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QUERCETIN MODULATES Na+/K+ ATPASE AND SODIUM HYDROGEN 
EXCHANGER IN TYPE 2 DIABETIC ERYTHROCYTES
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Abstract
Quercetin has been reported to possess many important biological properties. We undertook in vitro studies to examine the 
effect of quercetin on erythrocyte Na+/K+ ATPase and sodium hydrogen exchanger (NHE) activity in normal and type 2 
diabetic subjects. A significant (p<0.02) increase in the activities of Na+/K+ ATPase and a decrease (p< 0.01) in NHE were 
observed in type 2 diabetic subjects compared to normal. In vitro treatment with quercetin caused inhibition of both Na+/K + 
ATPase and NHE. The inhibitory effect of quercetin was concentration dependent. The effect of quercetin on Na+/K+ ATPase 
and NHE may be explained due to a direct effect of this compound on plasma membrane leading to a change in membrane 
fluidity. The data obtained in this study may help to explain the anti-diabetic and anti-carcinogenic role of quercetin.
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INTRODUCTION

Genetic susceptibility to type 2 diabetes coupled with li-
festyle changes is a major cause for the growing incidence 
of diabetes in Asian countries (27). Long term conse-
quences of uncontrolled diabetes are serious and result in 
diabetic neuropathy, nephropathy, retinopathy, amputa-
tions, and cardiac dysfunction. Significantly, in most cases 
these alterations are irreversible thus prevention of these 
late complications assumes great importance. Alterations 
in erythrocytes both at the membrane and intracellular 
level have been used as markers to assess the development 
of long term vascular complications of diabetes (36, 33).  
Changes in erythrocyte membrane bound Na+/K+-AT-
Pase (31,7), Na/H antiport (22,  2), rheological properties 
(37) and intracellular redox parameters (25, 31, 28) have 
been reported. Frequently these alterations have been cor-
related with the development of several late complications 
of diabetes.

Sodium pump or Na+/K+ ATPase is an ubiquitous mem-
brane-associated protein complex that is expressed in 
most eukaryotic cells. The pump transduces energy from 
the intracellular hydrolysis of ATP to achieve the counter 
transport of sodium and potassium across the cell mem-
brane (35). It is widely believed that impairment in Na+/
K+ ATPase activity may play a major role at the cellular 
level in the pathophysiology of many late complications of 
diabetes mellitus (11) and in the development of diabetic 
vascular complications (13). The Na+-H+ antiport (NHE) 
catalyzes amiloride sensitive exchange of Na+ for H+. 
This transport exists in virtually all cell types and plays a 
major role in pH homeostasis, cell volume regulation and 
cell proliferation. NHE is one of the most studied plasma 
membrane mechanisms involved in proton transport (8) 
and directly controls essential parameters such as cellular 
pH, volume and growth. Altered NHE activity has been 
linked to the pathogenesis of several diseases including 
essential hypertension, diabetes, congenital secretory 
diarrhea, tissue damage caused by ischemia/reperfusion, 

and oncogenic transformation (24).
Flavonoids are a group of naturally occurring, low 

molecular weight benzo-γ-pyrone derivatives, ubiquitous 
in plants. Quercetin (3,3’,4’,5’,7-pentahydroxylflavone) 
(Figure. 1) a well known antioxidant of flavonoid group 
and has recently received much attention due to several 
reported health benefits (1). The mechanism(s) contribu-
ting to the health beneficial effects of quercetin involve 
the quenching of free radicals, elevating antioxidant sta-
tus, and membrane modulating effects (29, 30). 

 Previously we have shown the effects of green tea 
catechins on erythrocyte membrane transport systems 
in type 2 diabetic patients (31).  The present study was 
undertaken to study the effect of quercetin on erythrocyte 
membrane Na+/K+-ATPase and Na/H antiport in type 2 
diabetic patients.

Figure 1. Structure of Quercetin.

MATERIALS AND METHODS 

Selection of subjects
Human volunteers (n = 31) of sound health in the age 

group of 56 ± 8 years and having fasting blood glucose 
level 85 ± 14 mg/dl with no evidence of any clinical abnor-
mality were used as control. The BMI of these subjects was 
in the range of 24.8 ± 3.8 kg/ m2. None of the controls had 
family history of diabetes mellitus or hypertension from 
last two generations. Likewise (n = 31) type 2 diabetic 
patients were selected on the basis of previously reported 
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criteria (32). Diabetic patients were in the mean age group 
of 58 ± 7 years with fasting blood glucose of 183 ± 42 mg/
dl and BMI 27 ± 4 Kg/m2. Mean total plasma cholesterol 
was recorded 209 ±50 mg/dl and the duration of diabetes 
was 12 ± 5 years. None of the patients had high blood pres-
sure or microalbuminuria. Care was also taken to exclude 
patients who had a family history of hypertension. Fasting 
blood was taken both from control and diabetic subjects 
after informed consent.

Blood collection and isolation of erythrocyte membrane
Using ACD as anticoagulant, venous blood was collec-

ted both from control and type 2 diabetic patients after 
an over night fast. The blood samples were stored at 4º C 
and were processed within four hours of collection. The 
blood samples were centrifuged at 4 º C for 10 minutes at 
1000 x g to remove plasma and buffy coat to obtain pac-
ked erythrocytes. The isolated erythrocytes were washed 
4-5 times with 0.154 M NaCl. The method proposed by 
Marchesi and Palade (20) was followed to obtain erythro-
cyte membrane from leukocyte free red cells.

Determination of membrane Na+/K+ - ATPase activity 
Ouabain-sensitive Na+/K+-ATPase activity  was determi-

ned following the method of Suhail and Rizvi (34). The fi-
nal assay mixture comprised 140 mmol/l NaCl, 20 mmol/l 
KCl, 3 mmol/l MgCl2, 30 mmol/l imidazole (pH 7.25) ± 5 
x 10-4 mol/l ouabain, 6 mmol/l ATP and contained 0.4–0.9 
mg /ml protein. The assay mixture was incubated for 30 
min at 37◦C. Thereafter the reaction was stopped by the 
addition of a solution containing 0.5 mol/l H2SO4, 0.5% 
ammonium molybdate and 2% SDS. The amount of inor-
ganic phosphate liberated was estimated by the method of 
Fiske et al. (6). In vitro experiments were carried out by 
adding quercetin to the enzyme assay medium and incuba-
ting at 37◦C for 30 min. prior to enzyme assay. In parallel 
control experiments the assay medium was incubated wit-
hout quercetin. 

Estimation of NHE activity
NHE activity was estimated in isolated erythrocytes in 

terms of amiloride-sensitive H+-efflux from acid loaded 
cells as per the previous reports (22). The activity of the 
antiport was evaluated by the difference in hydrogen ef-
flux rates from acid loaded erythrocytes in the presence 

and absence of the inhibitor amiloride. Suspension was 
made by adding 0.2 ml of packed erythrocytes into a solu-
tion of  3.8 ml containing 150 mmol/l NaCl, 1 mmol/l KCl, 
1 mmol/l MgCl2, 10 mmol/l glucose. The cell suspension 
was incubated at 37◦C for 5 min using magnetic stirrer. pH 
of the cell suspension  was brought to pH 6.35–6.45 within 
10 minutes using 0.2 mol/l HCl solution in 150 mmol/l 
NaCl. DIDS (4,4-diisothiocyanatostilbene-2,2-disulfonic 
acid) was added then (0.2 mmol/l final concentration) and 
the pH of the medium was brought to 7.95–8.00 using 0.05 
mol/l NaOH solution in 150 mmol/l NaCl. In a parallel 
running experiment, amiloride (0.5 mmol/l final concen-
tration) was added with DIDS. The first minute proton ef-
flux was registered thereafter. The rate of NHE, expressed 
in µmol/l of cells/hr. was derived from the difference in 
rates of medium acidification in the absence (ΔpH1) and 
presence (ΔpH2) of amiloride, corrected by the buffer ca-
pacity of the incubation medium (b), the cell volume in the 
suspension and the incubation time. 

In vitro experiments were carried out by adding quer-
cetin to the cell suspension and incubating for 30 min 
at 37◦C prior to antiport assay. In parallel experiments, 
control cells were incubated in the assay medium with the 
solvent but without quercetin. Hemolysis in erythrocytes 
was assessed by measurement of the hemoglobin released 
from cells, relative to the total cellular content. After incu-
bation the samples were centrifuged at 2000 x g and the 
hemoglobin concentration of supernatants was determined 
spectrophotometrically.

Other biochemical measurements
Accu Check Glucometer (Roche) was used to detect 

blood glucose values of samples. Erythrocyte membrane 
protein was estimated following the method of Lowry 
et al. (19). Statistical analysis of the data was performed 
employing ANOVA followed by Student’s t test, with a 
p<0.05 considered significant. Prism 5.0 was the statistical 
software used in this study.

RESULTS AND DISCUSSION

We observe a significant decrease in the activity of Na+/
K+ ATPase in diabetic subjects as compared to normal 
healthy controls (p<0.02) (Table 1). Our findings are in 
agreement with previous studies (33, 16). Erythrocyte 

Subjects Normal healthy controls Type 2 diabetic patients

Number of subjects (n) 31 31

Age (Years) 56 ± 8 58 ± 7

B.M.I. (Kg/m2) 24.8 ± 3.8 27 ± 4

(Na+-K+)-ATPase activity 0.0433 ± 0.0060 0.0323 ± 0.0068 *

Sodium-hydrogen exchanger (NHE) 
activity

5042.484 ± 753.6378 6776.257 ± 1063.4230 **

Table 1. Erythrocyte membrane Na+/K+ ATPase and NHE activity in normal healthy subjects and type 2 diabetic patients.

Na+/K+-ATPase activity (ouabain-sensitive) is expressed in terms of µmol pi released/hr./mg membrane protein at 37◦C. NHE activity expressed 
as proton efflux µmol/l erythrocyte/hr. at 37◦C. Values represent means±S.D. 
* Values are statistically significant at p<0.02, with respect to healthy controls.
** Values are statistically significant at p<0.01, with respect to healthy controls.
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Na+/K+-ATPase is believed to play a pivotal role in the 
regulation of intra- and extracellular cation homeostasis. 
The decrease in the activity of Na+/K+-ATPase  in diabetic 
condition may be due to altered functional and composi-
tional changes in membrane during diabetic condition. A 
correlation between altered Na+/K+-ATPase  activity and 
membrane fluidity has been reported by Mazzanti et al. 
(23). 

Due to the presence of higher glucose concentration in 
diabetic condition, various membrane proteins get glyco-
sylated, thus glycosylation may be one of the causes for the 
decrease in the activity of Na+/K+ ATPase. A decrease in 
the activity of  Na+/K+-ATPase has also been observed in 
alloxan diabetic rat erythrocytes, kidney, brain (15), diabe-
tic lens and glomerulus (4).

Incubation with quercetin caused a concentration-de-
pendent inhibition of Na+/K+ ATPase activity in both nor-
mal and type 2 diabetic erythrocytes (Figure 2). The inhi-
bitory effect of quercetin was significant (p< 0.01) in micro 
molar range in both normal and type 2 diabetic erythro-
cytes.  Quercetin thus acts as Na+/K+ ATPase inhibitor at 
micromolar concentration. This finding may be useful in 
conditions where enhanced activity of Na+/K+ ATPase has 
been observed (10). 

Figure 2. Concentration dependent effect of quercetin on erythro-
cyte membrane Na/K -ATPase activity in normal humans and diabe-
tic patients. Na/K -ATPase activity expressed in terms of micromol pi 
released / hr./ mg membrane protein at 37◦ C. Values are means ± S.D.

Studies have already shown that a number of dietary 
components may influence membrane characteristics such 
as fluidity, stability and susceptibility to membrane oxida-
tive damage (26). The role of oxidative damage of mem-
brane in NIDDM may also contribute to the alteration in 
activities of membrane bound enzymes. Oxidative damage 
has been implicated in the cellular dysfunction and compli-
cations of diabetes (12). Due to increased oxidative stress 
in diabetes, conformational changes in Na+/K+ATPase is 
observed which results in decreased Na+/K+ATPase acti-
vity.  

A significantly (p<0.01) elevated activity of erythrocyte 
NHE was observed in type 2 diabetic subjects as com-
pared to normal controls. Table no. 1 shows the activity 
of sodium-hydrogen exchanger in both normal and type 
2 diabetic erythrocytes. Results obtained in this study are 
consistent with the results of Matteucci et al. (21) and 

Rizvi and Zaid (31) who observed that diabetic patients, 
both normo and micro albuminuric, had a Na+/H+ antiport 
activity significantly higher than control subjects. Abnor-
mal activities of NHE have been reported in essential 
hypertension and type 1 insulin dependent diabetes mel-
litus (IDDM). Likewise elevated NHE activity has been 
observed in lymphocytes of patients affected by obesity 
and type 2 diabetes mellitus (9). 

A decreased response of Na+-H+ antiport to insulin and 
leptin has been observed in erythrocytes from obese indi-
viduals in comparison to normal erythrocytes (14). Accor-
ding to Matteucci (21), a linear and significant correla-
tion is found between Na+/H+ exchange and some cardiac 
indexes suggesting that increased Na+/H+ antiport activity 
may be a possible predictive risk factor for the develop-
ment of diabetic cardiomyopathy. Matteucci and Giampie-
tro (21) observed a relationship between Na+/H+ exchange 
and microalbuminuria in IDDM patients and found that 
Na+/H+ exchange was elevated to a similar extent in diabe-
tic patients with and without microalbuminuria. 

In our study quercetin was observed to be potent inhibi-
tor of NHE. Pretreatment of erythrocytes with quercetin 
blocked NHE activity in both normal and type 2 diabetic 
subjects at micromolar concentrations (p<0.05).  (Figure 
3).  The biochemical mechanisms responsible for the fla-
vonols induced inhibition of NHE activity, may involve 
protein kinase dependent or independent pathways. The 
phenolic groups of flavonoids are supposed to react with 
extracellular domains of NHE (22). Evidence shows that 
changes in cytosolic pH caused by the activity of trans-
porters such as NHE may be part of a mitotic signalling 
pathway (5). Activation of NHE is an early event in the 
response of cells to mitogenic growth factors. It is known 
that NHE plays an important part in oncogenic transforma-
tion. Stimulation of NHE and the subsequent intracellular 
alkalinization seem also to participate in the regulation of 
programmed cell death (apoptosis) (18). Thus the strong 
inhibitory effect of quercetin on NHE assumes great im-
portance. 

Figure 3. Concentration-dependent effect of quercetin on erythrocyte 
NHE activity in normal humans and diabetic patients. NHE activity 
expressed as proton efflux µmol/l erythrocyte/h at 37°C. Values are 
means ± S.D.

An altered erythrocyte Na+/K+ ATPase and NHE in type 
2 diabetic patients may lead to deranged cell volume regu-
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lation thereby contributing to the pathophysiology of seve-
ral disorders such as liver insufficiency, diabetic ketoaci-
dosis, hypercatabolism, fibrosing disease, sickle cell ane-
mia, and infection (17). The role of insulin in modulating 
intracellular ion homeostasis with the concerted action of 
Na+/K+ ATPase and NHE has been reviewed (10), it has 
been hypothesized that transduction of a hormonal signal 
primarily involves alteration of membrane ion transport 
followed by a change in cell volume. This change in cell 
volume may assist in executing a hormonal stimulus on 
cell function. Quercetin produces beneficial effects for the 
human health via scavenging of free reactive oxygen spe-
cies, metal chelation and stimulation, inhibition of enzyme 
activities, and signal transduction pathways. Ultrastructu-
ral observation reveals changes in membranous structures, 
after flavonol treatment (3). Based on the effect of quer-
cetin on erythrocyte Na+/K+ ATPase and Na/H antiport 
in diabetic patients, we conclude that quercetin exerts a 
potent affect at the membrane level modulating the activity 
of membrane transport processes.

Other articles in this theme issue include references (39-66).
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