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Background. Storage of red blood cells at 4 °C is associated with deleterious metabolic and 
biochemical changes, collectively referred to as "storage lesions". Lipid peroxidation of the red 
cell membrane leading to lysis contributes to these storage lesions. The aim of the present study 
was to investigate oxidative injury to red cells during storage for 28 days and its correlation 
with markers of red cell membrane damage. 

Materials and methods. Samples from 30 units of red blood cells stored at 4 °C for 28 
days were withdrawn aseptically on day 0, day 14 and day 28 of storage. Markers of membrane 
damage including plasma haemoglobin, plasma potassium and lactate dehydrogenase (LDH) 
concentrations and markers of oxidative injury such as malondialdehyde (MDA) levels, 
haemoglobin oxidation and osmotic fragility were studied in all samples.

Results. Statistically significant (p<0.001) increases in the mean values of plasma 
haemoglobin, plasma potassium, LDH and markers of oxidative injury such as MDA and 
haemoglobin oxidation were observed over the storage period of 28 days. Direct correlations of 
MDA and haemoglobin oxidation with membrane damage, as refl ected by plasma haemoglobin 
concentration, were observed.

Conclusion. Oxidative injury to red blood cells during storage leads to membrane damage 
and lysis. The role of antioxidants in the prevention of this deleterious effect of storage warrants 
investigation.
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Introduction
Storage of red blood cells in preservative 

medium is associated with deleterious metabolic, 
biochemical and molecular changes to erythrocytes: 
these changes are collectively referred to as "storage 
lesions"1. 

Oxidative damage to red cells during storage 
contributes to the storage lesions considerably. 
Identified sites of oxidative injury in stored red 
cells include cytoskeleton proteins and membrane 
phospholipids2. The oxidative damage renders red 
cells more susceptible to stress as shown by increased 
osmotic fragility during storage and consequent 
release of haemoglobin (Hb), potassium ions (K+) and 
intracellular enzymes such as lactate dehydrogenase 
(LDH) into the supernatant plasma. The aim of the 
present study was to investigate oxidative injury to 
red cells during storage for 28 days by measuring 

malondialdehyde (MDA) levels, Hb oxidation and 
osmotic fragility and the correlation of the oxidative 
injury with plasma Hb levels. 

Material and methods
A total of 30 buffy coat depleted red cell blood 

units preserved in SAGM were included in the study. 
All red cell units were stored at 4 °C for 28 days and 
samples were withdrawn aseptically on day 0, day 14 
and day 28 of storage. Markers of membrane damage 
including plasma Hb, plasma K+, LDH and markers 
of oxidative injury such as MDA levels, Hb oxidation 
and osmotic fragility were studied in all samples.

Red cell indices such as Hb, haematocrit, mean 
corpuscular volume, mean corpuscular haemoglobin 
concentration and red cell distribution width were 
measured on automated cell counter (Micros 60, ABX 
Diagnostica, Biomeriux, France).
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Measurement of markers of membrane damage
Plasma Hb concentration was measured using a 

commercially available HemoCue Plasma/Low Hb 
system (HemoCue®, Ängelholm, Sweden) while 
the plasma K+ concentration was determined by an 
automated electrolyte analyser (Easylyte, Medica 
Bedford, Massachusetts, USA). LDH was assayed 
using a commercially available kit (Bio Systems S.A., 
Barcelona, Spain).

Measurement of markers of oxidative injury          
to red cells

Oxidative injury to red cells was studied by 
measuring the level of MDA using a previously 
described method3. Briefly, a suspension of 200 
µL red cells and 0.1 M NADPH was prepared and 
incubated at 37 oC for 60 minutes. To this suspension, 
6% trichloroacetic acid and 0.6% thiobarbituric acid 
were added and boiled at 100 oC for 15 minutes. The 
supernatant was obtained after centrifugation and was 
read at 532 nm. Hb oxidation and osmotic fragility 
were measured using standard techniques4.

Statistical analysis
Mean values and standard deviations were 

calculated for all parameters. Pearson's correlation 
was used to correlate the markers of oxidative injury 
(MDA levels and conversion of methaemoglobin) 
and markers of membrane damage (plasma Hb). 
Comparisons between days of sampling were done 
using a t-test. SPSS software (IBM® SPSS® software 
version 13) was used for all statistical evaluations.

Results
The mean values of markers of membrane damage 

Table I - Mean (SD) levels of various markers of membrane damage and oxidative 
injury during storage of red cells.

Parameters Day 0 Day 14 Day 28 P value

Plasma Hb (g/dL) 0.017±0.01 0.037±0.01 0.077±0.06 <0.005

K+ levels (mmol/l) 5.16±1.2 15.7±3.0 35.1±4.6 <0.005

LDH levels (IU/L) 52.9±7.2 204.3±41 366.9±67.8 <0.005

MDA levels (mmol/L) 2.25±0.21 2.9±0.22 3.76±0.41 <0.005

Hb oxidation (%) 0.366±0.16 1.16±0.33 1.87±0.34 <0.005

SD: standard deviation; LDH: lactate dehydrogenase; MDA: malondialdehyde

and oxidative injury are presented in Table I. There 
were statistically signifi cant (p<0.001) progressive 
increases in the mean levels of plasma Hb, plasma 
K+ and LDH over the storage period of 28 days. 
Mean values of markers of oxidative injury such as 
MDA and Hb oxidation also increased progressively 
during storage. A signifi cant increase in osmotic lysis 
during storage was seen: the mean osmotic fragility 
on day 0 was 1.07% and increased to 16.2% on day 
28 (p<0.005). A direct relationship between lipid 
peroxidation and plasma Hb, a marker of membrane 
damage, was noted on day 14 (r=0.578, p<0.001) 
and day 28 (r=0.513, p<0.005), while it was not 
statistically signifi cant on day 0 (Figure 1). Similarly, 
as the conversion of Hb to methaemoglobin increased 
during storage, plasma Hb also increased on all three 
days of sampling: day 0 (r=0.392, p<0.005), day 14 
(r=0.587, p<0.001) and day 28 (r=0.552, p<0.001) 
(Figure 2).

Discussion
Lipid peroxidation, the oxidative deterioration of 

polyunsaturated fatty acids, is a common mechanism 
of cell injury and death. Although, earlier studies 
failed to detect MDA, a marker of lipid peroxidation 
in stored red cells5-6, more recent investigations using 
sensitive techniques have found increased levels of 
this marker during red cell storage. We observed a 
progressive and signifi cant increase in mean MDA 
levels over 28 days of storage. The mean MDA on 
day 0 was 2.25 mmol/mg of protein and increased to 
3.76 mmol/mg of protein on day 28 (p<0.005). Our 
results are in agreement with earlier published data7-10.

The relative importance of lipid peroxidation 
during red cell storage is still unclear. We observed 

059-62_107-10.indd   60059-62_107-10.indd   60 19/12/2011   15.15.5919/12/2011   15.15.59



61

Blood Transfus 2012; 10: 59-62  DOI 10.2450/2011.0107-10

Oxidative injury to red cells during storage

a direct relationship between lipid peroxidation and 
plasma Hb, a marker of membrane damage (Figure 
1, r=0.532). It is, therefore, possible that addition of 
antioxidants to units of blood could decrease not only 
lipid peroxidation but also reduce leakage of K+, LDH 
and Hb. However, no relationship was noted between 
lipid peroxidation and other markers of membrane 
damage (plasma K+ and LDH).

Normally, about 3% of Hb mass is converted to 
methaemoglobin each day11. This methaemoglobin 
is rapidly converted back to oxyhaemoglobin by 
methaemoglobin reductase in the presence of NADH. 
During storage of red blood cells, the activity of 
methaemoglobin reductase is diminished resulting 
in increased levels of methaemoglobin which is not 
converted back to oxyhaemoglobin. Our results are 
in agreement with earlier published fi ndings8,10.

In the present study, we observed that Hb 
oxidation started soon after storage and increased 
progressively, as shown by the signifi cant difference 
between the mean percentages on day 0 (0.36%) 
and day 14 (1.16%) (p<0.005). This is in contrast to 
changes observed in lipid peroxidation, which were 
more pronounced after the second week of storage. 

The increase in Hb oxidation during storage of 
red blood cells may be due to a decrease in their 
antioxidant capacity, resulting in oxidation and 
deterioration of membrane lipids and proteins which 
can ultimately lead to irreversible damage to the 
membrane. We observed a direct correlation between 
increasing oxidation of Hb and a marker of red cell 
membrane damage, plasma Hb. 

The loss of phospholipids from red cells during 
storage may contribute to increased osmotic fragility 
and the formation of echinocytes and sphero-
echinocytes. The majority of red cells in stored blood 
have normal osmotic fragility but a minor population 
with increased susceptibility to osmotic lysis can 
be identifi ed. This latter population is believed to 
represent those cells removed within 24 hours of 
transfusion. Our results are in accordance with those 
of previously published studies9,12. 

During storage, spontaneous lysis of a small 
fraction of red cells takes place and vesicles 
containing both lipids and Hb from intact red cells 
are shed into the supernatant plasma. As a result of 
this lysis, not only is the red cell Hb released into 
plasma but also intracellular enzymes, such as LDH 
and cations (K+), are released. The levels of these 
parameters during red cell storage are considered to be 
markers of red cell lysis during storage. We observed 
signifi cant and progressive increases in levels of these 
markers during storage (Table I).

Red cell lysis due to oxidative injury during 
storage is now a well established fact, further 
confi rmed by the fi ndings of the present study. The 

Figure 2 - Correlation between plasma Hb and Hb 
oxidation (r=0.567, p<0.001). As the percentage 
conversion of Hb to methaemoglobin (Hb 
oxidation) increase, plasma Hb increases 
simultaneously.
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Figure 1 - Correlation between plasma Hb and lipid 
peroxidation of red cells (r =0.532, p<0.005). 
As the lipid peroxidation increases (MDA 
levels), plasma Hb increases simultaneously.

Pl
as

m
a 

ha
em

og
lo

bi
n 

(g
m

/d
L

)

MDA Level (mmol/L of RBC)

day of sampling

059-62_107-10.indd   61059-62_107-10.indd   61 19/12/2011   15.15.5919/12/2011   15.15.59



62

potential effects of adding antioxidants to blood 
bags are, therefore, of interest. Sharifi  et al. studied 
the effects of antioxidants on the lipid peroxidation 
of red cells after gamma irradiation9. It was noted 
that normal human plasma was very effective at 
protecting against oxidative damage of irradiated 
red cells. Furthermore, the synthetic antioxidant 
trilazad mesylate was very effective at protecting 
red cells against oxidative damage as this antioxidant 
can scavenge reactive oxygen species that are found 
within the membrane and block the process of 
lipid peroxidation. Further studies are required to 
investigate the role of antioxidants, either given to the 
donor before donation or added to the blood bag after 
red cell separation, in preventing oxidative damage 
to red cells during storage.
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