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ABSTRACT 
 

 

Red blood cells (RBCs) carry large cholesterol fractions and imbalance in them leads to several vascular 

complications. RBCs band 3 protein plays an important role in maintaining membrane integrity and there 

are many reports on cholesterol and band 3 protein interaction. Yet, RBCs band 3 protein role in regulating 

cholesterol homeostasis needs to be investigated. In this study, we induced cholesterol-depletion and band 

3 inhibition in RBCs; both of which cause stress by decreasing band 3 channel activity with an increase in 

RBCs adhesion to endothelial cells (EC) by elevating band 3 phosphorylation (Tyr21), methemoglobin 

level and decreasing nitric oxide level. We hypothesized that nitric oxide (NO), a prominent determinant 

for RBC structural stability, would protect RBCs from stressors. To estimate this, we used three NO donors 

(SpNO, Sildenafil citrate and 8-Bromo-cGMP) and found that all 3 NO donors were able to recover, with 

8-Bromo-cGMP being the most effective as it not only increased band 3 channel activity but also decreased 

RBC-EC adhesiveness and methemoglobin level in both stressors. Whereas NO donor’s treatment did not 

display an ameliorative impact when both stresses were combined. Overall, these findings may shed light 

on the role of 8-bromo-cGMP in regulating RBC cholesterol homeostasis by maintaining band 3 function. 

Further studies in this direction might help identify targets for the therapeutic use of NO donors in the 

treatment of blood disorders. 
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Introduction 

Alteration in RBC function significantly contributes 

to various hemorheological disturbances and extreme 

pathophysiological conditions (1-3). Under normal 

physiological conditions, RBC exists as single, free-

flowing entities, which appear altered under conditions 

of disease and stress (4,5).  One of the most observed 

changes is RBC aggregability, deformability and 

adherence to endothelial cells which is known to 

consequently affect blood viscosity (1,6,7). Recent 

studies in this field have highlighted the role of nitric 

oxide (NO), particularly endogenous NO synthesized 

in RBCs, as a primary modulator of RBC rheology. 

Kleinbongard et al., 2006 reported the expression of a 

functional eNOS-like enzyme (RBC NOS) localized in 

the RBC membrane and cytoplasm that has similar 

properties to eNOS (8,9). It was also found that 

subjecting RBCs to shear stress resulted in RBC NOS 

activation (10). Earlier findings from our lab showed 

that immobilized RBCs when exposed to fluid shear 

stress showed an increased amount of eNOS activity 

and intracellular NO levels. We found that RBCs were 

more sensitive in their response to physical/mechanical 

perturbations by synthesizing NO. We hypothesized 

that mechanical perturbations alter the order of 

freedom in the RBC membrane that provokes the Band 

3 channel activity (11). Extracellular NO treatment has 

been shown to prevent disease severity (12,13). A 

recent finding shows that nitric oxide reduces the cross-

linking of band 3 protein under conditions of stress 

(11). But the mechanism by which nitric oxide 

regulates the RBC membrane through its association 

with band 3 is not clear. In this direction, we wanted to 

further investigate the effect of NO on Band 3 protein. 

Band 3 protein (i.e., erythrocyte anion exchange 

AE1, or SLC4A1) is a 911 AA long, anion exchange 

protein of the bicarbonate transported family and is 

involved in the transport of CO2 in blood, maintaining 

intracellular pH and providing mechano-structural 

support in RBCs (14). Band 3 function is regulated by 

its phosphorylation status while band 3-

phosphorylation has been associated with senescence 
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of RBC, glucose-6-phosphate dehydrogenase 

deficiency, diabetic RBC and hemoglobinopathies (8). 

However, the underlying biochemical mechanisms 

leading to band 3 phosphorylation and its 

pathophysiological significance have only been 

partially defined (15).   

In RBC, disruption of the normal lipid composition 

of the outer sheath has been observed in diabetic 

patients (10). Several biophysical studies have 

supported the view that cholesterol interacts with Band 

3 affects its dynamics, self-association, and transport 

activity. It has been shown that cholesterol affects the 

aggregation state of Band 3 (14). Another study 

indicates that significant lipid loss from the RBC 

membrane occurs later in the RBC storage period (16). 

It is known to strongly interact with cholesterol and is 

proposed to contain a high affinity to inhibiting 

cholesterol-binding sites (17). Computational studies 

suggest that negatively charged phospholipids and 

cholesterol interact strongly with band 3 protein, 

forming an annulus around the protein (18). Alteration 

in the levels of membrane cholesterol in the cells 

modulates cell rigidity and stress resistance. Even 

though all cells in the body synthesize cholesterol 

except RBC, the plasma membrane of RBCs contains a 

high concentration of cholesterol (~50% of lipids) (19). 

Yet the influence of changes in RBC membrane 

cholesterol levels on band 3 activity has not yet been 

explored in detail.  

In this study, we assessed the adhesive nature of 

RBCs, methemoglobin level, band 3 channel activity 

and band 3 phosphorylation under cholesterol depletion 

conditions and checked for the ability of nitric oxide 

donor’s compounds, namely Sildenafil citrate, 8-

bromo-cGMP and SpNO, to recover NO levels in 

stressed RBCs. 

 

Materials and methods 

Materials 

DMEM, FBS, trypsin, and penicillin/streptomycin 

were purchased from PAN Biotech. Sildenafil citrate 

(SC), Methyl beta-cyclodextrin (MBCD), 4,4'-

diisothiocyanato-2,2'-stilbenedisulfonate (DIDS), and 

guanosine-3,5-monophosphate 8-bromo-sodium salt 

(8BrcGMP) were from Sigma Chemical Co., St. Louis, 

MO. 4-Amino-5-Methylamino-2',7'-

Difluorofluorescein Diacetate (DAF-FM-2DA) was 

purchased from Invitrogen, NY, US. SpNO was 

obtained from Cayman Chemicals. All other chemicals 

were of laboratory grade and obtained commercially. 

 

Blood sample collection and Ethics 

Blood samples were collected from (4 males and 4 

females) healthy volunteers at Lions blood bank, 

Chennai, India, and informed written consent was 

obtained. The study protocol was approved by the 

Institutional Biosafety and Ethical Committee of AU-

KBC Research Centre, Chennai, India (Annexure I: 

Project Number III dated 19 July 2016). As an 

inclusion criterion, samples were collected from 

healthy volunteers aged between 20-30 years. During 

blood collection, subjective feelings of illness with 

positive results on infectious disease testing and 

pregnancy were excluded. All screened volunteers who 

met the inclusion/exclusion criteria were enrolled in the 

study. 

 

Red Blood cell preparation 

Isolation of RBCs from blood samples was done as 

previously described (20). Briefly, RBCs were 

separated from leukocytes and platelets by 

centrifugation (800× g at 4 °C for 10 min) and the RBC 

pellet was washed thrice in an isotonic buffer solution 

(300 mOsm; 0.9% NaCl). Cholesterol depletion was 

induced in RBC to decrease cholesterol levels in the 

RBC membrane. This was achieved by using methyl-

beta cyclodextrin (MBCD) and was prepared as 

previously described (21). In brief, different (0.5, 1, 

2.5, 5 and 10mM) concentrations of MBCD were 

prepared in physiological salt solution (PSS) and this 

was used to treat RBCs for 10 minutes at room 

temperature (RT). After incubation, RBCs were 

washed twice with PSS. 2.5mM concentration of 

MBCD was used in all the experiments after 

determining its stress effect on RBCs. For inhibiting 

band 3 channel activity, 100µM of band 3 inhibitor- 

4,4'-diisothiocyanato-2,2'-stilbenedisulfonate (DIDS) 

was chosen. RBCs were incubated in DIDS for 5 mins 

at RT. For recovering RBC from stress, NO donors 

used: 8-bromo-cGMP (500µM), Spermine NONOnate 

(1µM) and Sildenafil citrate (1µM) in all the 

experiments. 

 

Endothelial cell 

We used an immortalized endothelial cell line 

(EA.hy926) established through hybridization of 
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human umbilical vein endothelial cells with the A549/8 

human lung carcinoma cell line (generously gifted by 

Dr. C.J.S. Edgell University of North Carolina, Chapel 

Hill) (22). The cells were cultivated in DMEM medium 

(HyClone, Logan, USA) supplemented with 10% Fetal 

bovine serum (FBS) (v/v) (HyClone, Logan, USA) and 

1% penicillin/streptomycin (w/v). The cells were 

maintained at 37°C in a humidified 5 % CO2 incubator. 

For in-vitro static adhesion assay, cells were seeded in 

24 wells and used when they reached maximum 

confluency. 

 

Band 3 chloride/bicarbonate exchange (AE1) 

channel activity measurement 

 Intracellular (Cl−) was measured by the Cl− sensitive 

fluoroprobe MQAE (23). Samples were incubated with 

5mM of N-(6-methoyquinolyl) acetoxy-acetyl-ester, 

MQAE (5 mM) for 30 minutes in chloride free-

buffered solution at 37 °C. Absorbance was measured 

using Varian Cary Eclipse UV–Vis Fluorescence 

spectrophotometer at 355/460 nm. The data is 

accordingly presented as “Band 3 channel activity 

(arbitrary unit)”. 

 

Real-time NO production using DAF-FM 

fluorescence 

RBC samples were diluted at 1:10 in PBS and treated 

with 5μM DAF-FM 2DA at RT for 30 minutes in the 

dark and washed twice in PBS (24). Unstained cells 

served as autofluorescence controls. Samples were 

mounted in coverslips and smears were analyzed 1 to 5 

minutes after preparation. Real-time NO production 

was observed using a fluorescent microscope Olympus 

IX71. Images were captured and micrographs were 

taken at 37°C. Images were processed using ImageJ 

software. 

 

Methemoglobin (MetHb) level assessment 

 MetHb levels have been determined according to 

Morabito and co-authors (25). The method is based on 

methemoglobin and (oxy)hemoglobin measurement by 

spectrophotometry at, respectively, 630- and 540-nm 

wavelengths. Briefly, 25 μL of whole fresh blood 

(control) or treated samples were lysed in a 1975 μL 

hypotonic buffer (2.5 mM Na2HPO4, pH 7.4, 4 °C). 

Samples were then centrifuged (Eppendorf, 12,000×g, 

10 min, 4 °C) to discard membranes and supernatant 

spectrophotometrically read (Beckman DU-640). 

MetHb percentage was calculated as follows: MetHb % 

= OD630/OD540 × 100 (OD (optical density)). 

 

RBC-EC interaction assay 

RBC adhesion assay was performed as previously 

described with minor modifications (26). Briefly, 

control and stressed RBC were suspended in Serum-

Free medium SFM [Dulbecco's basal modified eagle 

medium (DMEM) without fetal bovine serum] and 

centrifuged at 800 ×g and 4 °C for 5 minutes twice, 

before the adhesion assay. Gradient concentration of 

dextran treated RBCs was added to the 24 well plates 

containing confluent endothelial cells (EAhy926 

immortalized cell line) and incubated for 30 minutes at 

37°C in a CO2 incubator. Unadhered RBCs were 

removed by washing twice with a respective 

concentration of the dextran solution in which each 

sample and the adherent single and rouleaux RBCs 

were imaged with an Olympus IX71 inverted 

fluorescence microscope fitted with an Olympus digital 

camera (DP71, Tokyo, Japan). Images were captured in 

24 random locations of 400μm x 400μm images (20x 

magnification) in triplicates (i.e., 3 wells for one 

condition) and the result was acquired from 3 

individual donors for the respective RBC stress 

experiments.  For all adhesion assay experiments, RBC 

samples were suspended in isotonic buffer (control) or 

in stress inducing chemical to a final concentration of 

0.16×106 RBC/ml. RBCs adhered to EC was counted 

was quantified using ImageJ software. 

 

Immunofluorescence microscopy for Tyr-21 

phosphorylated band 3 

Samples were incubated in 2.5% glutaraldehyde at 

room temperature for 15 minutes. After several 

washings in PBS, the samples were incubated for 1.5 

hours in PBS containing 3% bovine serum albumin to 

block nonspecific binding and 0.05% Tween 20 for 

permeabilization of RBC membranes. RBC was 

immunolabeled against band 3 and tyr-21 

phosphorylated band 3 using primary polyclonal rabbit 

antibodies at a 1:10 dilution for 3 hrs. The coverslips 

were then washed with PBS and incubated with 

secondary goat anti-rabbit antibody conjugated with 

Fluorescein isocyathiocynate (FITC) at a dilution of 

1:2500 for 1 hr. The samples were then mounted on a 

cover slide and examined under a fluorescent 

microscope (OlympusIX71) at 60X (11). Fluorescence 
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intensity was calculated with an image analysis module 

of Adobe Photoshop ver. 7.0. 

 

Scanning Electron Microscope (SEM) Analysis 

SEM was done as per the standard protocol 

described previously (27). Briefly, chemically treated 

RBCs were washed with PBS (pH 7.4) and fixed using 

2.5% glutaraldehyde for 20 minutes and stored at 4° C. 

Further, the sample was postfixed with 1% osmium 

tetroxide (pH 7.4) and dehydrated with graded ethanol 

followed by isoamyl acetate. Subsequently, the 

samples were dried, and sputter-coated with a thin gold 

layer (Quorum Technologies, UK). Samples showing 

RBC-EC adhesion were analyzed using SEM 

(TESCAN VEGA3). 

 

Statistical analysis 

All the experiments were performed in triplicates. 

Data were quantified and expressed as mean ± SD, and 

differences between groups were analyzed using the 

one-way ANOVA test. Tukey multiple comparison 

tests was used to analyze significance among the 

groups in comparison with the control. p ≤0.05 was 

considered significant in all the analyses. The results 

were computed with GraphPad Prism version 7.0 

software. 

 

Results and discussion 

Methemoglobin formation 

The formation of methemoglobin is a marker for 

stressed RBC (28). As a consequence of stress, ferrous 

ions oxidized to ferric form, converting hemoglobin to 

methemoglobin in RBC (29). To investigate the effect 

of stress-induced by these chemicals (MBCD and 

DIDS), gradient concentration of both chemicals was 

given to RBC samples. It yielded significant 

methemoglobin (MetHb) change (Fig.1a, c) in 

comparison to the control in both the stress conditions. 

With NO donor’s treatment, it preferentially reduced 

MetHb level in pretreated 2.5mM cholesterol depleting 

agent and 100µm of band 3 inhibiting agent. These 

elevated MetHb levels were greatly lowered by 8-

bromo-cGMP among the other NO donors (Fig 1b, d). 

 

 

Figure 1. Stressed RBC methemoglobin level: (a)Schematic 

illustration of MetHb level change in cholesterol depleted 

RBC.” *” indicates comparison with control. (b) Cholesterol 

depleted and band 3 inhibited RBC) and unstressed RBC 

samples (control) incubated with 3 different NO donors in 

which 8-bromo-cGMP and sildenafil citrate depicts a 

significant reduction in MetHb level in comparison to 

cholesterol depleted RBC. (c) Schematic illustration of 

MetHb level change in band 3 inhibiting agent (DIDS) 

treated RBC.”*” indicates comparison with control. (d) 

Cholesterol depleted and band 3 inhibited RBC) and 

unstressed RBC samples (control) incubated with 3 different 

NO donors.A significant reduction in MetHb level with 8-

bromo-cGMP and sildenafil citrate was observed. 

Significance of difference from stressed RBC/control RBC 

(n=3; *P≤0.05; **P≤0.001); NS- not significant difference 

from stressed RBCs. 

 

Influence of NO donors in RBC-NO production 

after stress 

To understand if cholesterol depleting agent, MBCD 

(2.5mM) and band 3 inhibitor (100µM) agent DIDS has 

a NO-inhibitory potential in RBC, intracellular NO was 

measured after exposing it. After exposure to these 

chemicals, it subsequently decreased (P<0.001) nitric 

oxide production in comparison to control, reflecting 

its stress effect on RBC. On pretreated stressed samples 

(i.e., MBCD and DIDS treated sample), it showed 

recovery in nitric oxide with all the nitric oxide donors. 

When the recovery effect was compared among the 

three NO donors, 8-bromo-cGMP was found to be 

consistently more effective in both the stress condition. 

(Fig.2). 
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Figure 2. Recovery in RBC-NO production with NO donors 

after cholesterol depletion and band 3 inhibition stress: 

Intracellular NO level following incubation with (methyl-

beta-cyclodextrin, a cholesterol depleting agent and DIDS, a 

band 3 inhibiting agent) and without (control), and 

concurrent incubation with NO donors: SpNO, Sildenafil 

citrate and 8-bromo-cGMP show a significant increment in 

NO level in all stressed RBC samples after NO donor's 

treatment. While incubation with 8-bromo-cGMP 

significantly increased the intracellular NO in stressed RBC 

samples more than in other NO donors. Significance of 

difference from control (n=3;*P≤0.05;**P≤0.001); NS-not 

significant difference from control. 

 

Attenuation of stressed RBC adhesion to EC with 

NO donors  

In several disease severity cases; RBCs were 

observed to be adherent to the endothelial cells (27,30). 

The chemicals used to inhibit band 3 demonstrated its 

ability to promote RBCs adhesion to EC under in vitro 

static conditions (Fig 3a). Furthermore, NO donors-

Sildenafil citrate, 8-bromo-cGMP and SpNO, 

contributed to preventing RBC adhesion to EC in 

cholesterol depleted and band 3 inhibited RBC samples 

was demonstrated in the RBC-EC adhesion result (Fig 

3b, c). 

 

Band 3 channel activity in stress RBC with 8-

bromo-cGMP  

We previously reported that vortexed RBC activates 

band 3 anion exchanger and endothelial nitric oxide 

synthase (eNOS). Importantly, alteration in-band 3 

channel anion exchanger directly affects band 3 

phosphorylation which critically affects RBC function. 

Band 3 channel activity was determined to be affected 

by the higher concentration of cholesterol depletion 

stress (Fig 4a). Among the 3 different NO donors, 8-

bromo-cGMP was found to be significantly reversing 

cholesterol depleted-RBC band 3 channel activity. 

Whereas it did not show a difference in band 3 channel 

activity change with band 3 inhibitor and in combined 

stress (DIDS and MBCD) (Fig 4b). 

 

 

Figure 3. Stressed RBCs adhesion to EC with and without 

NO donors: (a) RBCs were treated with a gradient 

concentration of band inhibitor (DIDS) and their 

adhesiveness to EC was analyzed as described in Materials 

and Methods. ).” *” indicates comparison with control. NS-

not significant. (b) Cholesterol depleted and band 3 inhibited 

RBC) and unstressed RBC samples (control) incubated with 

3 different NO donors: 8-bromo-cGMP, SpNO, and 

sildenafil citrate and were assessed to determine the change 

in adhesiveness to EC. (c)Among the other three NO donors, 

8-bromo cGMP treatment showed a significant recovery in 

RBC-EC adhesion. Significance of difference from control 

(n=3; ∗P≤0.05; **P≤0.001). 

 

 

 

Figure 4. Band 3 channel activity in stressed RBC with and 

without 8-bromo-cGMP:(a). Band 3 channel activity under 

cholesterol depletion was determined with gradient 

concentration of cholesterol depletion agent. With an 

increase in concentration band 3 channel activity decreased 

with a significant change in 10µM concentration. (b)  Under 

8-bromo cGMP treatment, cholesterol-depleted RBC 

samples regained band 3 channel activity whereas with band 

3 inhibition it failed to recover. Further, when both stresses 

were combined, 8-bromo-cGMP was unable to regain band 

3 channel activity in stressed RBC samples. Significance of 

difference from control (n=3; **P 0.001). NS-not significant. 
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Immunofluorescence of band 3 phosphorylation in 

stress RBC with 8-bromo-cGMP 

Studies have shown that RBC under stress 

conditions induced phosphorylation of the band 3 Tyr 

21 residue (31). Determination of RBC band 3 

phosphorylation tyr21, therefore, represents a reliable 

readout to examine band 3 phosphorylation after 

incubation with cholesterol depleting and band 3 

inhibiting agents. Our immunofluorescence study 

result showed a significant reduction in band 3 Tyr 21 

phosphorylation in both stress conditions in presence of 

8-bromo-cGMP fig 5(a-d). 

 

 

Figure 5. Immunofluorescence expression of band 3 and 

band 3 phosphorylation RBC: (a) Band 3 protein expression 

with and without 8-bromo-cGMP to band 3 inhibitor (DIDS), 

Cholesterol depleting agent (MBCD), a combination of band 

3 inhibitor (DIDS) and cholesterol depleting agent (MBCD) 

treated RBC samples. (b) Tyrosine 21 phosphorylated of 

Band 3 protein expression with and without 8-bromo-cGMP 

treatment to control, band 3 inhibitor (DIDS), Cholesterol 

depleting agent (MBCD), the combination of band 3 

inhibitor (DIDS) and cholesterol depleting agent (MBCD). 

(c)Graphical representation of the increase in band 3 

expression in stressed RBC (*P<0.01) with 8-Bromo-cGMP 

(d). Graphical representation of decrease in Tyrosine 21 

phosphorylated band 3 expression in stressed RBC 

(*P<0.01). On the other hand, when both stresses were 

combined, 8-bromo-cGMP did not change band 3 and Tyr 

21 phosphorylated band 3 expression. 

SEM analysis of Stressed RBCs and recovery by 8 

bromo-cGMP 

SEM analysis of RBCs under individual stress 

conditions, RBC-EC adhesion pattern, as well as 

recovered RBCs under the effect of 8-bromo-cGMP, 

was performed (Fig 6). Cholesterol depleted RBC in 

SEM micrographs showed a crenated RBC shape (Fig 

6g-k). Interestingly at higher magnification, we 

observed the presence of ruptured pores in cholesterol-

depleted RBC (figure 6k). Also, as depicted in figure 

6g, h; we observed that RBCs adhere in the EC 

intercellular space in higher numbers (i.e., in the EC-

EC junction). Comparing SEM micrographs of the 

control sample and stressed RBCs treated with 8-

bromo-cGMP, we can ascertain the ability of 8-bromo-

cGMP to recover NO and reverse the effect of stress on 

RBCs. figure (6l & 6m) 

 

 

 

Figure 6. RBC-EC adhesion morphological imaging 

(Scanning electron microscopy; SEM) (a)-Control, (b)-8-

Bromo-cGMP, (c-g)-Cholesterol depleted RBC Adhesion to 

EC, (h-k)-Band 3 inhibitor exposed RBC adhesion to EC, (l)-

8 Bromo cGMP + cholesterol depleted RBC adhesion to EC, 

(m)-8 Bromo cGMP + Band 3 inhibitor exposed RBC 

adhesion to EC, (n)-8 Bromo cGMP + cholesterol depletion+ 

Band 3 inhibitor exposed RBC adhesion to EC. 

 

RBCs are an important source of unesterified 

cholesterol as their membranes are cholesterol-rich 

(32,33).  Imbalance in cellular cholesterol homeostasis 

is associated with various metabolic disorders (34,35). 

A higher concentration of cholesterol in the plaque may 

contribute to the development of acute coronary 

syndrome (ACS), while low cholesterol content in the 

red blood cell membrane may lead to a more gradual 

progression of the plaque size (36). In addition, an 

increase in blood cholesterol concentrations is closely 

associated with decreased RBC dysfunction (37).  
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There have been many studies highlighting the 

interaction between cholesterol and band 3 protein. 

Some reported that their interaction decreased band 3 

channel activity (18,38). Similarly, another study 

revealed that anion transport decreases with cholesterol 

enrichment and increases with cholesterol depletion. 

Whereas other studies recorded the decrease in 

cholesterol promoting aggregation of band 3 which 

indirectly refers to impairment in band 3 function (39).  

Previously we had reported that cholesterol-depleted 

RBC adheres to EC pertaining to stress caused by the 

removal of cholesterol in RBC (30). In our present 

study, we observed similar RBC- EC adhesion 

abnormality when RBCs were treated with higher 

concentrations of band 3 inhibiting agent (DIDS). This 

implicated that the absence of cholesterol and band 3 

channel activity, promotes RBC dysfunction. Our 

results are in concurrence with previously reported 

findings and we show the reduction of band 3 channel 

activity in the cholesterol depleted RBC (i.e., in a 

higher concentration of cholesterol depleting agent 

(MBCD) as like other chemical treatments like band 3 

inhibition and oxidative stress (15). From our 

investigation, it is evident that band 3 clustering in 

RBC promotes ferric methemoglobin (MetHb)as both 

stressors promote methemoglobin level (40), while NO 

donors were capable of suppressing it when these two 

stress-induced separately. With the combination, 

stressors caused irreparable damage in RBCs. Also, 

SEM analysis of cholesterol-depleted RBC showed a 

crenated RBC shape which indirectly depicts 

phosphatidylserine (PS) exposure in RBC and that 

could lead to increased susceptibility to the clearance 

of these cells (26,41,42). At higher magnification, we 

also interestingly noticed ruptured pores in cholesterol 

depleted RBC, indicating the capability of 

 MBCD in rupturing RBC membrane (figure 6k). 

We also detected a higher proportion of adhered RBCs 

in the intercellular space between adjacent Endothelial 

cells (EC-EC cell junctions).EC junction controls 

vascular homeostasis by regulating immune cell 

permeability, extravasation, and infiltration (43). 

Accumulation of RBCs in this junction could cause 

serious damage to blood vessels, exacerbating vascular 

complications. 

In earlier studies on the effect of hypertonic, ATP-

depletion, sepsis, and oxidative stress on RBCs; RBCs 

showed an increase in band 3 tyrosine phosphorylation 

(44-46). The sites of tyrosine phosphorylation have 

been identified to occur commonly in all stress 

conditions and were determined to be residue 8 and 21 

at the extreme N-terminus of the cytoplasmic tail of 

band 3 (47). It was also found that this region binds to 

several cytoplasmic proteins-such as aldolase, 

phosphofructokinase, and glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) (47). Thus, there exists a 

correlation between the state of band 3 phosphorylation 

and RBC function. In our present study we found that 

in both cholesterols depleted and band 3 inhibited 

RBCs, band 3 protein is tyrosine 21 phosphorylated.  

Nitric oxide (NO) is known to play a major role in 

cardiovascular regulation and has also been found to 

inhibit RBC aggregation and RBC-EC adhesion 

(48,49). Increased shear rate resulting from changes in 

blood flow is known to increase the production of NO 

in a shear stress-dependent manner (41).  NO is highly 

reactive, and its half-life in-vivo is only a few seconds 

(even less in the bloodstream). However, the 

availability and significance of NO signaling molecules 

derived from erythrocytes, have gained attention in 

recent years (50). RBC was stimulated by NO in 

cardiovascular regulation but warrants further 

investigations in future studies. NO donors maintain 

RBC deformability evoked by external stressors. The 

lipid composition in the RBC membrane including 

cholesterol, sphingomyelin and phosphatidylcholine is 

reduced in diabetes mellitus 2 patients (T2D) (2). It also 

suppresses tyrosine phosphorylation of band 3 

phosphorylation under hypoxic conditions (51). 

However, major questions concerning the precise 

mechanisms by which NO activity modulates band 3 

channel activity in RBC and the influence of 

cholesterol on this interaction, remain unanswered. In 

this view, we wanted to explore the role of NO donors 

(Sildenafil citrate, SpNO and 8-bromo-cGMP) in 

recovering band 3 channel activity and decreasing band 

3 tyrosine phosphorylation and RBC-EC adhesion after 

cholesterol depletion in RBC. Sildenafil citrate, besides 

being known for its role as a NO donor (Shukla N et 

al., 2005) was known to affect RBC function by 

reducing RBC surface roughness and promoting 

hemolysis in higher concentrations (52). In our present 

study, it recovers RBC from cholesterol depletion and 

band 3 inhibition stress. Earlier studies on 8-Bromo-

guanosine 3':5'-cyclic monophosphate (8-Br-cGMP), 

an analogue of cyclic guanosine monophosphate 
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(cGMP) in regulating RBCs Na+/H+ exchange. While 

Spermine NONOate (SpNO)belongs to the family of 

amine-based diazeniumdiolates (NONOate) reported 

to activate soluble guanylyl cyclase (sGC) and increase 

the time stored RBC lifespan (53,54). At lower 

concentrations, SpNO increased RBC deformability 

and facilitated RBC passage in narrow capillaries (55, 

56).  

We found that all 3 NO donors showed a similar 

recovering effect on stressed RBCs (i.e., with 

cholesterol depleting and band 3 inhibiting agents 

(DIDS and MBCD)). Yet, among the three NO donors, 

8-bromo-cGMP was able to efficiently restore RBC 

band 3 function and NO production by inhibiting band 

3 Tyr 21 phosphorylation and decreasing RBC-EC 

adhesion, MetHb level and increasing band 3 channel 

activity. Thus, we postulate that NO may modulate 

band 3 function by inhibiting its tyrosine 21 

phosphorylation, in absence of cholesterol and further 

helping restore RBC function from stress. Overall, we 

conclude that NO donors might act as potential 

therapeutic agents in the treatment of hemolytic 

disorders associated with RBC dysfunction and 

vascular complications. 

 

Conclusions 

In summary, the current study showed the potential 

of NO donors, namely sildenafil citrate, 8 bromo-

cGMP and SpNO in reversing the effects caused by 

cholesterol depletion and inhibition of band 3 channel 

activity in stressed RBCs.  RBC deformability is 

indicative of microvasculature disorder and it is known 

from studies on Band 3 protein that NO has a 

compensatory role in improving RBC deformability 

possibly by reducing the crosslinking of Band 3.  We 

thus tested the potential of the above-mentioned 3 NO 

donors in effecting the rescue of RBC deformation in 

RBCs that were exposed to 2 different kinds of stress- 

(depletion of RBC cholesterol levels, inhibition of band 

3 channel activity and a combination of both). Our 

results indicate that all 3 NO donors were able to 

reverse the effects of just cholesterol depletion or band-

3 channel inhibition, but RBC dysfunction remained 

irreversible in RBCs that were deformed by the 

combination of both stresses. Out of the 3 NO donors 

used in this study, 8-bromo-cGMP was found to be the 

most effective in recovering RBC dysfunction. The 

exact mechanism by which NO donors affect this 

recovery and their potential use as therapeutic agents 

need to be further validated. 

 

Acknowledgments 

We would like to thank the Centre for nanoscience 

and technology, Anna University, Chennai, Tamil 

Nadu, India for the instrumental facility. The authors 

thank the Center for Research, Anna University for the 

ACRF fellowship awarded to MV. The authors thank 

Shweta Nandakumar for paper writing and imaging 

assistance. 

 

Interest conflict 

The authors declare that they have no conflict of 

interest. 

 

Author Contributions 

Original draft preparation; Writing &Editing, MV-

Data analysis, methodology, MV; Conceptualization, 

Validation, Investigation, Funding Acquisition, Project 

administration, SC, and TJ. Sample collection, PS. All 

authors reviewed the manuscript. 

 

Funding Information 

This work was supported by a grant from the 

University Grant Commission-Faculty Research 

Program (UGC-FRP), Government of India to SC.  

 

Abbreviations 

DIDS-4,4'-diisothiocyanato-2,2'-

stilbenedisulfonate; DMEM- Dulbecco Modified Eagle 

medium; PBS-Phosphate buffer saline; FBS- Fetal 

Bovine Serum; SFM - Serum free medium (DMEM 

without FBS); SpNO-Spermine NONOnate; 8-Bromo-

cGMP- 8-Bromoguanosine 3',5'-cyclic 

monophosphate; MBCD- Methyl-beta-cyclodextrin, 

MetHb-Methemoglobin, eNOS- endothelial nitric 

oxide synthase 

 

References 

1. Yedgar S, Koshkaryev A, Barshtein G. The red 

blood cell in vascular occlusion. Pathophysiol 

Haemost Thromb 2002;32:263-8 

2. Pernow J, Mahdi A, Yang J, Zhou Z. Red blood 

cell dysfunction: a new player in cardiovascular 

disease. Cardiovasc. Res. 2019;115:1596-605 

3. Nemkov T, Qadri SM, Sheffield WP, 

D’Alessandro A. Decoding the metabolic 

landscape of pathophysiological stress-induced 



 Vijayaraghavan et al./ 8-bromo-cGMP suppresses cholesterol depleted RBCs band 3 dysfunction, 2022, 68(4): 1-11  

 

Cell Mol Biol  9 

 

cell death in anucleate red blood cells. J. Blood 

Transfus 2020;18:130 

4. Nader E, Skinner S, Romana M, Fort R, Lemonne 

N, Guillot N, et al. Blood rheology: key 

parameters, impact on blood flow, role in sickle 

cell disease and effects of exercise. Front. Physiol 

2019:1329 

5. Bateman RM, Sharpe MD, Singer M, Ellis CG. 

The effect of sepsis on the erythrocyte. Int. J. Mol. 

Sci. 2017;18:1932 

6. Kaul DK, Koshkaryev A, Artmann G, Barshtein 

G, Yedgar S. Additive effect of red blood cell 

rigidity and adherence to endothelial cells in 

inducing vascular resistance. Am J Physiol Heart 

Circ Physiol 2008;295:H1788-H93 

7. Simmonds MJ, Detterich JA, Connes P. Nitric 

oxide, vasodilation and the red blood cell. 

Biorheology 2014;51:121-34 

8. Kleinbongard P, Schulz R, Rassaf T, Lauer T, 

Dejam A, Jax T, et al. Red blood cells express a 

functional endothelial nitric oxide synthase. 

Blood 2006;107:2943-51 

9. Baskurt OK, Meiselman HJ. Blood rheology and 

hemodynamics. 2003. Copyright© 2003 by 

Thieme Medical Publishers, Inc., 333 Seventh 

Avenue, New …. p 435-50. 

10. Ulker P, Yaras N, Yalcin O, Celik-Ozenci C, 

Johnson PC, Meiselman HJ, et al. Shear stress 

activation of nitric oxide synthase and increased 

nitric oxide levels in human red blood cells. Nitric 

Oxide 2011;24:184-91 

11. Nagarajan S, Raj RK, Saravanakumar V, Balaguru 

UM, Behera J, Rajendran VK, et al. Mechanical 

perturbations trigger endothelial nitric oxide 

synthase activity in human red blood cells. Sci. 

Rep 2016;6:1-13 

12. Wajih N, Basu S, Jailwala A, Kim HW, Ostrowski 

D, Perlegas A, et al. Potential therapeutic action 

of nitrite in sickle cell disease. Redox Biol. 

2017;12:1026-39 

13. Grossin N, Wautier M-P, Wautier J-L. Red blood 

cell adhesion in diabetes mellitus is mediated by 

advanced glycation end product receptor and is 

modulated by nitric oxide. Biorheology 

2009;46:63-72 

14. Romero MF, Fulton CM, Boron WF. The SLC4 

family of HCO3− transporters. Pflügers Archiv 

2004;447:495-509 

15. Pantaleo A, Ferru E, Pau MC, Khadjavi A, 

Mandili G, Mattè A, et al. Band 3 erythrocyte 

membrane protein acts as redox stress sensor 

leading to its phosphorylation by p72 Syk. Oxid 

Med Cell Longev 2016;2016 

16. Wolfe L. The red cell membrane and the storage 

lesion. Clin. haematol 1985;14:259-76 

17. Saldanha C. Lipoproteins effects on erythrocyte 

nitric oxide metabolism and biorheology. J Clin 

Invest 2017;2:1-5 

18. Kalli AC, Reithmeier RA. Interaction of the 

human erythrocyte Band 3 anion exchanger 1 

(AE1, SLC4A1) with lipids and glycophorin A: 

molecular organization of the Wright (Wr) blood 

group antigen. PLoS Comput Biol 

2018;14:e1006284 

19. Chakrabarti RS, Ingham SA, Kozlitina J, Gay A, 

Cohen JC, Radhakrishnan A, et al. Variability of 

cholesterol accessibility in human red blood cells 

measured using a bacterial cholesterol-binding 

toxin. Elife 2017;6:e23355 

20. Hillery CA, Du MC, Montgomery RR, Scott JP. 

Increased adhesion of erythrocytes to components 

of the extracellular matrix: isolation and 

characterization of a red blood cell lipid that binds 

thrombospondin and laminin. Blood 1996 

21. Forsyth AM, Braunmüller S, Wan J, Franke T, 

Stone HA. The effects of membrane cholesterol 

and simvastatin on red blood cell deformability 

and ATP release. Microvasc. Res 2012;83:347-51 

22. Oost BAv, Edgell C-JS, Hay CW, MacGillivray 

RT. Isolation of a human von Willebrand factor 

cDNA from the hybrid endothelial cell line EA. 

hy926. Biochem. Cell Biol. 1986;64:699-705 

23. Hoffman JF, Geibel JP. Fluorescent imaging of Cl-

in Amphiuma red blood cells: how the nuclear 

exclusion of Cl-affects the plasma membrane 

potential. PNAS 2005;102:921-6 

24. Di Pietro N, Giardinelli A, Sirolli V, Riganti C, Di 

Tomo P, Gazzano E, et al. Nitric oxide synthetic 

pathway and cGMP levels are altered in red blood 

cells from end-stage renal disease patients. Mol. 

Cell. Biochem 2016;417:155-67 

25. Morabito R, Remigante A, Cavallaro M, Taormina 

A, La Spada G, Marino A. Anion exchange 

through band 3 protein in canine leishmaniasis at 

different stages of disease. Pflug. Arch. Eur. J. 

Physiol. 2017;469:713-24 

26. Bonomini M, Sirolli V, Settefrati N, Dottori S, DI 

LIBERATO L, Arduini A. Increased erythrocyte 

phosphatidylserine exposure in chronic renal 

failure. J. Am. Soc. Nephrol. 1999;10:1982-90 

27. Jambou R, Combes V, Jambou M-J, Weksler BB, 

Couraud P-O, Grau GE. Plasmodium falciparum 

adhesion on human brain microvascular 

endothelial cells involves transmigration-like cup 

formation and induces opening of intercellular 

junctions. PLoS Pathog. 2010;6:e1001021 

28. Matte A, Low PS, Turrini F, Bertoldi M, 

Campanella ME, Spano D, et al. Peroxiredoxin-2 

expression is increased in β-thalassemic mouse 

red cells but is displaced from the membrane as a 



 Vijayaraghavan et al./ 8-bromo-cGMP suppresses cholesterol depleted RBCs band 3 dysfunction, 2022, 68(4): 1-11  

 

Cell Mol Biol  10 

 

marker of oxidative stress. Free Radic. Biol. Med 

2010;49:457-66 

29. Ahmad S, Mahmood R. Mercury chloride toxicity 

in human erythrocytes: enhanced generation of 

ROS and RNS, hemoglobin oxidation, impaired 

antioxidant power, and inhibition of plasma 

membrane redox system. Environ Sci Pollut Res 

2019;26:5645-57 

30. Vijayaraghavan M, Sengupta P, Sumantran V, 

Suganya N, Chatterjee S. Induced Stress on Red 

Blood Cell Promotes Red Blood Cell-Endothelial 

Adhesion. Cell tissue biol 2020;14:448-57 

31. Ferru E, Giger K, Pantaleo A, Campanella E, Grey 

J, Ritchie K, et al. Regulation of membrane-

cytoskeletal interactions by tyrosine 

phosphorylation of erythrocyte band 3. Am. J. 

Hematol 2011;117:5998-6006 

32. Michel J-B, Delbosc S, Ho-Tin-Noé B, Leseche 

G, Nicoletti A, Meilhac O, et al. From intraplaque 

haemorrhages to plaque vulnerability: biological 

consequences of intraplaque haemorrhages. J 

Cardiovasc Med 2012;13:628-34 

33. Ohkawa R, Low H, Mukhamedova N, Fu Y, Lai 

S-J, Sasaoka M, et al. Cholesterol transport 

between red blood cells and lipoproteins 

contributes to cholesterol metabolism in blood. J. 

Lipid Res. 2020;61:1577-88 

34. Kanakaraj P, Singh M. Influence of 

hypercholesterolemia on morphological and 

rheological characteristics of erythrocytes. 

Atherosclerosis 1989;76:209-18 

35. Röhrl C, Stangl H. Cholesterol metabolism—

physiological regulation and pathophysiological 

deregulation by the endoplasmic reticulum. Wien. 

Med. Wochenschr. 2018;168:280-5 

36. Tziakas DN, Chalikias GK, Boudoulas H. 

Significance of the cholesterol content of 

erythrocyte membranes in atherosclerosis. J. Clin. 

Lipidol. 2010;5:449-52 

37. Chabanel A, Flamm M, Sung K, Lee M, Schachter 

D, Chien S. Influence of cholesterol content on red 

cell membrane viscoelasticity and fluidity. 

Biophys. J. 1983;44:171-6 

38. Schubert D, Boss K. Band 3 protein—cholesterol 

interactions in erythrocyte membranes: Possible 

role in anion transport and dependency on 

membrane phospholipid. FEBS Lett 1982;150:4-

8 

39. Muehlebach T, Cherry RJ. Influence of 

cholesterol on the rotation and self-association of 

band 3 in the human erythrocyte membrane. 

Biochem 1982;21:4225-8 

40. Shimo H, Arjunan SNV, Machiyama H, Nishino 

T, Suematsu M, Fujita H, et al. Particle simulation 

of oxidation induced band 3 clustering in human 

erythrocytes. PLoS Comput. Biol. 

2015;11:e1004210 

41. van Zwieten R, Bochem AE, Hilarius PM, van 

Bruggen R, Bergkamp F, Hovingh GK, et al. The 

cholesterol content of the erythrocyte membrane 

is an important determinant of phosphatidylserine 

exposure. Biochim. Biophys. Acta - Mol. Cell 

Biol. Lipids 2012;1821:1493-500 

42. Pretini V, Koenen MH, Kaestner L, Fens MH, 

Schiffelers RM, Bartels M, et al. Red blood cells: 

chasing interactions. Front. Physiol 2019:945 

43. Bazzoni G, Dejana E. Endothelial cell-to-cell 

junctions: molecular organization and role in 

vascular homeostasis. Physiol. Rev. 2004;84:869-

901 

44. Yannoukakos D, Vasseur C, Piau J-P, Wajcman H, 

Bursaux E. Phosphorylation sites in human 

erythrocyte band 3 protein. BBA. Biomembranes 

1991;1061:253-66 

45. Bordin L, Zen F, Ion-Popa F, Barbetta M, Baggio 

B, Clari G. Band 3 tyr-phosphorylation in normal 

and glucose-6-phospate dehydrogenase-deficient 

human erythrocytes. Mol. Membr. Biol. 

2005;22:411-20 

46. Condon MR, Feketova E, Machiedo GW, Deitch 

EA, Spolarics Z. Augmented erythrocyte band-3 

phosphorylation in septic mice. BBA Mol Basis 

Dis 2007;1772:580-6 

47. Harrison ML, Rathinavelu P, Arese P, Geahlen 

RL, Low P. Role of band 3 tyrosine 

phosphorylation in the regulation of erythrocyte 

glycolysis. JBC 1991;266:4106-11 

48. Radomski M, Palmer R, Moncada S. Endogenous 

nitric oxide inhibits human platelet adhesion to 

vascular endothelium. Lancet 1987;330:1057-8 

49. Kuwai T, Hayashi J. Nitric oxide pathway 

activation and impaired red blood cell 

deformability with hypercholesterolemia. J 

Atheroscler Thromb 2006;13:286-94 

50. Chen K, Popel AS. Nitric oxide production 

pathways in erythrocytes and plasma. 

Biorheology 2009;46:107-19 

51. Zhao Y, Wang X, Wang R, Chen D, Noviana M, 

Zhu H. Nitric oxide inhibits hypoxia‐induced 

impairment of human RBC deformability through 

reducing the cross‐linking of membrane protein 

band 3. J. Cell. Biochem. 2019;120:305-20 

52. Guha T, Kohad H, Bhar R. Sildenafil citrate 

(Viagra) reduces surface roughness of human 

erythrocytes: Atomic-force-microscopic study. 

Journal of Microscopy and Ultrastructure 

2016;4:63-8 

53. Stapley R, Owusu BY, Brandon A, Cusick M, 

Rodriguez C, Marques MB, et al. Erythrocyte 

storage increases rates of NO and nitrite 



 Vijayaraghavan et al./ 8-bromo-cGMP suppresses cholesterol depleted RBCs band 3 dysfunction, 2022, 68(4): 1-11  

 

Cell Mol Biol  11 

 

scavenging: implications for transfusion-related 

toxicity. Biochem 2012;446:499-508 

54. Majumder S, Sinha S, Siamwala JH, Muley A, 

Seerapu HR, Kolluru GK, et al. A comparative 

study of NONOate based NO donors: spermine 

NONOate is the best suited NO donor for 

angiogenesis. Nitric Oxide 2014;36:76-86 

55. Salehi-Sardoei A, Khalili H. Nitric oxide 

signaling pathway in medicinal plants. Cell Mol 

Biomed Rep 2022; 2(1): 1-9. doi: 

10.55705/cmbr.2022.330292.1019 

56. Mesquita R, Piçarra B, Saldanha C, Martins e 

Silva J. Nitric oxide effects on human erythrocytes 

structural and functional properties–an in vitro 

study. Clin. Hemorheol. Microcirc 2002;27:137-47 


