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Abstract

The role of oxidative stress during aging is well documented. Evidence is available linking animal life span to
the development of oxidative stress. Up to a certain limit of oxidative stress, cells function to counteract the
oxidant effects and to restore redox balance by resetting critical homeostatic parameters. Red blood cells
(RBCs) offer a very good model to study cellular senescence. In vivo aging of red blood cells is associated with
increased cellular density, which corresponds to increased cell age. The present study aims to investigate age-
dependent oxidative stress in RBC subpopulations obtained after Percoll density gradient centrifugation from
young and old rats. We observe an increase in plasma membrane redox system (PMRS) activity ( p < 0.001) and
lipid peroxidation ( p < 0.001) between less dense and senescent RBCs in both young and old rats. Our findings
provide evidence of a higher level of oxidative stress in senescent erythrocytes, with the effect being more
pronounced in old (24-month-old) rats compared to young (4-month-old) rats. The present findings emphasize
the role of oxidative stress not only in organismal aging but also in cell senescence.

Introduction

According to the free radical theory of aging,
oxidative stress increases with age, resulting in the

accumulation of oxidation products of lipids, nucleic acids,
and proteins and culminating with cellular dysfunction and
making the body prone to external deleterious agents.1

Aerobic metabolism comes with a price; a certain amount of
oxidative damage takes place even under normal conditions.
Other than this constitutive oxidative damage, certain con-
ditions such as diabetes, cardiovascular diseases, cancer, and
aging are accompanied with a higher rate of oxidative
stress.2,3 Animal life span has been found to be intricately
linked with increased oxidative stress.4 Up to a certain limit
of oxidative stress, cells function to counteract the oxidant
effects and to restore redox balance by resetting critical
homeostatic parameters.5

Erythrocytes, or red blood cells (RBCs), are among the
most common type of cells and play an important role in
delivering oxygen from the lungs or gills to body tissues via
the blood. The mature human RBC has an average life span
of 120 – 20 days,6 whereas rat erythrocytes have been re-
ported to have a life span of only 60 days.7,8 Having a cell
structure devoid of cell organelles, particularly a nucleus
and mitochondria, the RBC does not have the ability to
synthesize amino acids and fatty acids and thus has a limited
capacity for metabolism that is barely enough to survive its

life span. It is acknowledged that erythrocytes have a defi-
nite life span in all animal species investigated so far, and
there is little dispute with regard to species-specific life
span. This implies that life and death are well regulated for
erythrocytes, in spite of their lack of capacity for protein
synthesis. As they age, erythrocytes undergo various phys-
icochemical changes, including cell density enhancement.9

Consequently, RBC deformability and aggregation are
strongly affected, leading to the disturbance in RBC circu-
lation in blood vessels.10

In vivo aging of RBCs is associated with increased cel-
lular density, which corresponds to increased cell age. A
change in the overall redox status toward a more oxidized
state has been reported during cellular aging.11 Increased
accumulation of oxidized and denatured proteins, particu-
larly hemoglobin, is also documented.12 Studies have shown
that erythrocyte aging in vivo is accompanied by a reduction
in sodium-potassium adenosine triphosphatase (Na/K-AT-
Pase),13 Gardos channel,14 and calcium (Ca2 + )-ATPase with
a concomitant significant increase in intracellular calcium.15

Additionally, metabolic and functional changes have been
observed for young and old erythrocytes kept outside the
blood circulation.16 Dense RBCs exhibit increased rigidity
and decreased stability17 and a higher degree of acidosis.18

Studies have shown that young and old cells behave differ-
ently when exposed to oxidative stress.15 Despite extensive
investigations,11 there are still gaps in the understanding of
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the role of oxidative stress in cell senescence and also the
understanding of the role of organismal aging on the cell se-
nescence process.

Recent findings concerning the important role of the
erythrocyte plasma membrane redox system (PMRS) in
aging,19 the importance of glutathione (GSH) as a regulator of
intracellular redox homeostasis in erythrocytes,20

l-cysteine
availability as a rate-limiting step in GSH synthesis, and the
implications of age-dependent protein oxidative changes 21

prompted us to study these and other oxidative stress pa-
rameters in young and senescent erythrocyte subpopula-
tions from 4-month-old and 24-month-old Wistar strain
male rats.

Material and methods

Chemicals

Percoll, sorbitol, reduced GSH (2,4,6-Tris(2-pyridyl)-s-
triazine [TPTZ]). 4,7-Diphenyl-1,10-phenanthroline disulfonic
acid disodium salt (DPI), and 5, 5¢-dithiobis(2-nitrobenzoic
acid) (DTNB) were purchased from Sigma Aldrich, USA.
All other chemicals were of highest purity available from
Merck, India, and HIMEDIA Labs, India.

Animal model and study protocol

The experiment was carried out with two different age
groups of male Wistar rats young (4 months, n = 12) and old
(24 months, n = 12). They were housed in a temperature-
controlled room (25 – 5�C) with 12-hr light–dark cycles for
at least 1 week. All rats were fed with a normal laboratory
diet (nutrient-rich pellets) containing total energy as fat,
protein, and carbohydrates, and had free access to drinking
water.

Collection of blood and isolation of RBCs

After the end of the experimental period, rats were sac-
rificed under light anesthesia induced by exposure to diethyl
ether. Blood samples were collected by cardiac puncture
into 10 units/mL heparin-rinsed anti-coagulant syringes, and
then RBCs were pelleted by centrifugation at 800 · g for
10 min at 4�C. After the removal of plasma, buffy coat, and
the upper 15% of packed RBCs (PRBCs), the RBCs were
washed twice with cold phosphate-buffered saline (PBS)
(0.9% NaCl and 10 mmol $ L - 1 Na2HPO4, pH 7.4) and then
used for fractionation. All protocols for experiments were
approved by the Animal Care and Ethics Committee of
University of Allahabad.

Fractionation of erythrocytes according to density/age

Rat erythrocytes were separated on a Percoll density
gradient according to an established protocol.22 The packed
RBCs were washed twice with RPMI-1640 medium and re-
suspended to a 25% hematocrit. The suspension was over-
laid onto a Percoll/4% sorbitol (wt/vol) gradient and
centrifuged for 20 min at 1075 · g on a Hettich Centrifuge
Universal 320 R. The separated bands of erythrocytes were
collected in two fractions representing young (less dense)
fractions, corresponding to a 60% Percoll density grandient,
and senescent (dense) fractions, corresponding to a 75%
Percoll density gradient.

Assay of acetylcholinesterase

Acetylcholinesterase (AChE) activity was assayed in
RBCs following the method of Beutler based on the proce-
dure of Ellman et al.23 Hemoglobin was estimated by the
ferricyanide/cyanide method as described by Beutler.24 AChE
activity is expressed in i.u. (1 i.u. = lmol of acetylthiocholine
iodide hydrolyzed/min) per gram of hemoglobin at 37�C. A
molar absorption coefficient of 1.36 · 10 - 4 liter $ mol - 1 $ cm -l

was used for the thionitrobenzoate ion at 412 nm.

Measurement of erythrocyte PMRS activity

The activity of the erythrocyte PMRS was measured by
the reduction of ferricyanide described earlier in Kumar and
Rizvi.19 Briefly, packed RBCs (0.2 mL) were suspended in
PBS containing 5 mM glucose and 1 mM freshly prepared
potassium ferricyanide to a final volume of 2.0 mL. The
suspensions were incubated for 30 min at 37�C and then
centrifuged at 800 · g at 4�C. The supernatant collected was
assayed for ferrocyanide content using DPI, and absorption
was recorded at 535 nm (c = 20,500 M - 1 cm - 1). The results
are expressed in lmol ferrocyanide/mL PRBC per 30 min.

Determination of erythrocyte malondialdehyde content

Erythrocyte malondialdehyde (MDA) was measured ac-
cording to the method of Esterbauer and Cheeseman,25 with
slight modification. Packed erythrocytes (0.2 mL) were
suspended in 3 mL of PBS containing 0.5 mM glucose (pH
7.4). The suspension (0.2 mL) was added to 1 mL of 10%
trichloroacetic acid (TCA) and 2 mL of 0.67% thiobarbituric
acid (TBA), boiled for 20 min at 90–100�C, and then cooled.
Subsequently, the mixture was centrifuged at 1000 · g for
5 min, and the absorbance of supernatant was read at
532 nm. The concentration of MDA in erythrocytes was
calculated using extinction coefficient (e = 31,500) and is
expressed as nmol $ mL - 1 of packed erythrocytes.

Determination of erythrocyte reduced GSH

Erythrocyte reduced GSH was measured following the
method of Beutler.24 The method is based on the ability of
the –SH group to reduce DTNB and form a yellow-colored
anionic product whose optical density is measured at
412 nm. Concentration of GSH is expressed in mg $ mL - 1

PRBCs and was determined from a standard plot.

l-cysteine influx in erythrocyte

The procedure for measuring l-cysteine influx was es-
sentially the same as described earlier.26 A total of 0.25 mL
of washed packed erythrocytes (either from ‘‘young,’’ less
dense fraction or from ‘‘senescent,’’ dense fraction) were
suspended in 1 mL of PBS containing 8 mM glucose and
10 mM l-cysteine and incubated for 1 hr at 37�C in a water
bath. The concentration of l-cysteine used for influx studies
and the duration of incubation were the same as the values
used by Yildiz et al.20 At the end of incubation, erythrocytes
were removed and centrifuged and supernatants were dis-
carded. The free sulfhydryl (–SH) concentration in eryth-
rocytes was then determined as described by Sedlak and
Lindsay.27 Briefly, 100 lL of erythrocytes were lysed in
100 lL of 10% TCA prepared in sodium phosphate–EDTA
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buffer (0.01 M sodium phosphate/0.005 M EDTA). The
erythrocyte lysates were then centrifuged at 12,000 · g for
5 min. At the end of centrifugation, 100 lL of the superna-
tant was mixed with 1.9 mL of Tris-EDTA buffer containing
0.6 lM/mL DTNB (262 mM Tris base, 13 mM EDTA [pH
8.9]). Samples were allowed to stand for 5 min to develop
color. The absorbance of the samples was then measured at
412 nm, and the concentrations of the free –SH were cal-
culated by using the mM extinction coefficient of 13.6. In-
flux rate was calculated by subtracting the control
(erythrocytes incubated in PBS–glucose without l-cysteine
for 1 hr at 37�C) free –SH concentration from free –SH
concentration obtained following treatment with l-cysteine.

Statistical analysis

Data are expressed as mean – standard error of the mean
(SEM) for at least eight independent experiments. Intra-group
variation between un-fractionated, young and senescent
erythrocytes was assessed by t-test using PRISM version 5.01
software package for Microsoft Windows. Differences be-
tween the groups were assessed by two-way analysis of
variance (ANOVA). Post hoc testing was performed for
inter-group comparisons using the Bonferroni test. A prob-
ability ( p) value of less than 0.01 was considered as sta-
tistically significant

Results

RBC AChE activity was significantly higher (39.88%) in
4-month-old rats compared to 24-month-old rats. After
fractionation of erythrocytes by Percoll density gradient
centrifugation, the less dense younger erythrocytes showed
higher AChE activity in both young and old rats. In young
rats, the difference in AChE activity between less dense and
senescent erythrocytes was 36.11%, whereas in old rats the
difference was (35.83%) (Fig. 1).

The PMRS activity of un-fractionated RBCs was higher in
old rats (24 months old) compared to young rats (4 months
old). There was significant difference between PMRS activity
in fractionated less dense erythrocytes and high-density se-
nescent erythrocytes from both young and old rats
( p < 0.001); however, this variation was more pronounced in
young rats (157.61%) compared to old rats (73.68%) (Fig. 2).

Twenty-four-month-old rats displayed higher lipid per-
oxidation, measured as MDA, compared to 4-month-old rats
in un-fractionated RBCs. There were also significant dif-
ferences in both the groups between the less dense eryth-
rocytes and more dense (senescent) erythrocytes, although
this difference was much higher in old rats (230.38%)
compared to young rats (135.36%) (Fig. 3).

Young rats had higher RBC intracellular GSH levels
compared to old (24 month) rats. In fractioned cells, the less
dense young erythrocytes had higher GSH levels compared
to more dense (senescent) erythrocytes (46.96% and
61.63%, respectively) (Fig. 4). The influx of cysteine in
erythrocytes in un-fractionated, less dense, and senescent
(old) erythrocytes is shown in Fig. 5. Un-fractionated
erythrocytes from young (4-month-old) rats had signifi-
cantly ( p < 0.001) higher l-cysteine influx compared to old
(24-month-old) rats. In both of the rat groups, the less dense
fraction had a higher rate of l-cysteine infux compared to
senescent erythrocytes represented by the dense fraction.

Discussion

Erythrocytes have been used as a biological probe in
exploring the aging process. It is well known that RBCs
increase in density as they age and can be fractionated into
different age groups using density gradient centrifugation
techniques.28,29 The development of Percoll-based density
gradient has provided a methodology employing low

FIG. 1. Red blood cell (RBC) acetylcholinesterase
(AChE) activity as a function of rat erythrocyte age. AChE
activity is expressed in i.u. (1 i.u. = lmol of acetylthiocho-
line iodide hydrolyzed/min) per gram of hemoglobin at
37�C. Values are taken mean – standard error of the mean
(SEM). Values are mean – SEM. Intra-group variation for
4-month-old rate: U-2, 1-2 (significant at p < 0.05), U-1 (not
significant). For 24-month-old rats: U-2, 1-2 (significant at
p < 0.05), U-1 (not significant). Inter-group comparisons
measured using a Bonferroni post hoc test (significant at
p < 0.05).

FIG. 2. Erythrocyte plasma membrane redox system
(PMRS) measured as marker of oxidative stress during rat
aging. The value of PMRS is expressed in micromoles
ferrocyanide/mL PRBC per 30 min. Values are mean –
standard error of the mean (SEM). Intra-group variation for
4-month-old rats: U-2, 1-2 (significant at p < 0.05), U-1 (not
significant). For 24-month-old rats: U-1, U-2, 1-2 (signifi-
cant at p < 0.05). Inter-group comparisons measured using a
Bonferroni post hoc test (significant at p < 0.05).
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viscosity, low osmotic pressure, non-toxicity, and easy ad-
justability to physiological conditions. The Percoll gradient
allows RBCs to migrate better on the basis of their actual
density.22 Our separation of erythrocytes into young and old
zones corresponding to young and senescent erythrocytes
from both 4-month-old and 24-month-old rats was validated
with the assay of RBC AChE, which is an established
marker of RBC age in vivo.29

AChE in erythrocytes is one of the typical extra-neural
enzymes and plays an essential role in acetylcholine-mediated
neurotransmission. It is present in the cholinergic synapses

in the central nervous system as well as in neuromuscular
synapses, where it rapidly hydrolyzes acetylcholine.30 The
determination of AChE activity in the erythrocyte mem-
brane has been used as a free radical–mediated oxidative
stress parameter during aging in humans.31 Our results
clearly show that the activity of AChE in the erythrocyte is
significantly decreased in dense (senescent) erythrocyte
(fraction 2) of young (4-month-old) rats in comparison to
fraction 1 and un-fractionated erythrocytes of young rats.
The pattern of decrease in AChE activity in young and se-
nescent erythrocytes was the same in 24-month-old rats, but
the level of enzyme activity was much lower in old rats
compared to 4-month-old rats.

An increase in RBC oxidative stress has been reported in
many pathological conditions associated with various dis-
eases, including renal failure,32 Alzheimer’s disease,33 idi-
opathic thrombocytopenic purpura,34 and sickle cell,
thalassemia, and hemolytic anemia,35 in addition to cellular
aging and organism aging.19 RBCs undergo multiple chan-
ges while they age in vivo. Some of these remain hidden
within RBCs, and others affect the properties of the cell
directly, like the loss of cations and the loss of membrane
with some hemoglobin by vesiculation that results in an
increased cellular density.11

It has been reported that several hematologic parameters
are altered during aging in mammals. Erythrocytes from
aged individuals have been reported to have a reduced life
span9 and a significant increase in membrane cholesterol
and phospholipid content, causing a reduction of mem-
brane fluidity.36 The PMRS cumulatively contributes to the
maintenance of cellular redox status via the maintenance of
NAD(P) + /NAD(P)H ratios. This ultimately is believed to
limit oxidative stress37,38 and perhaps therefore is protective
for the cell.39 In this way, the PMRS helps the cells to
respond to changes in redox potential, thereby regulating a

FIG. 3. Erythrocyte malonaldialdehyde (MDA) content as
a function of age of rats. MDA level is expressed as nmol $
mL - 1 of plasma. Values are mean – standard error of the
mean (SEM). Intra-group variation for 4-month-old rats: 1-2
(significant at p < 0.05), U-1, U-2 (not significant). For 24-
month-old rats: U-2, 1-2 (significant at p < 0.05), U-1 (not
significant). Inter-group comparisons measured using a
Bonferroni post hoc test (significant at p < 0.05).

FIG. 4. Erythrocyte reduced glutathione (GSH) content.
Concentration of GSH is expressed in milligram per milli-
liter packed erythrocytes. Values are mean – standard error
of the mean (SEM). Intra-group variation for 4-month-old
rats: U-2, 1-2 (significant at p < 0.05), U-1 (not significant).
For 24-month-old rats: U-2, 1-2, U-1 (significant at
p < 0.05). Inter-group comparisons measured using a Bon-
ferroni post hoc test (significant at p < 0.05).

FIG. 5. l-cysteine influx in erythrocytes as a function of
rat age. Influx rate is expressed as lmol/hr per mL of packed
red blood cells. Values are mean – standard error of the mean
(SEM). Intra-group variation for 4-month-old rats: U-1, 1-2
(significant at p < 0.05), U-2 (not significant p < 0.05). For
24-month-old rats: U-2, 1-2 (significant at p < 0.05), U-1
(not significant p < 0.05). Inter-group comparisons were
measured using a Bonferroni post hoc test (significant at
p < 0.05).
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variety of physiological functions, including cell metabo-
lism, ion channels, growth, and death.40

The activity of PMRS has been shown to be elevated in
erythrocytes of aged rats19 and also in rats subjected to
oxidative stress in vivo.41 In view of the important role of
erythrocyte PMRS in providing protection against oxidative
stress during aging39 and the hypothesis that the activity of
PMRS may be an important determinant of animal life
span,42 the present observation of an increase in PMRS
activity in senescent cells signifies increased oxidative
stress. The increase in PMRS activity in senescent cells is
more pronounced in old (24-month-old) rats, which again
substantiates the higher oxidative stress in old rats.19 This is
the first report regarding the involvement of PMRS during
cell senescence and provides evidence for the role of oxi-
dative stress during cellular senescence.

GSH plays an important role in detoxification of free
radicals. In erythrocytes, it is a major anti-oxidant pro-
tecting important proteins such as spectrin, the oxidation of
which may lead to change in membrane fluidity.43 Besides
augmentation of the anti-oxidant defense, GSH also plays
an important role in maintenance of –SH groups in he-
moglobin and other enzymes in reduced state. The im-
portance of GSH during conditions of oxidative stress is
thus critical for the cell.11 Our observation of a decrease in
GSH in senescent RBC fractions signifies higher oxida-
tive stress in aged erythrocytes, with the condition being
more significant in old rats compared to young rats. The
decrease in GSH in aged erythrocytes could be due to the
reported 30–40% down-regulation of the Embden–
Meyerhof pathway.29,44

The functional free –SH group, which plays a critical
role in the anti-oxidant role of GSH, is provided by
l-cysteine. Although three amino acids are required for
GSH synthesis, the rate of GSH synthesis is determined
only by l-cysteine availability.45 Rates of l-cysteine influx
into erythrocytes have been reported that are concentration
and time-dependent.20 Our earlier report has provided ev-
idence of a decreased l-cysteine influx into erythrocytes as
a function of age in humans.26 Our observation of a de-
creased influx of l-cysteine in erythrocytes from old (24-
month-old) rats compared to young (4-month-old) rats is
the first such report in rats and corroborates findings ob-
tained in humans.26 Less dense, younger erythrocytes show
a higher rate of l-cysteine influx compared to senescent
erythrocytes in both young and old rats, and this observa-
tion explains, in part, the decrease in intracellular GSH in
senescent erythrocytes. The decreased influx of l-cysteine,
besides influencing GSH synthesis, may also contribute to
altered intracellular redox status. Numerous reports con-
firm the beneficial effects of l-cysteine supplementation in
age-dependent conditions.46 It has been hypothesized that
aging could be a cysteine deficiency syndrome.47 In view
of the above, our findings of an altered l-cysteine influx in
young and senescent erythrocytes substantiate reported
benefits of l-cysteine supplementation as an effective anti-
aging strategy.48

ROS-mediated lipid peroxidation may lead to loss of
membrane integrity and cell death.49 MDA has been shown
to cross-link erythrocyte phospholipids and proteins, leading
to loss of membrane integrity and functions and ultimately
diminished cell life span.50 MDA accumulation can also

affect anion transport and the band 3–associated enzymes,
phosphofructokinase and glyceraldehyde 3-phosphate de-
hydrogenase.50 Several reports confirm an increase in MDA
during aging in erythrocytes in humans.4 An age-dependent
increase in MDA levels has been reported in rats.19,51 Our
results on fractionated erythrocytes of rats also show in-
creased MDA levels as a function of age. The observation
of increase in MDA in lower fraction erythrocytes (old)
reflects increased oxidative stress during this period of life
and corroborates with the levels of other oxidative stress
markers

Conclusion

On the basis of parameters indicative of intracellular oxi-
dative stress, our findings provide evidence of higher oxida-
tive stress in senescent erythrocytes, the effect being more
pronounced in old (24-month-old) rats compared to young (4-
month-old) rats. We show a critical role of l-cysteine influx
in erythrocytes, which is significantly reduced in senescent
erythrocytes. The present findings emphasize the role of ox-
idative stress not only in organismal aging but also in cell
senescence.
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