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1

AGING is commonly defined as a physiological phe-
nomenon associated with morphological and func-

tional deleterious changes in cellular and extracellular 
components aggravated by injury throughout life (1). These 
age-related alterations affect a broad range of tissues, 
which, cumulatively, have a direct impact on functional 
ability and physiological performance, increasing the risk 
of disease and death (2). Due to the increasing older popula-
tion, scientists are urged to respond to the particular needs 
of aged individuals; therefore, the study of biological 
mechanisms implicated in aging and age-related diseases 
plays a central role in the current investigation. The Har-
man’s free radical theory postulates that damage to cellular 
macromolecules via free radical production in aerobic or-
ganisms is the major determinant of life span and offers the 
best mechanistic elucidation of the aging process and age-
related diseases (3). Through diverse metabolic pathways, 
aerobic cells constantly produce reactive oxygen species 
(ROS) (4). Although ROS have several beneficial functions 
in signal transduction or protection against pathogens, they 
are able to inflict molecular oxidative damage on lipids, 
proteins, and DNA when their production overwhelms the 
capacity of antioxidant systems (2,5,6). This situation leads 

to cellular dysfunction, cell death, and impairment of organ-
ism functions at the systemic level (7,8).

Several high incidence diseases in the elderly population, 
such as cardiovascular disease, chronic obstructive pulmo-
nary disease, and ictus, include hypoxemic incidents among 
the symptoms (9). In all of these examples, oxyhemoglobin 
saturation (HbSaO2) can fall to extremely low levels with 
episodic hypoxemia and is often associated with marked 
changes in heart rate, blood pressure, and respiratory rate 
(9). Moreover, the systemic hypoxia process leads to cellu-
lar hypoxia that, in turn, stimulates the generation of free 
radicals (10). It has long been suspected that aging may at-
tenuate the ability of an organism to adapt to oxidative 
stress due to altered cellular structure and signal transduc-
tion capacity (11). In addition, considering that elderly pop-
ulation is already at risk of oxidative stress, the additional 
exposure to hypoxia may increase the deleterious imbal-
ance between oxidants and antioxidants. In fact, previous 
studies developed in our laboratory provide evidence that 
hypoxia-induced ROS cause a significant redox disorder in 
blood and diverse cellular types (12,13). Because low oxy-
gen concentration increases the production of free radicals, 
a closer investigation of oxidative stress biomarkers in  
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hypoxemic aged individuals appears to be a promising start-
ing point to analyze its role in age-related diseases.

In the present investigation, we analyzed the relationship 
between aging and hypoxia by examining oxidative stress 
in erythrocytes. Red blood cells (RBCs) are a valuable 
model system to observe individual alterations of aging and 
age-related diseases (14,15). Indeed, a recent investigation 
proposed that RBCs should be considered as “reporter 
cells” for the oxidative status of the whole organism (16). 
Erythrocytes may be particularly vulnerable to oxidative 
stress because they are continuously exposed to oxygen 
radicals generated by hemoglobin autooxidation (17), phe-
nomenon amplified under hypoxic conditions in RBCs (18). 
Physiological impairment or degenerative disorders associ-
ated with oxidative stress such as diabetes mellitus and hy-
pertension are known to damage circulating erythrocytes 
(19). Therefore, RBCs are equipped with very efficient an-
tioxidant machinery that ensures a reducing environment. 
The biological effects of ROS in RBCs are controlled by a 
wide spectrum of enzymatic defense systems: superoxide 
dismutase (SOD; EC 1.15.1.1), which catalyzes the dismu-
tation of superoxide anions (O2

−) to hydrogen peroxide 
(H2O2); catalase (CAT; EC 1.11.1.6), which converts H2O2 
into O2 and H2O; and glutathione reductase (GR; EC 
1.6.4.2), which recycles oxidized glutathione to reduced 
glutathione for glutathione peroxidase activity (EC 
1.11.1.9). Aging and a broad spectrum of age-related dis-
eases are associated with alterations in the antioxidant de-
fense (20–22). The activity of RBC enzymes was shown to 
either increase, decrease, or not change in these phenomena 
(14,20–23); therefore, data regarding the alterations in anti-
oxidant enzyme defense are still conflicting. In addition, 
RBCs contain relatively high levels of unsaturated fatty ac-
ids, which are particularly good substrates for lipid peroxi-
dation, a reaction that is associated with loss of membrane 
resistance (24). This deleterious process may provoke the 
impairment of membrane-related functions that ultimately 
lead to cell damage. It has been reported that oxidative dam-
age and, in particular, lipid peroxidation impair membrane 
proteins of RBCs, such as Band 3 (25). This protein has a 
central role in CO2 transport in blood and in erythrocyte 
functions such as maintenance of cell shape and homeosta-
sis. Band 3 has been shown to bind to spectrin, the internal 
RBC scaffold that has a role in RBC membrane stability 
(26). The extreme N-terminus of the cytoplasmic domain of 
Band 3 has been associated with the intracellular binding of 
several cytosolic proteins including hemoglobin and the 
glycolytic enzymes glyceraldehyde-3-phosphate deshy-
drogenase (GAPDH) and phosphofructokinase (27). Evi-
dence supports an important role of ROS levels in the 
assembly and disassembly of the complex in physiological 
response to stress through regulation of the cellular glycoly-
sis level (28). Thus, the study of these oxidative parameters 
may provide relevant information regarding RBC integrity, 
metabolism, and ion and gas transport function (17).

The continuous renewal of the RBC population from he-
matopoietic bone marrow warrants the functional and struc-
tural integrity of erythrocytes; therefore, damaged cells may 
possess mechanisms to be eliminated from circulation. Re-
cent studies demonstrated that anucleated cells, such as 
erythrocytes and platelets, contain functional pro-apoptotic 
caspases, such as caspase-3 whose activation may be medi-
ated by oxidative stress levels (29,30). This proteolytic sys-
tem may prevent the lysis and the release of cytotoxic 
species such as ferric ions or heme groups in the vasculature 
by preferentially inducing damaged RBC removal from cir-
culation (31). Unfortunately, the role of erythrocyte cas-
pase-3 in aging and hypoxia is poorly understood because 
most studies have been conducted in vitro (32,33). In vivo 
studies are necessary to increase our knowledge regarding 
the role of these proteins in the cell death mechanisms of 
RBCs.

Consequently, the aim of this study was to investigate the 
effects of age and acute hypoxia on erythrocyte antioxidant 
enzyme systems, membrane structure, and the cell death 
signaling process in the elderly population. We determined 
the in vivo alterations of the main oxidative stress parame-
ters of RBCs to analyze the biological impact of hypoxemic 
episodes on the aged population.

Materials and Methods

Participants
The participants were predominantly of middle socioeco-

nomic class, with low or middle levels of education and 
were living in the region of Asturias (Spain). We collected 
blood samples from three experimental groups of volun-
teers: a group of middle-aged participants (normoxia middle-
aged [NM] group, n = 41) and two groups of individuals 
older than 75 years of age. The group of older participants 
consisted of two subgroups, one group of participants with 
HbSaO2 more than 95% (normoxia elderly [NE] group, n = 
41) and one group with HbSaO2 lower than 95% (hypoxia 
elderly [HE] group , n = 41). The control middle-aged group 
contained individuals between 18 and 40 years of age (mean 
age 26 years, 47% women) and had HbSaO2 more than 
95%. A hypoxia group of middle-aged individuals was not 
included in the present study. The mean age of the NE group 
was 83 years, with 54.8% women. The HE group had a 
mean age of 85 years, with 66% women. All old partici-
pants included in the study were recruited from patients ar-
riving to emergency service presenting dyspnea. These 
individuals were apparently healthy with the exception of 
the dyspnea symptom, and only patients with HbSaO2 lower 
than 95% were included in the HE group. Medical doctors 
from our group have confirmed this decision. All oxidative 
biomarkers were measured in both sexes.

Blood samples were taken in cooperation with the Hospi-
tal Universitario Central de Asturias and the Centro de 

 at U
niversidad de O

viedo on N
ovem

ber 16, 2010
biom

edgerontology.oxfordjournals.org
D

ow
nloaded from

 

http://biomedgerontology.oxfordjournals.org/


 AGING AND HYPOXIA IN RBC 3

Transfusión y Banco de Tejidos del Principado de Asturias. 
Blood samples were collected by the health personnel of the 
hospital from individuals older than 75 years of age who 
were selected based on their HbSaO2. Blood samples from 
normoxic, middle-aged individuals were collected by  
personnel from the Centro de Transfusión and Banco de 
Tejidos from Principado de Asturias.

All participants received information about the aims and 
objectives of the study and signed an informed consent 
term. The local ethics committee approved the study.

Blood Collection
Blood was collected in vacutainer tubes with ethylendi-

aminetetraacetatic acid as an anticoagulant. After blood cen-
trifugation (3000 rpm, 15 minutes, 4°C), plasma and buffy 
coat were discarded. Erythrocytes were washed three times 
with ice–cold isotonic sodium chloride solution (0.9%) fol-
lowed by centrifugation (4000 rpm, 10 minutes, 4°C). Hemo-
lysis of the washed packed cells was achieved by mixing with 
cold distilled water, and the hemolysates were stored at −20°C 
until analyzed. Erythrocyte membranes were prepared ac-
cording to the method of Dodge and colleagues and stored at 
−80°C (34). Membrane and cytosolic fractions purity was 
checked by analyzing the presence of endothelial nitric oxide 
synthase in the different fractions (data not shown) (35).

Biochemical Analysis
HbSaO2 was measured by a pulse oximeter (OxiMax 

451N5; Nellcor, Boulder, CO). Erythrocyte protein con-
centration was measured using the Bradford method 
(36). Lipid peroxidation was measured by determining 
malondialdehyde (MDA) and 4-hydroxy-2-(E)-nonenal 
(4-HNE) content. The amount of MDA plus 4-HNE was 
determined using an LPO Assay Kit from Calbiochem 
(No. 437634, Merck KGaA, Darmstadt, Germany) based 
on the condensation reaction of the chromogene 
1-methyl-2-phenylindole with either MDA or 4-HNE. 
Results are expressed as micromole (MDA + 4-HNE)/
gram protein. The erythrocyte hemolysis test was mea-
sured with a modified technique of Farrell and colleagues 
(37). In this procedure, 300-mL aliquots of washed eryth-
rocytes were pipetted into three disposable plastic tubes 
to conduct the hemolysis test. Next, 300 mL of 4% H2O2, 
freshly diluted in phosphate-buffered saline at pH 7.4, 
was added to the first tube containing erythrocyte sus-
pensions. Also, 300 mL of phosphate-buffered saline 
was added to the second tube to study spontaneous he-
molysis, and distilled water to a volume of 3.8 mL was 
added to the last tube. All tubes were then gently mixed 
by inversion and incubated at 37°C for 3 hours. Tubes 1 
and 2 were then diluted to a final volume of 4.1 mL with 
phosphate-buffered saline. All samples were centrifuged 
(500 g, 3 minutes), and the absorbance of the supernatant 
was measured at 405 nm as an indication of the degree of 

hemolysis. Results are expressed as the percent of total 
hemoglobin released from cell suspensions that received 
distilled water.

SOD was measured according to Martin and colleagues 
(38). The enzyme inhibits the autooxidation of hematoxylin 
to the colored compound hematein. Results were expressed 
as SOD units/milligram protein. CAT activity was assayed 
according to Lubinsky and Bewley using H2O2 as the sub-
strate (39). Data are expressed as micromole H2O2/milli-
gram protein × minutes. GR catalyzes the reduction of the 
oxidized glutathione to reduced glutathione using NADPH 
+ H+ as the substrate. The GR assay was performed accord-
ing to Wheeler and colleagues by monitoring the oxidation 
of NADPH (40). Data are expressed as micromole NADPH/
gram protein × minutes.

Western Blot Immunoassay
Aliquots of erythrocyte cytosol containing 50 mg (GAPDH 

and caspase-3) and membranes containing 5 mg (Band 3) or 
50 mg (GAPDH) of protein per sample were placed in the 
sample buffer, denatured by boiling at 100°C for 5 minutes 
and separated by sodium dodecyl sulfate—polyacrylamide 
gel electrophoresis. They were transferred onto polyvinylide 
fluoride sheets (Immobilon TM-P; Millipore Corp., MA). 
Membranes were blocked overnight with 5% non-fat milk 
dissolved in Tris-Buffered Saline Tween-20 buffer and incu-
bated with respective primary antibodies: anti-Band 3 (Af-
finity Bioreagents, CO), anti-GAPDH (Sigma-Aldrich, Inc., 
Munich, Germany), and anti-caspase-3 (Calbiochem, Merck 
KGaA, Germany). After washing the membranes with Tris-
Buffered Saline Tween-20 buffer, they were incubated with 
specific peroxidase-conjugated anti-IgG secondary antibod-
ies (Cell Signalling Technology, Inc., MA) followed by de-
tection with the enhanced chemiluminescence system 
following the manufacturer’s protocol (Western blotting lu-
minol reagent; Santa Cruz Biotechnology, Inc., CA). All 
data presented are representative of at least three separate 
experiments. Digital images were analyzed with a Quantity 
One program (Bio-Rad, Hercules, CA), which permits semi-
quantitation of band intensity. Routinely, protein load was 
monitored using phenol red staining of the blot membrane.

Statistical Analysis
Variables are reported as mean ± SEM, calculated for at 

least three separate experiments that were each performed 
in triplicate. The statistical software package SPSS 15.0  
for Windows (SPSS Inc., Chicago, IL) was used for all 
analyses. The normality of the data was analyzed by the 
Kolmogorov–Smirnov test. Mean comparisons were 
analyzed by the Student’s t test of independent samples to 
compare means between age groups (NM group vs NE 
group) and hypoxia groups (NE group vs HE group). The 
level of significance accepted was p ≤ .050.
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Results
Analysis of the data showed that erythrocyte lipid per-

oxidation levels were significantly higher in normoxic 
elderly participants than in middle-aged participants (p ≤ 
.050) (Figure 1A). When we compared the elderly group 
with low HbSaO2 to the elderly group with physiological 
HbSaO2, we observed a significant increase in oxidative 
damage of lipids associated with hypoxic incidents (p ≤ 
.050) (Figure 1A). Hemolysis test was significantly higher 
in the NE group compared with the middle-aged partici-
pants (p ≤ .050) (Figure 1B), and a significant increase in 
the percentage of hemolysis was detected in cases of hy-
poxia in elderly participants (p ≤ .050) (Figure 1B).

Regarding erythrocyte antioxidant enzyme systems, only 
GR activity levels were significantly lower in erythrocytes 
in the elderly group without hypoxia compared with middle-
age participants (p ≤ .010) (Figure 2C). SOD and CAT had 
similar values and showed no statistically significant differ-
ences between the middle-aged control and the no hypoxia 
group; aging did not appear to affect SOD and CAT activi-
ties (Figure 2A and B). Alternatively, in older participants, 
SOD and GR erythrocyte activities were significantly higher 
in patients with hypoxia compared with their NE controls 
(p ≤ .050) (Figure 2A and C). Hypoxia did not influence 
CAT activity in the elderly group (Figure 2B).

To study Band 3, a protein recognized to be involved in 
important functions related to RBC survival, the oxidative 
modification of Band 3 via high-molecular-weight aggre-
gates (HMWAg) was analyzed. In this study, HMWAg ex-
hibited elevated levels in the no hypoxemic elderly 
population compared with middle-aged controls (p ≤ .050) 
(Table 1). Undetectable differences were observed between 
the old groups with and without hypoxia (Table 1). Acti-
vated caspase-3 showed higher cytoplasmic levels in the old 
group with physiological HbSaO2 compared with the mid-
dle-aged participants (p ≤ .050) (Figure 3). No significant 
differences were observed between NE and HE groups 
(Figure 3). Our results showed the detection of unactivated 

caspase-3 in the middle-aged group but not in the other 
study groups (Figure 3). GAPDH showed higher cytoplas-
mic and membrane concentrations in the NE group com-
pared with the NM group (p ≤ .050) (Figure 4A and B). 
Hypoxia at old age increased RBC cytoplasmic levels of 
GAPDH (p ≤ .050) (Figure 4B). However, no changes 
where observed in erythrocyte membrane GAPDH content 
between NE and HE groups (Figure 4A).

Significant differences were not observed between the 
sexes by age or HbSaO2 group (data not shown).

Discussion
This study was designed to investigate the impact of  

hypoxia on the primary oxidative erythrocyte biomarkers  
in elderly people. We analyzed the relationship between 
oxidative stress, aging, and their association with typical 
phenomena in age-related disorders, such as hypoxemic  
incidents.

In this work, aging was linked with a decrease in erythro-
cyte GR activity and the maintenance of similar levels of 
SOD and CAT activity. We have observed higher lipid dam-
age in the NE group in comparison with their middle-aged 
control group. The level of erythrocyte SOD and CAT ac-
tivities and the decrease of GR activity can be interpreted as 
an insufficient antioxidant defense in erythrocytes to cope 
with enhanced ROS production in aging. The increase in 
lipid peroxidation is in accordance with previous studies 
which showed that lipid oxidative damage increases in ani-
mal models and human erythrocytes with age (23,41,42). 
Lipid oxidative damage resulted in the degeneration of 
membrane structure and the loss of membrane integrity and 
functionality (43); thus, we studied the impact of this lipid 
oxidative damage in RBC physiology by analyzing the he-
molysis percentage between age groups. Erythrocytes of the 
NE group were less resistant to H2O2 than erythrocytes of 
NM participants. Lipid peroxidation may provoke mem-
brane alterations that impair RBC resistance to stress, sup-
porting the hemolysis test data. Both facts, support the 

Figure 1. Erythrocyte lipid oxidative damage and hemolysis test of each studied group: normoxia middle aged (NM), normoxia elderly (NE), and hypoxia elderly 
(HE). (A) Erythrocyte lipid peroxidation presented as micromole (malondialdehyde + 4-hydroxy-2-(E)-nonenal)/gram protein. (B) Hemolysis test expressed as he-
molysis percentage (%). Data are expressed as mean ± SEM, calculated from at least three separate experiments, each performed in triplicate. ap < .050, NM group 
versus NE group; bp < .050, NE group versus HE group.

 at U
niversidad de O

viedo on N
ovem

ber 16, 2010
biom

edgerontology.oxfordjournals.org
D

ow
nloaded from

 

http://biomedgerontology.oxfordjournals.org/


 AGING AND HYPOXIA IN RBC 5

hypothesis that antioxidants play an important function in 
aging (44). The increase in oxidative damage without an 
antioxidant response suggests a redox deregulation in eryth-
rocyte: an imbalance between production and destruction of 
ROS that leads to higher levels of oxidative stress in the NE 
participants compared with NM group.

To investigate the impact of low HbSaO2 on oxidative 
stress parameters, we analyzed hypoxia events at old age. 
Several in vivo and in vitro studies have shown that low 
oxygen concentrations are related to increases in oxidative 
stress levels in different tissues (10,13,45). In particular, 
erythrocytes are especially susceptible to hypoxia-related 
oxidative stress. Hemoglobin deoxygenation results in met-
hemoglobin and O2

− production, which may be amplified as 
oxygen extraction from RBCs increases during reduced 
blood flow or hypoxemia (46). This situation may explain 
our results regarding erythrocyte antioxidant enzyme de-
fense. HE participants had a higher erythrocyte SOD activity 
compared with the NE participants. A higher concentration 
of O2

− with hypoxia may consequently lead to increased 
SOD activity. These results are agreed with those published 
by Koechlin and colleagues and Martínez-Romero and 
colleagues, who also reported that hypoxia improved SOD 
activity in muscle and brain (47,48). We also observed an 
increase in erythrocyte GR activity in response to hypoxia 
in elderly participants. Data regarding GR activity and hy-
poxia are scarce. Several experiments developed by our 
group using animal models showed that GR activity was 
higher in response to low oxygen concentrations (12). Thus, 
aged individuals were able to activate an antioxidant enzy-
matic defense against hypoxia-related ROS; however, the 
rates of antioxidant enzyme activities were insufficient to 
prevent enhanced oxidative damage. We observed higher 
erythrocyte lipid damage in HE colleagues in comparison 
with the NE control group. Our findings are in accordance 
with previous studies which showed that oxidative damage 
levels are elevated in response to hypoxemia (13,49). Based 
on these data, an increase in hemolysis percentage in hy-
poxic aged individuals with low HbSaO2 was expected. As 
we observed in aging, more erythrocyte lipid peroxidation 
correlated with less resistance to H2O2 in hypoxia. Hemoly-
sis could be associated with deleterious processes in the 
whole organism such as releasing pro-oxidants of red cells 
to the vasculature as heme groups; therefore, the situation 
described in this investigation might have capital impor-
tance because the course of several age-related diseases in-
cludes hypoxic periods.

Until recently, mature erythrocytes were not considered 
to share any of the stimulus-triggered death signaling path-
ways that are associated with apoptosis in nucleated cells. 

Figure 2. The activity of erythrocyte antioxidant enzymes of each studied 
group: normoxia middle aged (NM), normoxia elderly (NE), and hypoxia el-
derly (HE). (A) superoxide dismutase activity expressed as units/milligram pro-
tein; (B) Catalase activity expressed as micromole H2O2/milligram protein × 
minutes; (C) Glutathione reductase activity expressed as micromole NADPH/
gram protein × minutes. Data are presented as mean ± SEM, calculated from at 
least three separate experiments, each performed in triplicate.  aap < 0.010, NM 
group versus NE group; bp < .050, NE group versus HE group.

Table 1. HMWAg Levels Detected by Western Blot Immunoassay of 
Each Studied Group: NM, NE, and HE.

NM NE HE

HMWAg (%) 100 151.580 ± 8.447* 166.830 ± 5.087

Notes: Data are expressed as semi-quantitative optical density of HMWAg 
(arbitrary units of blot bands) presented as percentage of NM group (mean ± 
SEM). Data are representative of at least three separate experiments. HMWAg = 
high-molecular-weight aggregate; NM = normoxia middle aged; NE = 
normoxia elderly; and HE = hypoxia elderly.

*p < .050, NM group versus NE group.
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Although erythrocytes are void of nuclei and mitochondria 
as well as lack regulators that play a pivotal role in nucle-
ated cell apoptosis, some of the changes associated with 
apoptosis such as membrane blebbing and exposure of 
phosphatidylserine have been observed in RBCs (32). Pro-
teolysis by caspase-3 plays a central role in the execution of 
apoptosis in different cell types (50,51), so it is conceivable 
that caspase-3 may be activated in erythrocyte dysfunction 
that leads to the removal of damaged RBCs from circula-
tion. Previous in vitro report did not connect caspase activa-
tion during prolonged erythrocyte storage, in hemolytic 
anemia, or in response to treatment with a wide variety of 
established apoptotic stimuli (33). For these authors, cas-
pases may simply have been transferred from nucleated pre-
cursor cells that undergo apoptosis to mature erythrocytes 

during development. Alternatively, other study proposed 
that caspase-3 may have an important role in phenomena 
such as cell shrinkage, plasma membrane microvesicula-
tion, cytoskeletal and membrane protein degradation, and 
loss of membrane phospholipids asymmetry (52). In the 
present work, for the first time, we investigated the potential 
role of erythrocyte caspase-3 in aging and hypoxia in vivo 
in the elderly. In recent years, several studies demonstrated 
that oxidative stress activates caspase-mediated apoptosis 
(30,32,53). We observed a significant increase in the RBC 
caspase-3 activated level in the NE group compared with 
the NM group. Moreover, pro-caspase-3 was only detected 
in middle-aged participants. Previous report found in-
creased RBC removal from circulation in the elderly popu-
lation (54). Kosower (55) also suggested a shortening of 

Figure 3. Caspase-3 detection by Western blot immunoassay using 50 mg of protein from the cytosolic fraction of red blood cells of three participants of each 
study group: normoxia middle aged (NM), normoxia elderly (NE), and hypoxia elderly (HE). Phenol red staining of the blot membrane was used as a loading control. 
Right panels: Bar chart showing semiquantitative optical density (arbitrary units of blot bands) presented as percentage of NM group (mean ± SEM). Similar results 
were obtained in at least three separate experiments. ap < .050, NM group versus NE group.

Figure 4. Membrane and cytosolic GAPDH detection by Western blot immunoassay using 50 mg of protein from red blood cell membranes and cytosolic fractions 
of three participants of each studied group: normoxia middle aged (NM), normoxia elderly (NE), and hypoxia elderly (HE). Right panels: Bar chart showing semi-
quantitative optical density (arbitrary units of blot bands) presented as percentage of NM group (M ± SEM). Phenol red staining of the blot membrane was used as a 
loading control. Similar results were obtained in at least three separate experiments. ap < .050, NM group versus NE group and bp < .050, NE group versus HE group.
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 AGING AND HYPOXIA IN RBC 7

erythrocyte life span in the late elderly. Thus, the increase 
observed in oxidative stress with age could be associated 
with accelerated erythrocyte elimination from blood by cas-
pase-3 activation. No differences between normoxic and 
hypoxic elderly participants were found. Acute hypoxia did 
not alter activated caspase-3 levels at old age. It has been 
closely described that oxidative stress triggers apoptotic 
processes as long as cellular maquinary is maintained intact 
(56). On the other hand, excess of oxidative stress can have 
deleterious effects on the aged cell signaling (11), process 
that regulates cell death by apoptosis (30). Our results sup-
port this idea; because we have observed an increase activa-
tion of caspase-3 in normoxic elderly group compared with 
middle-aged participants, but we have reported no changed 
in hypoxic elderly participants compared with normoxic el-
derly group, instead the increase in oxidative stress level. 
We hypothesize that aging could affect redox signaling, im-
pairing response of RBC cell death program to acute hy-
poxia in elderly participants. Moreover, considering the 
scarce and conflicting literature about erythrocyte proteases 
activities, our in vivo findings provide additional informa-
tion about caspase-3 role in RBC cell death.

Band 3 protein is the major transmembrane protein in 
erythrocytes with relevant functions in RBC maintenance of 
shape, metabolism, and senescence (26). Band 3 may be 
involved in the generation of senescence signals that lead to 
the recognition and removal of old erythrocytes from circu-
lation (16). In fact, it has been reported that degradation of 
this protein plays a role in the generation of a senescence 
signal during erythrocyte aging (57). An increase in Band 3 
aggregation, observed as high HMWAg, is considered a 
good biomarker of oxidative stress related to aging and dis-
ease (58). Previous investigations suggested that Band 3 
degradation is mediated by caspase-3 because the cytosolic 
domain of Band 3 contains caspase-3 cleavage sites (59). 
Therefore, the increase in active caspase-3 in the NE group 
compared with the NM group may be associated with Band 
3 structure modifications because HMWAg is increased in 
the elderly groups. Alternatively, the increase in Band 3 
structure modifications may be the result of biomacromo-
lecular oxidative damage. MDA and 4-HNE have been 
shown to cross-link erythrocyte membrane phospholipids 
and proteins (25). Indeed, Santos-Silva and colleagues pro-
posed that HMWAg could result from the oxidation and the 
cross-linking of the Band 3 monomer and its peptide frag-
ments, or even, from further proteolysis of Band 3 followed 
by the oxidation and the cross-linking of peptide fragments 
(15). The raise in lipid peroxidation and caspase-3 activa-
tion, in the NE group compared with their middle-aged con-
trols, denotes an oxidative and proteolytic environment, 
which may explain the observed HMWAg levels. No 
changes were found regarding HMWAg levels in the HE 
group compared with NE participants. The data conflict 
with previous reports which demonstrated that hypobaric 
hypoxia promoted Band 3 modifications (49). Our results 

could be strongly influenced by the lack of caspase-3 activa-
tion in the HE group. Thus, it would be interesting to specu-
late about the role of active caspase-3 as a mediator in the 
oxidative stress-related response, which may induce the 
degradation of crucial erythrocyte proteins involved in  
the morphology and function of RBCs.

To discern the in vivo significance of aged-related oxida-
tive imbalance, the impact of free radicals on erythrocyte 
metabolism needs to be taken into account. To this end, we 
analyzed the erythrocyte membrane–cytoplasmic GAPDH 
content in the different study groups. Previous investigation 
demonstrated that redox environment regulates RBC gly-
colysis (60). In fact, in vitro studies have shown that oxida-
tive stimuli decrease the level of membrane associated 
GAPDH, whereas the cytoplasmic content increases (60). 
GAPDH activity is inhibited when the enzyme is bound to 
the membrane, and its translocation to the cytoplasm acti-
vates the enzyme. Cytoplasmic GAPDH provides high-
energy diester 1,3-diphosphoglycerate and the cofactor 
NADH. Thus, GAPDH levels, through its translocation 
from membrane, may be an important mechanism of eryth-
rocyte metabolism to boost or reduce energy production. In 
the present work, we found an increase in the level of cyto-
solic GAPDH associated with aging. In addition, a signifi-
cant raise in GAPDH cytosolic content was reported in the 
HE group compared with the NE participants. In light of 
our findings, it appears that the oxidative stress levels ob-
served in the different groups may play a critical role in the 
GAPDH distribution. Because the oxidative stress level ob-
served in NE and HE groups correlated with the cytoplas-
mic GAPDH content in both groups, translocation of 
GAPDH from membrane to cytoplasm might be a mecha-
nism to counteract stress situations, as hypoxic event, boost-
ing energy production. Moreover, it could be interesting to 
speculate about the role of erythrocyte cytosolic GAPDH as 
biomarker of hypoxia-related disease in elderly population.

We reported an increase in membrane GAPDH bands 
with age. RBCs are known to be susceptible to physiologi-
cal stress in aging and in various chronic disorders (17); 
therefore, it could be interesting to speculate with adaptive 
mechanisms to counteract these deleterious phenomena. El-
evated membrane GAPDH content may strengthen energy 
production due to an increased reservoir of this glycolytic 
enzyme in the erythrocyte membrane. Our results are in 
agreement with previous studies, which reported the in-
crease in the erythrocyte GAPDH membrane level in pa-
tients with Hereditary Spherocytosis as adaptive response 
of the organism to a stress situation (58,61). Similar results 
were observed regarding membrane skeleton proteins, such 
as actin in elderly participants (62). Aging could have an 
important role in triggering a systemic adaptive mechanism, 
which supports the increased population of more resistant 
erythrocytes with more membrane GAPDH. In addition, this 
hypothesis may explain similar levels between hypoxic and 
normoxic participants. An acute phenomenon, as hypoxemic 
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incident, avoids the trigger of erythrocyte membrane-bound 
GAPDH increase, affecting, however, to the citosolic 
GAPDH content.

In conclusion, we showed that antioxidants have an es-
sential role in aging. Loss of the function of RBC antioxi-
dants provokes redox imbalance, which, in turn, induces 
oxidative damage and numerous responses to counteract the 
consequences of the increase in oxidative stress levels. The 
additional exposure to hypoxia may inflict a deleterious im-
balance between oxidants and antioxidants in the elderly 
population, which may aggravate the deleterious effects of 
aging. This topic deserves a more detailed investigation that 
is of great interest in light of the present results.
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