTrol Corp. San Diego, CA, USA). Each cycle pro-
vided 3 min of 15% O2-5% CO2 balanced with N2 and 7 min 
of 5% CO2 balanced with N2 gas. The gases were humidi-
fied by bubbling in a column of isotonic saline solution at 
37°C. Cell suspension aliquots were transferred to an ice 
bath at predetermined time points. Aliquots were taken at 
different time points to monitor gas levels during the 10-
min cycles using a Co-oximeter (Ciba-Corning model 845, 
Medfield, MA, USA), as previously described.11

2.9  |  Treatment of mice with ET-1 
receptor A and B antagonists

Transgenic BERK sickle cell mice were divided into two 
groups of five animals per group and underwent daily 

intraperitoneal injections of 0.1  ml volume for 14 days 
(Scheme  1). ET-1 antagonists (BQ123 + BQ788) were 
diluted in sterile normal saline. Group A BERK mice 
received sterile saline (100  μl) alone. Group B mice re-
ceived a mixture of BQ-123 (0.2 mg/ml stock) and BQ-788 
(0.2 mg/ml stock) in 100 μl. At day 15, mice were eutha-
nized, and blood (~1 ml) was immediately collected into 
ice-cold heparinized tubes for further analysis.

2.10  |  ET-1 determination by HPLC

Steady state plasma levels of ET-1 were measured as de-
scribed previously, with modifications.49 Whole blood 
samples from mice of the strains C57Bl/6j, CD-1, SAD, 
BERK, NY1DD, and HbC were collected following ap-
proved IRB protocols. Animals were housed in the 
animal facility for two weeks after transport to avoid 
stress-induced cytokine production. Whole blood sam-
ples were gently mixed in microfuge tubes containing 
10  mg/ml EDTA, 34.8  μg/ml PMSF, and 2  μg/ml apro-
tinin, then centrifuged at 2500 rpm for 10 min. 300 μl of 
plasma fraction was removed and transferred to a 4  ml 
glass tube. 600 μl ice-cold acetone mix (40 parts acetone: 
1 part 1 N HCl: 5 parts double-distilled water) was added 
to deproteinize the sample. Deproteinized samples were 
incubated for 5  min on ice, and centrifuged 10  min at 
3000 rpm. Supernatants were transferred to fresh glass 
tubes and placed in a Nitrogen evaporator to remove ≤1/3 
of the sample volume (Zymark TurboVap LV, East Lyme, 
CT, USA). Following repeat deproteination, the resulting 
supernatant was dried under nitrogen, reconstituted in 
75 μl of mix A (30% acetonitrile in 0.1% Trifluoracetic acid, 
TFA), and transferred to HPLC vials for analysis.

2.11  |  HPLC unit

The SupelCosil LC-318 reverse–phase column (25 cm 
length, 4.6 mm id, 5  μm particle size, 300 Å) was from 
Supelco (Oakville, ON, USA). The RF551 fluorescence 
detector and temperature control chamber were from 
Shimadzu (Marlborough, MA, USA). ET-1 was resolved 

S C H E M E  1   In vivo protocol for ETRA testing in sickle cell mouse model, BERK.

14 days of I.P.
Saline Solu on

Plasma ET-1 levels

Blood collec on
Red cell isola on   NME ac vity
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by gradient elution using two solvents. Mix A consisted 
of 30% acetonitrile in 0.1% TFA, and Mix B included 90% 
acetonitrile in 0.1% TFA. The injection volume was 20 μl 
with the mobile phase set for 1 ml/min.

2.12  |  Statistics

Data are presented as mean values ± SEM. p-Values <.05 
were considered significant. Wilcoxon rank or Mann–
Whitney non-parametric tests were performed as indi-
cated for non-normal distributed data.

3   |   RESULTS

3.1  |  Na+/Mg2+ exchange is modulated by 
endothelin-1 via endothein-1 receptor B

We previously reported that human SCD erythrocytes 
exhibit higher rates of NME activity than normal AA 

erythrocytes.41 SCD erythrocytes also have reduced intra-
cellular Mg2+ content that can be modulated by increased 
dietary Mg2+.29 These findings are consistent with the el-
evated Mg2+ efflux activity of SCD erythrocytes. Here, we 
found that Na+-induced Mg2+ efflux was elevated in Mg2+-
loaded human SCD erythrocytes as compared to normal 
(AA) cells (Figures 1A,B). In normal human erythrocytes, 
500  nM ET-1 significantly enhances Mg2+ efflux in the 
presence of extracellular Na+, in a manner sensitive to in-
hibition by an endothelin receptor B antagonist. This pat-
tern was observed also in SCD erythrocytes, although the 
proportionally lower degree of activation suggested that 
NME in baseline conditions may be near-maximally acti-
vated. Figure 2 shows the NME activity in normal human 
AA and human SCD erythrocytes. We found NME activ-
ity to be enhanced 2.9-fold in SCD red cells vs. AA cells. 
500 nM ET-1 enhanced NME activity 2.3-fold in normal 
AA red cells, whereas in SCD erythrocytes ET-1 enhanced 
NME by only 26% from its baseline elevated state. We also 
observed that 1 μM endothelin receptor B (ETRB) antago-
nist significantly reduced these stimulations (Figure  2). 

F I G U R E  1   Mg2+ efflux in Na+-containing and Choline-containing media. Normal and sickle erythrocytes were Mg-loaded as in 
Methods, and Mg2+ efflux was measured in the absence (open bars) or presence of extracellular Na+ (gray bars). Post-loading [Mg]i 
was 11.86 ± 0.49 mmol/Kg Hb. Open circles represent individual triplicate experiments. Bars represent means ± SEM of >6 triplicate 
experiments. *p < .01; **p < .002; ***p < .0001 vs. corresponding choline data. Wilcoxon rank test for paired matched data, with Holm-Sidak 
correction for multiple comparisons.
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The data suggest that ET-1 regulates NME via ETRB in 
both AA and SS (SCD) red cells. NME activity is elevated 
in SCD erythrocytes but retains proportionately reduced 
ETRB-mediated ET-1 sensitivity.

3.2  |  ETRB antagonist partially 
reverses the ET-1 inhibitory effect on 
deoxygenation-stimulated SCD red cells

The contribution of NME activity to cellular Mg2+ reg-
ulation has not been explored in conditions of cycling 
deoxygenation. Figure  3A shows that Mg2+ efflux from 
non-loaded SCD red cells after cycling deoxygenation was 
significantly elevated in the presence of Na+ (p = .0001). 
Incubation of SCD erythrocytes with 500 nM ET-1 under 
cycling deoxygenation conditions abolished the Na+-
dependent fraction of Mg2+ efflux (Figure  3A) without 
changing the Na+-independent component of Mg2+ ef-
flux (into Choline media). This effect was partially re-
versed by 1 μM ETRB antagonist, BQ788. To confirm the 
role of NME activity in this effect of BQ788, we tested 
imipramine, a well-known non-specific NME inhibitor 
in various cell types.37,40,50 We observed that 100 μM imi-
pramine completely blocked the NME-inhibitory effect 
of ET-1 in conditions of cycling deoxygenation. These 
data suggest that ET-1-mediated reduction in Mg2+ ef-
flux might be mediated by NME activity. The data fur-
ther support the idea that erythrocyte dehydration 
during cycling deoxygenation engages not only K+ efflux 

transporters but also Mg2+ efflux contributing to sickle 
red cell dehydration.

3.3  |  ET-1 blocks deoxygenation-
stimulated dehydration of human red cells 
in the presence of Gardos channel blocker

Erythrocytes dehydrate during periods of deoxygenation 
through activation of K+ efflux through K+ transporters 
such as KCC K-Cl cotransporters or the KCNN4/KCa3.1 
Gardos channel.51–53 We tested the effect of ET-1-induced 
dehydration in the absence of the Gardos channel activ-
ity. Cycling deoxygenation for 3 h produced a significantly 
greater rightward shift in the density profile of SCD (SS) 
erythrocytes (Figure  4B) than in normal (AA) red cells 
(Figure  4A). A subpopulation of normal AA red cells 
responded to cycling deoxygenation with greater dehy-
dration (Figure 4A). In normal erythrocytes, ET-1 signifi-
cantly reduced dehydration in this subpopulation, but the 
effect of ET-1 on SCD cell density was greatly attenuated. 
The presence of 100 μM imipramine in combination with 
ET-1 significantly reversed ET-1-induced dehydration in 
both sickle and normal erythrocytes. However, although 
the ETRB antagonist blocked erythrocyte dehydration in 
sickle erythrocytes, this was not the case in normal AA 
red cells. Cycling deoxygenation induced significant cell 
dehydration in SCD SS erythrocytes even in the presence 
of 10  μM Gardos channel inhibitor, clotrimazole, but 
failed to significantly dehydrate normal AA red cells. The 

F I G U R E  2   ET-1 stimulated Na+/Mg2+ exchange (NME) activity in normal and sickle erythrocytes. Mg2+ efflux from AA (open bars) 
and SS red cells (gray bars) was measured as described above, and Na+/Mg2+ exchange activity was estimated from the difference between 
Mg flux in the presence and absence of extracellular Na+. Fluxes were normalized to MCV in each experiment. Data are means ± SEM of 
triplicate determinations. *p = .007; #p = .04, ##p = .031, each vs. corresponding control data (CTL). Mann–Whitney test.
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presence of 500 nM ET-1 during cycling deoxygenation 
significantly shifted the D50 in a manner blocked by the 
presence of imipramine or of BQ788, suggesting possible 
mediation of this effect by Mg2+ efflux via NME.

3.4  |  Na+/Mg2+ exchange is enhanced in 
a mouse model of sickle cell disease

We examined NME activity in various well-studied 
mouse models of SCD. Heparinized whole blood was 

collected and processed as described in Methods. 
Figure  5 shows that maximal NME activity in Mg2+-
loaded red cells was significantly higher in red cells 
from each studied mouse SCD model than in red cells 
of wild-type (WT) mice. In contrast, rates of Na+-
independent Mg2+ efflux were greatly reduced only in 
red cells from the SAD mouse model of SCD. However, 
only red cells from BERK and NY1DD mice exhibited 
significantly higher Mg2+ content than WT red cells, de-
spite their elevated rates of NME and (in BERK only) 
Na+-independent Mg2+ efflux.

F I G U R E  3   Cyclic deoxygenation decreases ET-1-stimulated Mg2+ transport sensitive to BQ788 and to imipramine in ex vivo human 
sickle erythrocytes. Sickle red cell suspensions were exposed to cyclic deoxygenation for 3 h. Mg2+ efflux was then measured in Mg2+-
unloaded red cells. ET-1, 500 nM; BQ788, 1 μM; Imipramine (IMP), 100 μM. (A) Mg2+ efflux in the absence or presence of extracellular Na+. 
*p = .015, **p = .0001 vs. CTL in each condition; #p = .0003 compared with CTL in Na media; Wilcoxon test for matched data. (B) Na+-
dependent Mg2+ efflux. Data are means ± SEM from ≥7 independent triplicate experiments. *p = .021 for ET-1 vs. ET-1 + BQ788; **p = .0025 
for ET-1 vs. ET-1 + IMP; ***p = .0005 for ET-1 vs. CTL. Mann–Whitney test for unpaired data. CTL vs. ET-1 + BQ788 and CTL vs. IMP 
comparisons were not statistically significant.
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F I G U R E  4   Red cell density distribution in normal (A) and in sickle erythrocytes (B). Density distribution profiles were measured at 
baseline (black, in-room air) and subsequently after 3 h cyclic deoxygenation in the absence (red squares), CTL) or presence of 500 nM ET-1 
(blue triangles), 100 μM Imipramine (green inverted triangles, IMP) or 1 μM BQ788 (purple diamonds) (see Methods). Data are means ± 
SEM of 5 triplicate experiments. D50 values (see Table 1) were calculated from curves fit to sigmoid equations (GraphPad PRISM 9.0).
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3.5  |  ET-1 plasma levels are elevated in 
red cells from mouse models of SCD

ET-1 plasma levels have been reported elevated in sickle 
cell patients during and after acute painful crises.10,54,55 
SCD patients at steady state have elevated plasma cy-
tokines such as PGE2 and ET-1, as compared with con-
trol subjects. These elevated cytokine levels are believed 
to contribute to the vascular pathology of SCD. ET-1 has 
been postulated to play an important role in initiation of 
the painful crises of SCD.10,56 To evaluate a possible rela-
tionship between elevated NME and elevated plasma ET-1 
levels, we collected plasma and measured ET-1 levels as 
described in Methods. We found red cells of all transgenic 
mouse models of SCD tested exhibited elevated plasma 
levels of ET-1 (Table 2). This relationship suggests that el-
evated steady state inflammation in mouse models of SCD 
could contribute to the detected elevated rates of NME-
mediated Mg2+ efflux.

3.6  |  In vivo treatment with endothelin-1 
receptor antagonist reduces Na+/Mg2+ 
exchange in BERK mice

We have previously reported that the elevated K+ trans-
port mediated by the erythroid Gardos channel KCNN4 
in SAD mouse red cells was significantly reduced by in 
vivo treatment with a mixture of ETRA and ETRB an-
tagonists.11,57 This reduction of Gardos channel activity 
was accompanied by improved erythrocyte dehydration 
status, along with several additional changes in hema-
tological parameters. These observations suggested that 
reduction of the elevated circulating ET-1 levels in SCD 
might be of clinical benefit. We, therefore, investigated 

the effect of ETR antagonists on NME in vitro and in vivo. 
Figure  6A presents the effects of ET-1 on NME activity 
in the presence or absence of ETRB antagonist (BQ788) 
in BERK mice. We observed that NME activity was sig-
nificantly elevated by ET-1 and blunted by the additional 
presence of BQ788, suggesting that NME is regulated by 
ET-1 via ETRB. A 14-day treatment of BERK mice with 
a mixture of selective ETRA (BQ123) and ETRB (BQ788) 
showed significant reductions in both total Mg2+ efflux 
and NME. Together, these results support the hypothesis 
that ET-1 receptor antagonists can modulate sickle red 
cell dehydration status by regulating Mg2+ homeostasis.

3.7  |  Effects of inflammatory cytokine on 
Na+/Mg2+ exchange activity

We previously observed that the physiological regulation 
of NME by intracellular signaling pathways such as PKC 
and phosphatases was altered in sickle erythrocytes in a 
manner suggesting constitutive activation of NME.41 We 
were therefore prompted to investigate whether circu-
lating cytokines known to be pathologically elevated in 
SCD10,58–60 also might regulate NME. We measured NME 
activity in the absence or presence of 100 nM PAF, 100 nM 
PGE2, or 40 ng/ml RANTES in human normal (AA) and 
sickle (SS) erythrocytes (Figure  7). We observed that all 
three cytokines significantly increased NME activity in 
both cell types (Figure 7A). In contrast, Na+-independent 
Mg2+ efflux from SS red cells was unaffected by PAF, 
PGE2 or RANTES. However, Na+-independent Mg2+ ef-
flux in the presence of PGE2 was significantly lower in SS 
vs. AA red cells. Similar trends were observed in the pres-
ence of PAF or RANTES but did not reach significance 
(Figure  7B). These results together suggest that red cell 

F I G U R E  5   Na+/Mg2+ exchange activity in red cells from several mouse models of hemoglobinopathies. (A) Na+-dependent Mg2+ efflux 
was measured in red cells of mouse hemoglobinopathy models as described in Methods. These included Wild-type mice (WT: C57Bl/6j), 
SAD,45 BERK42 and NY1DD44 mouse models of sickle cell disease, and human HbC-expressing mice.43 Values represent means ± SEM for 
≥3 quadruplicate experiments. *p = .02; **,p = .015 vs. WT. (B) Na+-independent Mg2+ efflux was measured in Choline Cl media. Values 
represent means ± SEM of ≥3 quadruplicate experiments. #p = .008 BERK vs. SAD. (C) Post-loading Mg2+ content in red cells from the 
indicated mouse hemoglobinopathy models. Values represent means ± SEM of 3 quadruplicate experiments. *p = .039 vs. WT. Mann–
Whitney test.
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Mg2+ homeostasis is regulated by the elevated cytokine 
levels characteristic of SCD.

4   |   DISCUSSION

Erythrocytes have very low permeability for Mg2+ under 
normal conditions.36,61,62 Mg2+ inside red cells is far from 
electrochemical equilibrium, suggesting the presence of 
an active Mg2+ extrusion pathway. Hemoglobin S polym-
erization has been proposed to promote Mg2+ loss in sickle 

erythrocytes.27 We and others have documented elevated 
NME activity in human sickle erythrocytes as compared 
to normal red cells.29,40,41 We now report that ET-1 regu-
lates NME activity and cellular hydration status in human 
and mouse sickle erythrocytes (Figures 1, 2, and 5).

Cytokines play an important role in the adhesion of 
sickle erythrocytes to the endothelium and the patho-
genesis of vaso-occlusive episodes of SCD.5,6,10 However, 
the physiological roles of cytokines and chemokine re-
ceptors in erythrocytes remain unclear, but clearance of 
free chemokines from circulation has been proposed as 

F I G U R E  6   The selective ETB receptor antagonist, BQ788, inhibits ET-1-stimulated NME activity in sickle mouse erythrocytes. (A) In 
vitro Na+-dependent Mg2+ efflux was measured in Mg-loaded red cells from BERK mice, in the presence or absence of 500 nM ET-1 and 
1 μM BQ788. Bars represent means ± S.E.M of ≥3 triplicate experiments. *p < .028 for Control vs. ET-1); #p < .03 for ET-1 vs. ET_1 + BQ788. 
Mann–Whitney test. ET-1 + BQ788 did not differ from Control. (B) BERK mice of ~4 months of age were injected i.p. for 14 days with an 
ETR antagonists cocktail containing a 1:1 mix of an ETRB antagonist BQ788 and ETRA antagonist BQ123, as described in Methods. Mg2+ 
efflux was measured in the extracellular presence of choline (white bars) or Na+ (gray bars). *p = .035; **p = .0003 vs. choline Cl media, by 
Wilcoxon rank test.
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F I G U R E  7   Cytokine regulation of NME in human AA and SS erythrocytes. Mg2+-loaded AA (white bars) and SS red cells (gray bars) 
were subjected to measurement of NME at 37°C in the absence or presence of 100 nM platelet-activating factor (PAF), 100 nM prostaglandin 
E2 (PGE2) or 40 ng/ml RANTES. (A) Na+-dependent Mg2+ efflux. #p < .04 (CTL vs. each cytokine) in AA cells; *p < .04 (control vs. each 
cytokine in SS cells). (B) Na+-independent Mg2+ efflux. *p = .0357 (SS + PGE2 vs. AA + PGE2). Means ± SEM of >3 triplicate determinations. 
Mann–Whitney test. Differences between CTL and each cytokine did not achieve significance in AA or SS red cells.
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a function.63 Activation of receptors for cytokines and 
chemokines leads to a sustained increase in intracellular 
Ca2+ in various cell types,64–66 suggesting a mechanism for 
activation of the erythroid Gardos channel.48 The eryth-
roid chemokine receptor is identical to the Duffy antigen, 
which also functions as a receptor for Plasmodium vivax.67 
We previously reported that the Duffy antigen/chemok-
ine receptor might also regulate erythrocyte volume, as 
we found that RANTES and PAF significantly modulated 
Gardos channel activity.48 In addition, the absence of 
Gardos channel stimulation by RANTES in Duffy-negative 
erythrocytes suggested a potentially specific interaction 
of the receptor with the Gardos channel.48 Here, we ob-
served that the chemokine receptor ligand, RANTES, can 
also modulate NME (Figure 7). Gardos channel activators 
PAF and PGE2 also increased NME activity, suggesting an 
interplay among these red cell volume regulatory systems 
to control erythrocyte hydration. ET-1 receptor activation 
may induce a signaling cascade including intracellular 
Ca2+ elevation and Mg2+ efflux to promote dehydration 
and endothelial cell adhesion, both in turn increasing sus-
ceptibility to hypoxic sickling and to vaso-occlusive crisis.

Previous studies have proposed that sickle erythrocytes 
but not normal red cells exhibit increased Mg2+ permeabi-
lization during deoxygenation.27 Ortiz et al showed that, 
in the presence of EDTA, sickle red cell Mg content was 

decreased in both discocytes and the densest fraction of 
sickle erythrocytes subjected to 2 h of deoxygenation. In 
the current study, we report that Mg2+ flux was stimulated 
by deoxygenation in sickle erythrocytes (Figure 3A) and 
was very sensitive to the presence of extracellular Na+, 
strongly suggesting that Mg2+ transport under low oxygen 
tension was mediated by a Na+-dependent mechanism. 
We observed that ET-1 preincubation led to the reduc-
tion of NME. These results suggest that ET-1 modifies 
deoxygenation-regulated Mg2+ fluxes (Figure 3B). Further 
characterization of this pathway indicated that ET-1's ef-
fect on NME was mediated by ETRB (Figure 3A,B). In ad-
dition, ET-1-induced deoxygenation-regulated Mg2+ efflux 
was blocked by imipramine, an inhibitor of NME.

These results support the idea that Mg2+ plays an im-
portant role in sickle erythrocyte hydration status in vivo. 
In fact, ET-1–mediated dehydration during repeated cyclic 
deoxygenation of sickle but not of normal erythrocytes 
was reduced in the presence of imipramine (Figure 4A,B). 
Imipramine right-shifted the sickle red cell density pro-
file, with a significant change in D50, suggesting that 
sickle red cell dehydration by ET-1 in the absence of 
Gardos channel activity was influenced by Mg2+ flux. This 
response suggests an active role for the Mg2+-regulated 
fraction of red cell K-Cl cotransport activity. We further 
observed that ET-1 antagonists were effective in blocking 
ET-1-stimulated sickle erythrocyte dehydration (Table 1). 
These data suggest that, during cyclic deoxygenation, the 
Gardos channel48 and K-Cl cotransport both contribute to 
red cell volume regulation. Therefore, in vivo pharmaco-
logical blockade of NME might be beneficial in maintain-
ing sickle erythrocyte hydration status.

To investigate the possible presence of elevated NME 
in erythrocytes from mouse models of SCD, we mea-
sured NME in several well-established mouse models. 
We found that mouse sickle erythrocytes also exhibited 
significantly elevated NME as compared to red cells 
from WT mice (Figure  5). We also observed that Na+-
independent Mg2+ efflux from red cells was significantly 
higher in cells from BERK mice than in those of SAD 

ID

AA SS

D50, g/ml

Baseline 1.094 ± 0.0001 (n = 6) 1.076 ± 0.0009 (n = 4)

Control 1.094 ± 0.003 (n = 6) 1.088 ± 0.003 (n = 6)**

500 nM ET-1 1.093 ± 0.0001 (n = 6) 1.092 ± 0.001 (n = 5)***

500 nM ET-1 + 100 μM Imipramine 1.096 ± 0.0001 (n = 5) 1.096 ± 0.0006 (n = 3)*

500 nM ET-1 + 1 μM BQ788 1.092 ± 0.001 (n = 5) 1.095 ± 0.0003 (n = 3)*

Note: Density at 50% (D50) was estimated from the sigmoidal curve of the density profile in panel A and 
B using GraphPad software. ET-1, endothelin-1; BQ788, selective inhibitor of endothelin-1 receptor B 
subtype. Values represent mean ± SEM of n determinations, *p = .025, **p = .004, ***p = .001. Mann–
Whitney test, nonparametric. No significant differences among AA values.

T A B L E  1   Density at 50% (D50) in SS 
vs. AA erythrocytes after 3 h of deoxy/
oxygenation cycles at 37°C in normal 
saline in the presence or absence of 
500 nM ET-1 with or without 1 μM BQ788 
or 100 μM imipramine

T A B L E  2   Endothelin-1 plasma levels in different hemoglobin 
in mouse erythrocytes compared to Wild Type

ID ET-1, pmol/ml

C57bl/6j 122.2 ± 25 (n = 3)

CD-1 148.3 ± 18 (n = 4)

SAD 220.1 ± 31 (n = 3)*

BERK 321.2 ± 30 (n = 3)***

NY1DD 298.5 ± 15 (n = 3)**

Note: ET-1 concentration were determined by HPLC. Values represent 
mean ± SEM. *p = .02, **p = .01, ***p = .001 (Mann–Whitney test, 
nonparametric) vs. C57bl/6j mice.
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mice, but elevated Na+-independent Mg2+ efflux was not 
observed in red cells from NY1DD or Hb C mice. These 
Mg2+ efflux activities were accompanied by higher Mg2+ 
content in BERK and NY1DD sickle erythrocytes than 
in red cells from WT mice. In contrast, Mg2+ content of 
human sickle erythrocytes (1.97  ± 0.049 mmol/L cells, 
n  =  18) was lower than in normal human red cells 
(2.37 ± 0.08 mmol/L cells, n = 82; p = .004). The mech-
anism(s) underlying this difference is/are unknown. 
Feillet-Coudray et al. proposed that genetic regulation 
of mouse red cell Mg2+ content68 can be modulated by 
nutritional status,69 consistent with multifactorial reg-
ulation of Mg2+ homeostasis in mouse red cells, per-
haps mediated by Mg2+ transporters such as TRPM 
channels,70 SLC41A171 and/or H+/Mg2+ exchange.72 
However, the proposed function of human SLC41A1 as 
a Na+/Mg2+ exchanger35,73 has been countered by the 
recent demonstration that SLC41A1-mediated Mg2+ 
transport is Na+-independent.34 Further studies are thus 
needed to assess and define the Mg2+ transport systems 
contributing to Mg2+ homeostasis in mouse red cells.

The interaction of sickle erythrocytes with vascular 
endothelial cells stimulates the release of ET-1 and regu-
lates ET-1 gene expression in cultured endothelial cells.74 
However, the ability of increased plasma levels of ET-1 to 
modulate red cell Mg2+ transport in vivo has remained un-
known. We have shown that mouse models of SCD share 
the human SCD phenotype of elevated plasma levels of 
ET-1.10 Table 2 confirms that plasma ET-1 levels in SAD, 
BERK, and NY1DD transgenic mice were higher than 
those in WT mice. These results suggest that the increased 
circulating cytokine levels in mouse models of SCD might 
also contribute to the elevated NME of mouse sickle 
erythrocytes.

Although the ET-1 concentration required to stimulate 
red cell Mg2+ transport in vitro exceeds levels documented 
in plasma from patients during a painful crisis, it is likely 
that local levels of ET-1 greatly exceed those measured 
systemically. We have shown that in BERK mouse red 
cells, ET-1 stimulation of increased NME is blocked by the 
ETRB inhibitor, BQ788 (Table  2). We, therefore, investi-
gated if in vivo treatment of BERK mice with ET1 receptor 
antagonists would affect NME in red cells. We observed 
that combined treatment with ETRA and ETRB antag-
onists effectively inhibited NME in red cells, suggesting 
their potential use as an adjuvant treatment of human SCD 
to reduce red cell dehydration in vivo. However, we also 
observed significant inhibition by the ET-1 antagonists of 
Na+-independent Mg2+ efflux, suggesting the likely im-
portance of both Na+-dependent and -independent Mg2+ 
efflux pathways in regulating red cell dehydration status. 
Further characterization of both red cell pathways will be 
required to understand their roles more clearly in human 

SCD pathophysiology, as well as in other disorders of cel-
lular and tissue Mg2+ homeostasis.
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