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Erythrocyte sialic acid content during aging in
humans: Correlation with markers of
oxidative stress
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Abstract. Sialic acids are substituted neuraminic acid derivatives which are typically found at the outermost end of glycan chains
on the membrane in all cell types. The role of erythrocyte membrane sialic acids during aging has been established however
the relationship between sialic acid and oxidative stress is not fully understood. The present work was undertaken to analyze
the relationship between erythrocyte membrane sialic acid with its plasma level, membrane and plasma lipid hydroperoxide
levels and plasma total antioxidant capacity. Results show that sialic acid content decreases significantly (P < 0.001) in RBC
membrane (r = −0.901) and increases in plasma (r = 0.860) as a function of age in humans. Lipid peroxidation measured in
the form of hydroperoxides increases significantly (P < 0.001) in plasma (r = 0.830) and RBC membranes (r = 0.875) with
age in humans. The Trolox Equivalent Total Antioxidant Capacity (TETAC) of plasma was found to be significantly decreased
(P < 0.001, r = −0.844). We observe significant correlations between decrease of erythrocyte membrane sialic acid and plasma
lipid hydroperoxide and TETAC. Based on the observed correlations, we hypothesize that increase in oxidative stress during
aging may influence the sialic acid decomposition from membrane thereby altering the membrane configuration affecting many
enzymatic and transporter activities. Considering the importance of plasma sialic acid as a diagnostic parameter, it is important
to establish age-dependent reference.
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1. Introduction

The plasma membrane performs the important cel-
lular function of maintaining cellular integrity and re-
stricting traffic between inside and outside the cell.
The variety of intracellular metabolic requirements and
extracellular signals necessitate the membrane to be
extremely responsive and dynamic [12]. Such func-
tions are only possible when the membrane’s chemical
composition is stable and the complex infrastructure
remains intact throughout the organism’s lifespan [6].
The deterioration of membrane integrity is thought to
be a major cause of the aging process [11]. The human
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erythrocyte with its life span of 120 days provides a
good model system to study age-dependent alterations
in humans [17]. The erythrocyte is continuously ex-
posed to oxygen making it susceptible to oxidation me-
diated damage [34,35]. Several age-dependentchanges
in erythrocyte biological membrane constituents in hu-
mans have been reported [17]. Alterations in the ac-
tivity of plasma membrane redox system [44], AFR re-
ductase [41], acetylcholinesterase [34], protein [18,44]
and lipid oxidation [31] have already been reported.

As essential constituents of many glycoproteins,
glycopeptides and glycolipids, the naturally occur-
ring sialic acids are substituted neuraminic acid
derivatives among which the most important is N-
acetylneuraminic acid, NANA (5 amino-3,5-dideoxy-
D-nonulosonic acid) typically found at the outermost
end of glycan chains of all cell types [1,26]. These
nine-carbon backbone acidic sugars adorn all cell sur-
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faces and most secreted proteins of vertebrates and few
higher invertebrates, mediating or modulating a variety
of normal and pathological processes [2]. Due to nega-
tive charge and hydrophobicity, sialic acids have many
structural and modulatory roles. They affect the action
of some hormones, the recognition of different com-
pounds, the cellular adhesiveness, the catalytic proper-
ties of enzymes, the transport process and antigenici-
ty [36]. They serve as components of binding sites for
various pathogens and toxins [8,10]. Sialic acid spe-
cific lectins found in invertebrates are supposed to be
involved in defense against microbes expressing sial-
ic acid on their surface [37]. Thus changes in sialic
acid content may lead to possible topological structural
change in the membrane which may also affect the
body’s defense mechanism against microbes. The loss
of sialic acid during red cell senescence has already
been reported and has been hypothesized to contribute
to the clearance of erythrocyte from the circulation at
the end of its life span [4,7].

Based on Harman’s free radical theory of aging, sev-
eral reports have provided enough evidence that the ery-
throcyte oxidative stress parameters significantly cor-
relate with the plasma membrane redox potential [3,
43]. In view of several recent findings reporting alter-
ations in erythrocyte membrane structure and compo-
sition as a function of human age [27,47], this study
was undertaken to determine sialic acid levels in ery-
throcyte membrane and plasma during human aging.
Membrane lipid peroxidation is also a major factor in
the pathogenesis of many disease states including ag-
ing [31,39,42] and some reports show a link between
blood malondialdehyde levels and sialic acid [19,33],
we also correlate the sialic acid levels with lipid per-
oxidation index and also with plasma total antioxidant
capacity.

2. Materials and methods

The study was carried out on 81 normal healthy sub-
jects of both sexes (54 males and 27 females) belong-
ing to urban middle class background between the ages
of 21 and 90 years. Young volunteers were mainly
from University while older subjects were relatives or
acquaintances of faculty or students. The criteria for
selection of subjects were the same as reported earli-
er [18], the basic biomedical parameters recorded were
(range) BMI: 18.5–26.4 kg/m2, blood glucose fasting:
64.8–90.0 mg/dL, postprandial 104.4–140.0 mg/dL,
blood pressure systolic: 90–142mm Hg, diastolic: 60–

92 mm Hg. All volunteers were screened for asthma,
tuberculosis, diabetes mellitus or any other major ill-
ness. None of the subjects were smokers or were taking
any medication. Care was also taken to exclude volun-
teers taking/have taken the any nutritional supplements
since last three months. The elderly subjects were liv-
ing at home but functionally independent without any
cognitive impairment. All persons gave their informed
consent for the use of their blood samples for the study.
Venous blood was obtained at fasting condition in the
morning by venipuncture in sterile polystyrene tubes
containing heparin. Plasma was obtained by centrifug-
ing the blood at 800xg for 10 min at 4◦C. Antioxidant
capacity measurements were performed immediately,
for further analyses the plasma was frozen and stored
at −80◦C for not more than 2–3 days. The protocol
of study was in conformity with the guidelines of the
Allahabad University Ethical Committee.

2.1. Isolation of erythrocyte membranes

Preparation of erythrocyte membranes (ghosts) was
carried out according to the method of Dodge et al. [16]
with slight modifications. Briefly, washed and packed
erythrocytes were lysed by adding 10 volume of 5 mM
phosphate buffer pH 7.4 (at 4◦C) while mixing. Af-
ter leaving on ice for 30 min, the erythrocyte mem-
branes were packed by centrifugation at 20,000 g for
10 min at 4◦C and the hemoglobin-containing super-
natant was removed. The erythrocyte membranes were
then washed three times by suspending in fresh buffer
(same volume as used for lysis) followed by centrifuga-
tion under the same conditions. Finally, the membranes
were suspended in hypotonic 5 mM buffer (same vol-
ume as used for lysis) followed by centrifugation under
the same conditions and then resuspended in hypoton-
ic 5 mM phosphate buffer pH 7.4. Erythrocyte mem-
branes were quantified on the basis of protein concen-
tration using the assay of Lowry et al. [29].

2.2. Determination of membrane and plasma sialic
acid levels

It was performed by the method proposed by Spyri-
daki et al. [26]. To determine the sialic acid level in
membrane/plasma, 0.10 ml of 0.04 M periodic acid
was added to a glass tube containing 500 μl diluted
(20 times) sample solution. It was mixed thoroughly
and allowed to stand in ice bath for 30 min. Thereafter
1.25 ml of resorcinol working solution (5 ml of 6.0%
resorcinol solution, 0.125 ml of 0.1 M copper sulphate



M.M. Mehdi et al. / Blood sialic acid during aging: Correlation with oxidative stress 181

solution and 19.875 ml of distilled water, brought to
a final volume of 50 ml with 10 M HCl) was added,
mixed and heated at 98◦C for 5 min. Tubes were cooled
in an ice bath for approximately 2 min. Lastly 3.25 ml
of n-butanol was added. The solutions were mixed vig-
orously and the tubes were placed in a water bath at
37◦C for at 3 min for colour to stabilize. Immediately
after removing the solutions from the water bath their
absorbance were measured at 625 nm against a reagent
blank. A calibration graph was prepared with standard
solutions of NANA in the range 20–200 μM and the
unknown concentrations of total sialic acid in samples
were calculated. Sialic acid level in membrane is re-
ported in terms of μg/mg membrane protein. Plasma
sialic acid is measured as μM.

2.3. Determination of lipid hydroperoxides in RBC
membranes and plasma

It was done by the method proposed by Firuzi et
al. [28]. For measuring ROOHs 200 μL of diluted
(4 times) plasma/200 μl membrane (0.8 to 1.0 mg pro-
tein/ml) was taken in duplicate tubes. In one of the
tubes was added 20 μL triphenylphosphine (methano-
lic) and to another 20 μL of methanol. The tubes were
vortex-mixed every 10 min and incubated at room tem-
perature in the dark for 30 min. After completion of
incubation period 1800 μl of FOX solution (Solution
A: 4.4 mM butylated hydroxytoluene in methanol, So-
lution B: 1mM xylenol orange and 2.5 mM ammoni-
um ferrous sulfate dissolved in sulfuric acid 250 mM.
Working solution was prepared by mixing A and B so-
lutions at a proportion of 9: 1 respectively) was added
in both tubes. The samples were again incubated for
1 hr at room temperature in the dark with vortex-mixing
at every 10 min. After second incubation samples were
centrifuged at 16,000 g for 7 minutes and absorbance
of the supernatants was measured at 560 nm. The ab-
sorbance of the samples treated with TPP was subtract-
ed from non-treated samples to calculate the concen-
tration of ROOHs. Results were calculated with the aid
of a calibration curve using hydrogen peroxide in the
range 1–10 μM. Plasma RCOOH is expressed as mM
in and membrane RCOOH is expressed as nmol/mg
membrane protein.

2.4. Determination of total antioxidant capacity by
CUPRAC method

It was done by method proposed by Apak et al. [32].
500 μl Copper (II) Chloride solution (1.0 × 10−2 M),

500μl Neocuproine solution (7.5×10−3M) and 500μl
Ammonium Acetate buffer (1.0 M, pH 7.0) was added
to 2.50 ml diluted plasma (dilution 1:25) and final ab-
sorbance was measured at 450 nm. Total Antioxidant
Capacity was measured by comparing absorbance with
Trolox standard curve between 20–200 μM.

2.5. Statistical analysis

Statistical analysis was done by using the software
GraphPadPrism 5 version 5.01. To assess relationships
between parameters, Pearson’s correlation coefficient
(r) was derived at 95% confidence interval by taking
the P value < 0.05 as significant.

3. Results

The age dependent study was conducted on blood
samples obtained from normal healthy persons of both
sexes between the ages 21 to 90 years. Our observa-
tions show that erythrocyte membrane sialic acid lev-
el decreases as a function of age (Fig. 1, Pearson’s
r = −0.901, P < 0.001, r2 = 0.788). The plasma
shows increasing levels of sialic acids constituents with
age (Fig. 2, Pearson’s r = 0.860, P < 0.001, r2 =
0.740).

Levels of lipids hydroperoxides in erythrocyte mem-
brane and plasma increased significantly with age
(Fig. 3, Pearson’s r = 0.875, P < 0.001, r2 = 0.765
and Fig. 4, Pearson’s r = 0.830, P < 0.001, r2 =
0.688).

The trolox equivalent antioxidant capacity (TEAC)
is defined as the millimolar concentration of a trolox
solution having the antioxidant capacity equivalent
to a 1.0 mM solution of the substance under inves-
tigation. The total antioxidant capacity (TAC) of
plasma measured by CUPRAC methods (mentioned
as Trolox Equivalents Total Antioxidant Capacity,
TETAC-CUPRAC) shows significant negative correla-
tion with age (Fig. 5, Pearson’s r = −0.844, P <
0.001, r2 = 0.609).

Based on our results, we also show correlations be-
tween sialic acid content andmarkers of oxidative stress
as a function of human age: erythrocyte membrane
sialic acid and lipid hydroperoxide (Fig. 6a) and plas-
ma sialic acid and total plasma antioxidant capacity
(Fig. 6b).

4. Discussion

The erythrocyte membrane consists of a lipid bilay-
er composed of 50% protein, 40% lipid, and 10% car-
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Fig. 1. Sialic acid content in RBC membranes (in µg/mg membrane protein) as a function of human age.

Fig. 2. Plasma sialic acid (in mM) as a function of human age.

bohydrate. The human erythrocyte membrane is con-
tinuously exposed to oxidative stress in the circulation
and undergoes various modifications of cellular com-
ponents. The study of plasma membrane alterations
during human aging might provide insight on the bio-
logical mechanisms associated with longevity and ag-
ing. Our results show that sialic acid, the carbohy-
drate moiety of glycoproteins, is detached or degraded
from erythrocyte membranes at a higher rate in older
individuals compared to younger individuals, the pro-
cess shows significant (P < 0.001) negative correla-
tion (r = −0.901) with membrane lipid hydroperox-

idation. Importantly, sialic acid contributes negative
charge on human erythrocytes and other cell types pro-
viding charge repulsion and prevention of unwanted
interactions of cells in the blood circulation. Thus loss
of sialic acid from the membrane may result in change
in surface charge thereby causing altered biophysical
properties of the red cell membrane.

Sialic acid molecules have persisted on all cell types
in all vertebrates for a long evolutionary time and over
the last few decades several sialic acid binding proteins
have been discovered [1,8,10]. One of the most impor-
tant functions is ‘molecular mimicry’, in which suc-
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Fig. 3. Lipid hydroperoxides in RBC membranes (in nmol/mg membrane protein) as a function of human age.

Fig. 4. Plasma lipid hydroperoxide levels (in mM) as a function of human age.

cessful microbial pathogens decorate themselves with
sialic acids, assisting in evasion of host immunity [9].
Sialic acid containing high molecular weight glycopro-
tein mucin, which functions as hydroxyl radical scav-
enger, loses its ability when desialylated, thus mucin
has the ability to protect cells from oxidants [46]. Since
oxidative stress is known to increasewith age [39,40], It
may also be presumed that loss of sialic acid could con-
tribute to decreased ability of mucin to protect against
oxidants.

We find that plasma sialic acid levels increase as a

function of age in humans. Significantly sialic acid lev-
el in plasma is not only due to loss from the RBC mem-
brane through oxidative damage but also due to dam-
ages in the various organ cells. Sialic acid measure-
ments in blood have been used to predict disease risk
in humans [15,24,25]. The plasma sialic-acid index of
Apo J (moles of sialic acid per mole of Apo J protein) is
used as a marker for early detection of chronic alcohol
consumption [30]. The plasma sialic acid level has also
been considered as an important parameter in identi-
fying subjects prone to develop type-2 diabetes [21].
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Fig. 5. Trolox equivalent total antioxidant capacity (in mM trolox equivalents) of plasma plotted as a function of human age.

(a) (b)

Fig. 6. a) Plot of quotient (membrane sialic acid level/ membrane lipid hydroperoxides) as a function of human age. b) Plot of quotient (plasma
sialic acid level/ antioxidant capacity of plasma) as a function of human age.

Patients with hypertension have decreased membrane
sialic acid compared to normotensive subjects and this
shows that decrease in sialic acid content may also in-
fluence the rheological properties of blood [4]. Signif-
icantly low sialic acid erythrocyte concentrations with
contemporary high sialic acid plasma levels have been
considered as markers of ischemic stroke [20]. Levels
of serum total sialic acid in cholangiocarcinoma pa-
tients are found higher than the levels in healthy indi-
viduals [38]. Thus a higher plasma sialic acid level in
older persons may be contributing to the development
of several age-dependent diseases.

The FOX assay originally proposed by Nourooz-
Zadeh et al. [13] is a simple spectrophotometricmethod
that represents an alternative to more sophisticated and
time consumingmethodologies formeasurement of hy-
droperoxides (ROOHs) in biologicalfluids. Mean plas-
ma hydroperoxide (ROOH) concentrations in our sub-
jects of different age groups corroborate previous ob-
servations [13] and our results showed that there was a
significant (P < 0.001) increase in the mean concen-
tration of ROOHs in erythrocyte membranes as well as
in plasma with increasing age. The correlation of mem-
brane sialic acid level with membrane lipid hydroper-
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oxidation (Fig. 6a) provide further basis to the argu-
ment that altered redox potential during aging causes
loss of sialic acid from the erythrocyte membrane. The
importance of our study on human blood parameters is
highlighted in the context of report that blood levels of
lipid peroxides provide a reliable indication about the
redox status in other tissues including skeletal muscle,
heart and liver [5].

The increase in oxidative stress and inflammatory
mediators during aging has been linked to the lev-
els of advanced glycation end products (AGE’s) [23,
45]. These prooxidant factors (AGE’s) specially Nε-
carboxymethyl-lysine may also contribute to our ob-
served changes in sialic acid level and lipid peroxida-
tion levels during aging [14]. A decrease in total plas-
ma total antioxidant capacity as a function of human
age has been reported by us and by other workers [22,
39] however in a significant finding we showed that the
decrease of antioxidant potential was sharper in case of
Indian population. Our present observations corrobo-
rate earlier reports. The significant negative correlation
(Fig. 6b, r = −0.860) between plasma TAC and plas-
ma sialic acid reflects the relationship between redox
state of plasma and sialic acid, however, the mechanism
of relationship is still not clear.

In conclusion, the increase in oxidative stress dur-
ing aging causes increased sialic acid decomposition
from erythrocyte membrane which may lead to altered
biophysical property of the membrane affecting many
enzymatic and transporter activities. Considering the
importance of plasma sialic acid as a diagnostic pa-
rameter, it is important to establish age-dependent ref-
erence. The questions about the native conformation
of sialic acid after detachment, the amount, rate and
the mechanism of sialic acid removal; and how the in-
creased plasma sialic acid levels are maintained during
aging however remain unanswered.
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