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Vitamin C and Trolox decrease oxidative stress and hemolysis in cold-stored human
red blood cells
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ABSTRACT

Objectives: To investigate the effects of sodium ascorbate (SA) (5-3125 pM) and a combination of SA
and Trolox (25 and 125 uM) on oxidative changes generated in red blood cells (RBCs) followed by up
to 20 days refrigerated storage.

Methods: RBCs were isolated from CPD-preserved human blood. Percentage of hemolysis and
extracellular activity of lactate dehydrogenase (LDH) were measured to assess the RBC membrane
integrity. Lipid peroxidation (LPO), glutathione (GSH) and total antioxidant capacity (TAC) were
quantified by thiobarbituric acid-reactive substances, Ellman’s reagent and 2,2'-azinobis-(3-
ethylbenzothiazoline-6-sulfonate) (ABTS ™)-based assay, respectively.

Results: SA failed to reduce the storage-induced hemolysis and RBC membrane permeability. Addition
of SA resulted in a concentration-independent LPO inhibition and increased TAC. A combination of SA/
Trolox supplemented to the RBC medium significantly inhibited hemolysis, LDH leakage, LPO, GSH
depletion and enhanced TAC.

Discussion: The effects of vitamin C action are closely concentration-dependent and may be
modulated by a variety of compounds (e.g. Hb degradation products) released from RBCs during
the prolonged storage, changing its properties from anti- to pro-oxidative. The two different class
antioxidants (SA/Trolox) could possibly cooperate to be good potential RBC storage additives
ensuring both antiradical and membrane stabilizing protection.
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Introduction

Red blood cells (RBCs) for transfusion are routinely stored for up
to 42 days [1]. Such an extended RBC shelf-life is possible due to
the application of the appropriate preparation methods, suit-
able storage preservative/additive solutions (e.g. CPD - citrate-
phosphate-dextrose/SAGM or AS-5 - different combinations of
saline-adenine-glucose-mannitol), polyvinyl chloride blood
bags, and low temperature (4 +2°C) [2]. During storage, the
RBC functionality is progressively impaired resulting from the
distorted metabolism, oxidative stress (OS) accumulation and
membrane damage [3] which can affect the recipient outcomes
[4,5]. The storage lesion include a depletion of ATP, 2,3-dipho-
sphoglycerate (2,3-DPG), glutathione (GSH) and NADH/
NADPH, hemoglobin (Hb) oxidation, an exhaustion of the
endogenous antioxidant defense system, leakage of Hb,
lactate, lactate dehydrogenase (LDH) and potassium ions to
the suspending medium (supernatant), membrane microvesicu-
lation, abnormal morphology and decreased osmotic fragility
[1,6]. A storage-dependent accumulation of the reactive
oxygen species (ROS) in the RBC units results in irreversible oxi-
dative damage to the red cell membrane lipids and oxidation of
the membrane/cytoskeleton protein [7]. Oral supplementation
of blood donors with vitamins C, E, B-carotene can improve
some of these RBC storage parameters [8,9].

OS reduction by application of the antioxidant-enriched
nutrient mediums offers a possible way to diminish
storage lesion. If successful, the development of a simple
technology by virtue of adding readily available, cheap
and biologically safe antioxidants would increase the

shelf-life and improve the quality of stored RBCs. There is
limited data on attempt to apply antioxidants as com-
ponents of the RBC storage solutions. Previous efforts invol-
ving dehydroascorbate (DHA)/ascorbic acid (AA) [10] or GSH
[11] had brought some encouraging results. Quite recent
studies have shown the benefit of addition of AA [12,13],
AA and N-acetylcysteine (NAC) [14] or quercetin [15] to
the storage solutions but the effects such additives might
have on the RBCs are not well understood. The ideal concen-
trations should be also established in which they shall be
added to display the optimal effect. In human blood,
vitamin C (vitC) protects biomembranes against peroxida-
tive damage in the aqueous phase and maintains Hb in a
reduced state [16]. AA enhances the effects of vitamin E
by reducing tocopheroxyl radicals [17]. However, the in
vitro AA-induced oxidative hemolysis [18] and increased
lipid peroxidation (LPO) [19] in human RBCs has also been
reported. Trolox, a water-soluble vitamin E analog, can
penetrate membranes and protects mammalian cells
against OS [20,21]. It can act synergistically with AA
against the micelle lipid auto-oxidation [22].

We investigated the effects of sodium L-ascorbate (SA;
BioXtra, >99.0%) (5-3125 uM) and the combination of SA
and Trolox (25 and 125 pM, respectively) on the oxidative
changes — a percentage of hemolysis, extracellular activity
of LDH, MDA and GSH concentrations, and total antioxidant
capacity (TAC) — generated in RBCs, followed by up to 20
days refrigerated storage.
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Materials and methods
Preparation/storage of RBCs

Whole blood units from eight single donors, collected in
CPD-anticoagulant preservative solution, were obtained
from the Regional Center for Transfusion Medicine in
Lodz (Poland). The study was approved by the local
Ethics Committee (no KBBN-UL/I/4/2011), all individuals
gave informed consent to have blood taken. Blood was
centrifuged (2800g for 10 min), plasma was removed, and
then a buffy coat was removed by aspiration and dis-
carded. The RBC concentrate of 70% hematocrit (Ht) was
prepared by addition of the autologous plasma to the
remaining packed cells. The RBC concentrate was divided
into nine aliquots (volume of 6 ml) of which two served
as controls (containing saline), the other seven were
stored in the presence of different antioxidant concen-
trations (SA, Trolox or the combination of both antioxi-
dants). Polystyrene tubes with RBCs were stored at 4 +2°
C for up to 20 days. Samples were collected at day 1, 10
and 20 after gentle mixing by inversion.

Hemolysis

The rate of hemolysis was calculated based on the
measurement of Hb released from the cells, relatively to
the total amount of Hb in the RBC suspension. Free Hb con-
centration was determined by cyanmethemoglobin
method using Drabkin’s reagent. The percentage of hemo-
lysis was calculated as described in [23] using the following
formula:

%hemolysis =

the measured free Hb concentration [g/dl]

-supernatant volume [dl]

- 100%
total Hblg] ?

A supernatant volume was calculated from Ht.

LDH activity

Extracellular LDH activity was measured by following a
decrease in absorbance at a wavelength of A =340 nm (Spec-
trophotometer Ultraviolet/Visible (UV/Vis) Helios alpha
Unicam, Cambridge, England) resulting from the NADH oxi-
dation [24].

LPO/GSH

LPO was quantified by measuring MDA concentration
(expressed as the thiobarbituric acid-reactive substances;
TBARS) [25]. Briefly, equal volumes of the RBC suspension
(Ht=4%), 15% (m/v) trichloroacetic acid containing 0.25 M
HCl, and 0.375% (m/v) TBA (thiobarbituric acid) containing
0.25 M HCl were mixed, incubated at 95°C for 10 min and
cooled. The sample was centrifuged at 6000g for 20 min
and absorbance was measured at 535 nm (Spectropho-
tometer UV/Vis Helios alpha Unicam). Glutathione content
was measured spectrophotometrically with Ellman’s reagent.
The MDA/GSH concentrations were calculated using the
molar extinction coefficients (= 156,000/13,600 M~' cm™"),
respectively.

TAC assay

TAC was estimated by the method of Erel [26]. Briefly, 200 pl
of 0.4M acetate buffer, pH 5.8 was mixed with 5 pl of the RBC
supernatant and the first absorbance was taken at 414 nm
(sample blank, Ag) (SPECTROstarNano, BMG LABTECH,
Germany, Ortenberg). Alternatively, 205 pl of the acetate
buffer was taken as a blank (to evaluate a spontaneous
ABTS* discoloration rate). Then, 20 ul of the 10 mM ABTS*
stock solution was added to each well and the last absorbance
at 414 nm (A) was taken at the end of the incubation period
(5 min after the mixing). A-A, was calculated; the reaction
rate was calibrated with Trolox, and the assay results were
expressed in mmol Trolox equivalent/l.

Statistical analysis

The results shown in figures are means + standard devi-
ation (SD) of eight independent experiments, each per-
formed in triplicate/quadruplicate. The results were
tested for normal distribution by means of the Kolmo-
gorov-Smirnov test. The significance of differences
between the mean values of various parameters was ana-
lyzed by one-way analysis of variance (ANOVA) followed by
Bonferroni’s and Tukey’s post hoc tests. The significance of
differences between the mean values of SA (25 uM), Trolox
(125 pM) and the combination of SA/Trolox samples were
analyzed by the non-parametric Wilcoxon test. The data
were analyzed using statistical software StatSoft Inc. ‘Sta-
tistica’ v.10. A level p<.05 was accepted as statistically
significant.

Results

Effects of the antioxidants on hemolysis and LDH
leakage

A time-dependent increases of the degree of hemolysis and
extracellular LDH activity in stored RBCs were noticed
(approximately 4-fold at day 20; p<.001). As shown in
Figures 1(a) and 2(a), SA supplemented to the RBCs, did
not protect against progressive hemolysis and the LDH
leakage. High SA concentrations even increased hemolysis
rate and LDH leakage. Significantly lower hemolysis and
extracellular LDH were achieved in RBCs stored with a com-
bination of SA (25 uM) and Trolox (125 uM); by above 20%
(p <.05), when compared to saline controls (Figures 1(b)
and 2(b)). The same trend was seen with supplementation
of Trolox alone.

The concentrations of the antioxidants had earlier been
experimentally selected. The combinations of higher antioxi-
dant concentrations (125 uM SA/125 uM Trolox; 625 uM SA/
625 uM Trolox) provided worse RBC protection in terms of
hemolysis, LDH leakage and OS markers described in
section below, when compared to 25 uM SA/125 uM Trolox
(data not shown).

Effects of the antioxidants on storage-induced
oxidative changes

Supplementation of the RBC storage solution with SA, at the
concentration of 125 uM, resulted in significant inhibition of
storage-induced TBARS generation; by nearly 20% versus
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Figure 1. The effects of the RBC storage in the presence of vitC (a) or vitC and Trolox (b) on the degree of hemolysis. The results shown are means + SD of eight
independent experiments (n = 8), where n means number of donors; *p < .05 in the presence of antioxidant (antioxidants) at any given day of storage versus in the
absence of antioxidants (control) at the appropriate day of storage. The significance of differences between the mean values of various parameters were analyzed by
one-way analysis of variance (ANOVA) with Bonferroni correction (Bonferroni post hoc test) (a). The differences between the groups (the mean values of SA (25 uM),
Trolox (125 pM) and the combination of SA/Trolox samples) were analyzed by the non-parametric Wilcoxon test (b).

control (p <.05), at day 20 (Figure 3(a)). Similar protective
effect was seen in RBCs stored in the presence of 25 uM SA/
125 pM Trolox (Figure 3(b)).

Reduction of the cellular GSH level occurs due to its
leakage to the medium and oxidation to GSSG. We did not
notice any effect of SA supplementation (5-3125 uM) on
GSH depletion (data not shown). RBCs stored in the presence
of SA/Trolox maintained higher GSH level, at day 20, com-
pared to these stored for the same time period without the
antioxidants (Figure 4).

A TAC assay measured the electron- or hydrogen-donating
(scavenging) abilities of the sum of antioxidants in the RBC
suspending medium. There was a storage-time-dependent
decrease of the RBC medium antioxidant capacity due to
depletion of endogenous antioxidants, whereas SA had
the ability to restore/increase the TAC in a concentration-
dependent manner. The high amounts of SA (3 125 uM)
kept the TAC elevated in RBC medium up to day 20
(Figure 5(a)). Addition of Trolox or a combination of SA/
Trolox significantly increased TAC of the RBC supernatant at
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day 1 (p<.05 and p <.001) but after the prolonged storage
this effect was not relevant (Figure 5(b)).

Discussion

RBCs are constantly exposed to the ROS produced by Hb, the
oxygen carrier protein that undergoes auto-oxidation to
generate the superoxide anion (O;’) [27]. Depletion of the
intracellular antioxidant defence system increases the suscep-
tibility of stored RBCs to OS. The primary hypothesis of the
present study assumed that supplementation of the RBC
units with SA or SA/Trolox could restore the extracellular anti-
oxidant capacity which would allow RBCs to better respond to
0OS. However, the addition of SA alone failed to reduce, at
higher concentrations (>125 uM) it even increased, the
storage-induced hemolysis and permeability of the RBC mem-
brane, although a concentration-dependent increase of TAC
was achieved. One possible explanation is that SA, at higher
concentrations (125-3125 uM), could have promoted radical
generation, especially in the medium containing a non-
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Figure 2. The effects of the RBC storage in the presence of vitC (a) or vitC and Trolox (b) on the extracellular LDH activity. The results shown are means + SD of eight
independent experiments (n = 8), where n means number of donors; *p < .05 in the presence of antioxidant (antioxidants) at any given day of storage versus in the
absence of antioxidants (control) at the appropriate day of storage. The significance of differences between the mean values of various parameters were analyzed by
one-way analysis of variance (ANOVA) with Bonferroni post hoc test (a). The differences between the groups (the mean values of SA (25 pM), Trolox (125 uM) and the
combination of SA/Trolox samples) were analyzed by the non-parametric Wilcoxon test (b).
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Figure 3. The effects of the RBC storage in the presence of vitC (a) or vitC and Trolox (b) on the TBARS concentration. The results shown are means + SD of eight
independent experiments (n = 8) where n means number of donors; *p < .05 in the presence of antioxidant (antioxidants) at any given day of storage versus in the
absence of antioxidants (control) at the appropriate day of storage. The significance of differences between the mean values of various parameters were analyzed by
one-way analysis of variance (ANOVA) with Bonferroni post hoc test (a). The differences between the groups (the mean values of SA (25 pM), Trolox (125 uM) and the
combination of SA/Trolox samples) were analyzed by the non-parametric Wilcoxon test (b).

transferrin-bound iron (NTBI). VitC is a potent antioxidant but
in the presence of transition metals it can also exhibit the pro-
oxidant activity. The non-protein-bound, desferrioxamine-
chelatable iron is released from Hb in a number of conditions
in which the erythrocyte is subjected to OS [28]. During the
RBC refrigerated storage, hem and NTBI are accumulated in
the supernatant and can serve as the substrates in Fenton/
Haber-Weiss pro-oxidant reactions to produce hydroxyl
radical [29,30]. Oxidation of Hb, increased with storage time,
produces a number of hem degradation products (i.e.
hemin, hematin) and the precipitated globin chains which
can induce membrane damage. Hemin has been shown to
intercalate into the membrane and greatly disturb the
bilayer structure leading to RBC hemolysis [31]. We estab-
lished that SA did not protect RBCs from storage-induced
hemolysis and increased membrane permeability, neither in
very low nor very high concentrations. Moreover, a statistically
significant hemolysis/permeability raise was seen at 125 uM
SA. Based on these findings, it can be suggested that radical
generation based on NTBI might initiate higher levels of
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Figure 4. The effects of the RBC storage in the presence of vitC and Trolox on
the GSH depletion. The results shown are means + SD of eight independent
experiments (n = 8), where n means number of donors; **p < .01 in the presence
of antioxidants at day 20 versus in the absence of antioxidants (control) at the 20
day of storage. The differences between the groups (the mean values of SA
(25 uM), Trolox (125 pM) and the combination of SA/Trolox samples) were ana-
lyzed by the non-parametric Wilcoxon test.

hemolysis/membrane permeability in high SA concentrations.
Although, SA at concentrations of 625 and 3125 uM did not
show significant differences to the control, the same tendency
to promote hemolysis was noted which imply that such NTBI-
radical formation might occur as well. The preliminary exper-
iments conducted in the presence of varying concentrations
of desferrioxamine mesylate, a chelator of Fe**, support this
hypothesis. When free iron was sponged up by the chelator,
which could prevent the NTBI-radical formation through the
Fenton/Haber-Weiss reactions, SA at 625 and 3125 pM pro-
tected RBCs from storage-induced hemolysis; however,
under the same conditions no such effect was seen at the con-
centration of 125 uM (data not shown).

In the previous study conducted by Raval et al. [12], no pro-
oxidative effect was observed for vitC concentrations at the
range of 2.93-8.78 mM. Nonetheless, our results do not
remain fairly inconsistent with these findings. Raval et al.
reported that treatment of the AS-5-preserved RBCs with AA
improved the RBC membrane fragility and decreased hemoly-
sis, over 56 days of the cold storage. Only AA concentrations
much higher than in our study (8.78 mM) demonstrated these
both beneficial effects on storage days 21 and 42. RBCs
treated with 2.93 or 5.86 mM AA did not exhibit significantly
lower hemolysis at any of the time points. It has to be
noted that the level of OS has not been measured, except
Hb oxidation that remained identical between the AA-
treated and control units [12]. Studies conducted by Pallotta
et al. [14] showed that AA/NAC (0.23/0.5 mM, respectively)
supplemented to CPD/SAGM-preserved RBC units contributed
to reduction of the OS-related hemolysis due to depression of
glucose uptake and promotion of the glutathione homeosta-
sis. However, addition of 0.5 mM AA did not affect the hemo-
lysis rate. Some discrepancies between our findings and
others could result from different preparation methods/
storage conditions such as storage solutions and/or contami-
nation with white blood cells. As shown earlier [32], despite
the fact that qualitative alterations remain largely the same,
the noticeable quantitative changes exist between RBCs
stored under our experimental storage conditions and the
conventionally stored RBC units. The Hb breakdown strongly
depends on the amounts of O; " generated through the acti-
vated neutrophils/macrophages [2]. This fraction was possibly
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Figure 5. The effects of the RBC storage in the presence of vitC (a) or vitC and Trolox (b) on TAC in the supernatant. The results shown are means + SD of eight
independent experiments (n = 8), where n means number of donors; *p < .05, **p < .01, ***p < .001 in the presence of antioxidant (antioxidants) at any given day of
storage versus in the absence of antioxidants (control) at the appropriate day of storage. The significance of differences between the mean values of various par-
ameters were analyzed by one-way analysis of variance (ANOVA) with Tukey’s post hoc test (a). The differences between the groups (the mean values of SA (25 pM),
Trolox (125 pM) and the combination of SA/Trolox samples) were analyzed by the non-parametric Wilcoxon test (b).

much smaller in the leukoreduced RBC units used in exper-
iments described in [12,14] than in our experimental system.
Consequently, this could result in the increased NTBI-radical
formation in the presence of high SA concentrations.

The RBC treatment with 125 uM SA inhibited LPO, with
no better protection while using the higher SA doses which
may suggest that the relatively small SA concentrations are
sufficient to reduce OS (Figure 3(a)). The same inhibition of
LPO has been accomplished by RBC supplementation with
SA/Trolox. This could be reasonable, given that the intracellu-
lar level of antioxidants may be important for the RBC protec-
tion. RBCs have a high capacity to take up DHA and to reduce
it to ascorbate, with a half-maximal uptake/conversion of DHA
to SA at 400 uM DHA, achieving a maximal intracellular ascor-
bate concentration of 1.5 mM [33]. As a result, the TAC of the
supernatant of RBCs stored with addition of SA or SA/Trolox,
at day 20, may not reflect the real antioxidant protective
potential.

The major RBC protection was provided by supplemen-
tation of the storage solution with Trolox. However, our
results show that there is a little advantage of the simul-
taneous application of SA and Trolox over Trolox alone
which can suggest the cooperative action of the antioxi-
dants. Similar to a-tocopherol, Trolox is primarily a chain-
breaking antioxidant. Its antioxidant activity is related to
the structural characteristics and the ability to interact
with/penetrate the lipid bilayers [34]. Due to the hydro-
phobic nature a-tocopherol distributes totally in the mem-
branes restricting the mobility of their components. Trolox
lacks the long fatty acid chain but has the same chroman
ring structure, reduction activity and membrane stabilizing
potential. Trolox can donate hydrogen from the hydroxyl
group to the peroxyl radical converting it into a lipid hydro-
peroxide and a Trolox phenoxyl radical thus terminating the
chain reaction [34,35]. Similar as in other in vitro studies [36],
Trolox could also reduce ferryl Hb back to ferric Hb, thereby
providing a way for the decay of this highly oxidant species.
Treatment of RBCs with SA/Trolox seems to decrease hemo-
lysis and maintain higher GSH levels after 20 days, yet the
protective effect of the antioxidants at day 10 is hardly
visible (especially the GSH levels at day 10 are comparable
to all other data points). Since SA and Trolox are water-

soluble antioxidants, their partition and location in the mem-
brane surface are pH dependent. In RBC units pH decreases
with storage time due to lactate accumulation. Alteration of
pH can change SA and/or Trolox location in the membrane
making them more effective as protectors (through inter-
actions/associations with the membrane and/or as a radical
scavenger) which could explain protective effects seen at
day 20 and little effect of the additive for shorter storage
times.

Summarizing supplementation of the storage solution with
SA did not ensure expected RBC protection against OS and
membrane damage. The impact vitC might have on RBCs is
firmly concentration-dependent and may be modulated by
a variety of compounds released from red cells during the
prolonged storage; e.g. Hb degradation products, cytokines,
proteases and/or active lipids can change its properties
from anti- to pro-oxidative. Given that individual RBC units
considerably vary regarding the levels of bioactive substances
in the supernatant and thus how well they are maintained
during storage [30] vitC application as a potential additive
should be subjected to a strict control. Our results have
advanced our understanding of the effects of two common
antioxidants on storage lesion but the potential mechanisms
of protection remain mostly unknown. It seems that radical-
mediated reactions may be responsible for the effects of
vitC at lower concentrations, whereas at high concentrations
at which the improved membrane fragility/decreased hemo-
lysis were reported [12] some other mechanisms (physical
interactions with the membrane and/or osmotic regulation)
might also be involved. The two different class antioxidants
(SA/Trolox) could possibly cooperate to be good potential
RBC storage additives ensuring both antiradical and mem-
brane stabilizing protection.
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