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Introduction

The currently licensed additive solutions (AS) could extend the 
shelf-life of red blood cells (RBCs), allowing up to 42 days of refrig-
erated storage [1–3]. During storage, RBCs undergo complex and 
progressive metabolic, biochemical, and physiological changes 
with the concomitant release of potentially hazardous bioactive 
products that are known as RBC storage lesion. The accumulating 
metabolites, altered proteins, and microparticles can be released 
into the supernatant [4]. Damage affecting the membrane and cy-
toskeleton results in altered deformability and shape and compro-
mises RBC integrity [5]. The clinical relevance of the storage lesion 
and its effects on patient outcomes are intensively discussed at pre-
sent [6–10]. Additionally, some studies demonstrated that transfu-
sion of older stored RBC units more frequently is accompanied by 
poorer outcomes when compared to that of fresher RBCs [11, 12]. 
In order to address these concerns, there is renewed interest to find 
ways to ameliorate the deleterious effects of storage, thereby im-
proving the quality, efficacy, and safety of RBC components for 
transfusion recipients [3].

Oxidative damage to the membrane lipids and proteins contrib-
utes to RBC injury during hypothermic storage [13, 14]. Storage of 
RBCs can result in lipid peroxidation, membrane integrity impair-
ment, which is manifested by increased activity of extracellular lac-
tate dehydrogenase (LDH), increased hemolysis, and leakage of 
potassium ions [2, 7, 15, 16]. Moreover, a decline of endogenous 
antioxidant systems, including reduced glutathione (GSH) concen-
tration and glutathione peroxidase activity, has also been demon-
strated [13]. One approach to improve the RBC quality during 
storage is to reduce oxidative stress by antioxidant addition. Never-
theless, there is limited data  if RBCs can be protected against stor-
age lesions by antioxidants. Using the model blood-saving experi-
mental system (RBCs manually isolated from whole blood (WB) 
and stored in polystyrene tubes), we have recently shown a moder-
ate protection of RBCs against γ-irradiation- and storage-induced 
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Summary
Background: To investigate i) the effects of Trolox® or 
mannitol, which represent two different classes of anti-
oxidants, on oxidative changes generated in manually 
isolated red blood cells (RBCs) from citrate-phosphate-
dextrose (CPD) preserved whole blood, followed by up 
to 20 days refrigerated storage, and ii) whether Trolox 
supplemented to the blood bank-manufactured saline-
adenine-glucose-mannitol (SAGM) preserved RBC units 
would offer better storage conditions compared with 
SAGM alone. Methods: The percentage of hemolysis 
and extracellular activity of lactate dehydrogenase (LDH) 
was measured to assess RBC membrane integrity. Lipid 
peroxidation, reduced glutathione (GSH) levels and total 
antioxidant capacity (TAC) were quantified by thiobarbi-
turic acid-reactive substances (TBARS), Ellman’s reagent 
and 2, 2’-azinobis-(3-ethylbenzothiazoline-6-sulfonate) 
(ABTS.+) based assay, respectively. Results: Trolox was 
little more effective than mannitol in protecting against 
progressive RBC hemolysis. Trolox (0.125–3.125 mmol/l) 
inhibited storage-induced leakage of LDH, lipid peroxida-
tion, and to a lesser extent GSH depletion. Mannitol at 
these concentrations neither inhibited TBARS formation 
nor prevented GSH depletion. RBC units stored in 
SAGM-Trolox had significantly lower hemolysis, LDH 
leakage, and lipid peroxidation level compared to RBCs 
stored in SAGM. Conclusion: There is evidence of the 
beneficial effects of supplementing RBC-additive solu-
tions with membrane-interacting antioxidants such as 
vitamin E analogues.
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oxidative damage when adding quercetin, a flavonoid with antioxi-
dant properties, to the storage medium [17].

The majority of the currently licensed RBC AS, including sa-
line-adenine-glucose-mannitol (SAGM), contain mannitol 
which helps to protect the RBC membrane and reduce hemolysis 
[3, 18]. Mannitol has been shown to act as a hydroxyl radical 
(  

·
  OH) scavenger in various systems [19, 20] but it has also been 

found to promote leakage of potassium both from irradiated (30 
Gy) and non-irradiated RBCs stored for 7 days [21]. Trolox®, a 
phenolic antioxidant, is a water soluble vitamin E analogue 
which has a carboxylic group in position 2 instead of a phytyl 
chain. It can penetrate membranes and protect mammalian cells 
against cellular damage induced by oxidants [22, 23]. Trolox was 
shown to be effective in protecting RBCs during photodynamic 
treatment [24, 25].

The aim of the present study was to investigate the effects of 
Trolox (0.001–3.125 mmol/l) on the oxidative changes generated 
in RBCs, manually isolated from citrate-phosphate-dextrose (CPD) 
preserved WB followed by up to 20 days of refrigerated storage. 
The variables measured included percentage of hemolysis, activity 
of extracellular LDH, concentrations of the thiobarbituric acid-re-
active substances (TBARS) and GSH, and total antioxidant capac-
ity (TAC). was used in the study to compare The antioxidant/pro-
tective efficacy of Trolox was compared with that of mannitol. 
Moreover, we investigated whether Trolox supplemented to the 
blood bank-manufactured SAGM-preserved RBCs, stored in 
standard plastic bags, would offer better storage conditions com-
pared with SAGM alone.

Material and Methods

Material
WB from 13 donors as well as SAGM-preserved RBC transfusion units 

derived from 3 donors were obtained from the Regional Center for Transfu-
sion Medicine in Lodz (Poland). Briefly, 450 ± 10% ml of WB was collected 
from healthy volunteer donors in blood bags (CompoFlex®; Fresenius Kabi 
AG, Bad Homburg, Germany) containing CPD anticoagulant preservative 
solution. RBC units (leukocytes < 106/unit) were prepared according to 
standard procedures and suspended in 100 ml of SAGM storage solution. 
Each of the SAGM-preserved RBC units was split into four equal aliquots 
with a volume of approximately 65 ml, in JMS transfer bags (JMS Singapore 
Pte Ltd, Singapore) providing three sets of RBC packs for the study. These 
RBC ‘pediatric’ units were shipped to our institution on day +2 after collec-
tion. The present study was approved by the local Ethics Committee (no 
KBBN-UŁ/I/4/2011).

2,2´-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), 5,5´-dithio-
bis-(2-nitrobenzoic acid) (DTNB), 6-hydroxy-2,5,7,8-tetramethylchromane-
2-carboxylic acid (Trolox), mannitol, nicotinamide adenine dinucleotide 
(NADH), potassium persulfate, sodium pyruvate, and thiobarbituric acid 
(TBA) were purchased from Sigma-Aldrich Chemical Co. (Warsaw, Poland). 
Drabkin’s reagent was purchased from Aqua-Med (Lodz, Poland). Other chem-
icals, all of the analytical grade, were obtained from Chempur (Piekary Slaskie, 
Poland).

Preparation and Storage of RBCs, the Design of the Study
In this study, RBCs prepared by two different procedures were used. The 

preliminary study, aimed to establish the optimal Trolox concentration/, was 
conducted using RBC suspensions prepared from the CPD-preserved WB. 

Briefly, WB was centrifuged (2,800 × g for 10 min), plasma was removed, and 
then the top layer of packed red cells containing white blood cells and platelets 
was removed by aspiration and discarded. A RBC concentrate with approxi-
mately 70% hematocrit (Ht) was prepared by addition of autologous plasma to 
the remaining packed cells. The mean (± SD) Ht and WBC count in these ‘man-
ually’ prepared RBCs were 68.4 ± 3.1% and 3.5 ± 1.9 WBC/ml, respectively. The 
WBC count was assessed using the hemocytometer (FEIN-OPTIC, Bad Blank-
enburg, Germany). These CPD-preserved RBCs also served to study the effects 
of mannitol (at the selected optimal concentrations) on the storage lesion. For 
this preliminary and comparable study, the RBC concentrate was divided into 
aliquots (volume of 10 ml each). One aliquot was used as a control (not con-
taining the antioxidant), the others were stored either in the presence of Trolox 
(at concentrations of 1, 5, 25, 125, 625 and 3,125 μmol/l) or in the presence of 
mannitol (at concentrations of 125, 625 and 3,125 μmol/l). Polystyrene tubes 
with RBC concentrates were stored at 4 ± 2 ° C for up to 20 days. Samples were 
collected at day 1, 10, and 20.

The second part of the study was conducted using the commercially pre-
pared SAGM-preserved, leukocyte-depleted ‘pediatric’ RBC units. The mean (± 
SD) Ht and WBC count in these RBC units were 67.6 ± 2.5% and <4 WBC/μl, 
respectively. Trolox stock solution, filtered through a membrane filter (0.2 μm; 
Merck Millipore, Darmstadt, Germany), was added to the RBC units through 
the sterile coupler. SAGM-preserved RBCs, supplemented or not with Trolox, 
were stored at 4 ± 2 ° C for up to 42 days. Samples were collected aseptically at 
day 1, 10, 20, and 30 (morphological changes were additionally determined at 
day 42) after gentle mixing by inversion. 

Hemolysis Measurement
The rate of hemolysis was calculated based on the measurement of hemo-

globin (Hb) released from the cells, relatively to the total amount of Hb in the 
RBC suspension. Free Hb concentration was determined by cyanohemoglobin 
method using Drabkin’s reagent. The percentage of hemolysis was calculated as 
described in [26] using the following formula: % hemolysis = (the measured 
free Hb concentration (g/dl) × supernatant volume (dl) / total Hb (g)) × 100. 
Supernatant volume was calculated from Ht.

LDH Activity Measurement
Extracellular LDH activity was measured by following a decrease in absorb-

ance at a wavelength of λ = 340 nm (Spectrophotometer Ultraviolet/Visible 
(UV/Vis) Helios alpha Unicam, Thermo Fisher Scientific, Waltham, MA, USA) 
resulting from the NADH oxidation [27].

Lipid Peroxidation and Glutathione Measurement
Lipid peroxidation was quantified by measuring the concentration of the 

thiobarbituric acid-reactive substances [28]. Briefly, equal volumes of the RBC 
suspension (Ht = 4%), 15% (m/v) trichloroacetic acid containing 0.25 mol/l 
HCl, and 0.375% (m/v) TBA (thiobarbituric acid) containing 0.25 mol/l HCl 
were mixed, incubated at 95 ° C for 10 min, and cooled. The sample was centri-
fuged at 6,000 × g for 20 min, and absorbance was measured at 535 nm (Spec-
trophotometer UV/Vis Helios alpha Unicam). Glutathione content was meas-
ured spectrophotometrically with Ellman’s reagent. The TBARS and GSH con-
centrations were calculated using the molar extinction coefficients (ε = 156,000 
and 13,600l/mol/cm, respectively).

TAC Measurement
TAC was estimated by the method of Erel [29]. Briefly, 200 μl of 0.4 mol/l 

acetate buffer, pH 5.8, was mixed with 5 μl of the RBC supernatant, and the 
first absorbance was taken at 414 nm (sample blank, A0) (SPECTROstarNano, 
BMG LABTECH, Ortenberg, Germany). Alternatively, 205 μl of the acetate 
buffer was taken as a blank (to evaluate a spontaneous ABTS.+ discoloration 
rate). Then, 20 μl of the 10 mmol/l ABTS.+ stock solution was added to each 
well and the last absorbance at 414 nm (A) was taken at the end of the incuba-
tion period (5 min after the mixing). A–A0 was calculated; the reaction rate 
was calibrated with Trolox, which is widely used as a traditional standard for 
TAC measurement assays, and the assay results were expressed in mmol 
Trolox equivalent/l.
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Statistical Analysis
The significance of differences between the mean values of various parame-

ters was analyzed by one-way analysis of variance (ANOVA) followed by Dun-
net’s and Tukey’s post hoc tests using ‘Statistica’ v.6.0 (StatSoft Inc., Tulsa, OK, 
USA). The significance of differences between the mean values of irradiated 
versus the appropriate non-irradiated samples was analyzed by paired Student’s 
t-test. A level p < 0.05 was accepted as statistically significant.

Results 

Hemolysis, LDH Leakage, and Oxidative Changes in Manually 
Prepared RBCs 
CPD-preserved RBCs (Ht = 70%) were stored in the absence 

(control) and presence of Trolox (at a concentration range of 
0.001–3.125 mmol/l) or mannitol (0.125–3.125 mmol/l). Low doses 
of Trolox (1, 5, and 25 μmol/l) did not offer any protection (data 
not shown). Variables for RBCs stored in plastic tubes are pre-
sented in table 1.

Hemolysis significantly increased with time (p < 0.01 and p < 
0.001 at day 10 and 20, respectively). Trolox supplementation in 
concentrations of 0.125 and 3.125 mmol/l significantly decreased 
hemolysis in RBCs at day 20 by 12.5% (p < 0.05) and 25%, p < 
0.01), respectively. RBCs long stored with mannitol had by about 
15% lower hemolysis (p < 0.05) rate compared to those stored 
without mannitol; the decrease was not concentration-dependent.

During the RBC storage a time-dependent raise of extracellular 
LDH occurred. Trolox supplementation, particularly at high con-
centrations (0.625 or 3.125 mmol/l) significantly inhibited LDH 
leakage by 23 or 28% (both p < 0.01) at day 10 and by 32 (p < 0.01) 
or 45% (p < 0.001) at day 20 when compared to the appropriate 
controls. With mannitol, a reduced LDH leakage from RBCs (day 
20) has been accomplished only at a concentration of 3.125 mmol/l 
mannitol (p < 0.01); lower concentrations enhanced LDH leakage 
compared to control. 

Supplementation with Trolox in high concentrations resulted in 
a significant inhibition of TBARS generation in RBCs by approxi-
mately 40% (p < 0.001) at day 20. RBCs stored in the presence of 
Trolox maintained higher GSH levels compared to RBCs not con-
taining the antioxidant. It could be shown that, compared to 
Trolox groups, there was less protection and increased TBARS for-
mation (at day 20) in RBCs stored in the presence of mannitol.

A TAC assay measures the electron- or hydrogen-donating 
(scavenging) abilities of the sum of antioxidants in RBC-suspend-
ing medium (supernatant). There was a storage time-dependent 
decrease of the TAC due to oxidation of endogenous antioxidants, 
whereas Trolox had the ability to restore and, at high doses, to in-
crease the TAC. At day 1, TAC of the RBC supernatant containing 
Trolox at a concentration of 3.125 mmol/l was approximately two-
fold higher (p < 0.001) compared to the control without added 
Trolox (data not shown). Moreover, high amounts of Trolox kept 
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Fig. 1. The degree of hemolysis (A), extracellular LDH activity (B), TBARS concentration (C) and TAC in the supernatant (D) of the RBCs stored in SAGM 
(control) or in SAGM supplemented with different Trolox concentrations. The results shown are means ± SD of three independent experiments (n = 3), n = a num-
ber of RBC transfusion units; *p < 0.05, **p < 0.01, ***p < 0.001 in the presence of Trolox at any given day of storage vs. in the absence of Trolox at the appropriate 
day of storage.
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the TAC elevated in RBC medium over storage; at day 20, TAC was 
by about 50% (p < 0.01) higher in RBC units supplemented with 
3.125 mmol/l Trolox when compared with controls from the same 
storage day. Mannitol supplementation in stored RBCs increased 
TAC of the supernatant in a concentration-dependent manner  
when compared with appropriate controls (not containing the an-
tioxidant), and its efficacy was comparable to that of Trolox.

Hemolysis, LDH Leakage, and Oxidative Changes in SAGM-
Preserved RBCs 
The commercially prepared ‘pediatric’ RBC units were stored in 

the absence (control) and presence of Trolox (at concentrations of 
0.125–3.125 mmol/l). As expected, the selected custom RBC varia-

bles were found to be proportionally lower in SAGM-preserved 
RBCs stored in blood bags compared to our experimental condi-
tions (fig. 1). This was all the more reasonable since the actual Ht 
and WBC count are of major importance for the development of 
the storage lesion. The Ht levels were comparable in the groups of 
RBCs studied, whereas the WBC count was three orders of magni-
tude lower in the SAGM-preserved RBCs that had been filtered be-
fore storage. Nevertheless, the relative storage time-dependent 
changes were comparable in both experimental systems. 

RBCs stored in SAGM supplemented with Trolox (0.625–3.125 
mmol/l) had significantly lower hemolysis rate (by 30 at day 20 and 
23%at day 30, p < 0.05), LDH leakage (by 40% at day 30), and 
TBARS level (by approximately 20% over storage) as well as higher 

Fig. 2. Images of SAGM-preserved RBCs stored 
in the presence of Trolox (125, 625 and 3,125 
μmol/l) and in the absence of the antioxidant (con-
trol). Images were taken at day 1 and day 42. Mag-
nification of 630× (inverted microscope (Axio Ob-
server; Zeiss, Jena, Germany) equipped with digital 
camera and software for digital image processing) 
The percentages of shape-changed cells were evalu-
ated by counting approximately 350 RBCs in ran-
domly chosen fields.
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TAC (up to day 20), compared to the control (SAGM alone) at the 
corresponding day of storage. To address the structural concerns, 
morphological changes were evaluated in RBCs on days 1, 20, and 
42 (fig. 2) using inverted microscopy (Axio Observer; Zeiss, Jena, 
Germany). By day 42 of hypothermic storage, approximately 80% 
of SAGM-RBCs displayed non-discoid shape, whereas the SAGM-
Trolox RBC storage resulted in a significantly lower (p < 0.05) per-
centage of shape-changed RBCs (fig. 3).

Discussion

The rationale for using mannitol versus Trolox was that the for-
mer is a constituent of almost all RBC AS. While the significance of 
mannitol as a RBC membrane stabilizer has generally been ac-
cepted, its role in protection against storage-induced oxidative 
stress remains mostly unknown. We aimed to compare directly the 
protective abilities of Trolox and mannitol. Therefore, identical 
concentrations of both antioxidants were applied. Hemolysis, and 
the protection by antioxidants was more evident at day 20 which is 
consistent with findings reported by others [30, 31]. At concentra-
tions up to 3.125 mmol/l, Trolox was somewhat more effective 
than mannitol in protecting against progressive hemolysis. How-
ever, the percentage of post-storage hemolysis might strongly de-
pend on mannitol supplementation [16]. Importantly, concentra-
tions of mannitol in commercial AS are over 10-fold higher than 
those used in our experiments. Mannitol can reduce hemolysis by 
balancing the osmotic effect of non-permeant intracellular solutes 
such as Hb, ATP, and 2,3-DPG [32] while Trolox might suppress 
oxidative stress-induced hemolysis even more effectively than 
mannitol. Trolox (4 mmol/l) was reported to inhibit hemolysis of 
photo-treated (dimethylmethylene blue/red light) RBCs during the 
4-week refrigerated storage [24], and Trolox (2–10 μmol/l) inhib-
ited hemolysis (by up to 85%) in lead-exposed RBCs [33]. 

RBC storage results in the formation of several RBC breakdown 
products that accumulate in the RBC unit which is accompanied 

by an increase of the free Hb concentration [34]. Hb autooxidation 
to produce superoxide anion (O.–) has been recognized to be a sig-
nificant source of reactive oxygen species (ROS) in RBC units [35]. 
Dismutation of O.– generates hydrogen peroxide which in turn in 
the presence of transition metals can produce a hydroxyl radical 
via the Fenton reaction. Iron is released from Hb in a non-protein 
bound form (‘free’ iron) when RBCs are exposed to oxidative stress 
and/or during RBC aging [36]. The leakage of LDH to RBC me-
dium can occur through direct membrane disruption (RBC lysis 
with concomitant release of LDH and Hb). An excessive LDH re-
lease at the end of the storage period could also be associated with 
depletion of intracellular energy-rich nucleosides (ATP, ADP, ITP 
(inositol triphosphate)) [37]. The enhanced energy loss that arises 
at the 2- to 4-week storage can lead to insufficient phosphorylation 
of membrane proteins and a mismatch of membrane skeleton as-
sembly resulting in a serious reduction of the membrane’s mechan-
ical stability and in an increased permeability.

Our results demonstrated that Trolox, in a dose-dependent 
manner, inhibited storage-induced leakage of LDH. Moreover, it 
protected against lipid peroxidation and, to a less extent, GSH de-
pletion. In contrast, mannitol supplementation to the RBC me-
dium protected cells from progressive LDH leakage during long-
term-storage only at the highest concentration. Furthermore, pre-
irradiation of RBCs containing mannitol significantly increased 
membrane permeability as reflected by LDH release after longer 
storage (data not shown). These findings are in agreement with the 
results of Hirayama et al. [21] who showed that the leakage of po-
tassium from stored RBCs (also pre-irradiated at 30 Gy) was pro-
moted by mannitol due to increased osmotic pressure. Mannitol is 
believed to reduce hemolysis and protect membrane loss in RBC 
transfusion units [18]; it can induce changes of the membrane 
structure but the exact mechanisms of protection remain un-
known. Mannitol has been identified a classical scavenger of hy-
droxyl radicals in various systems [19, 20]. Studies by Regoli et al. 
[38] on the capacities of antioxidants to scavenge different radicals 
demonstrated that mannitol had a much higher scavenging ability 

Fig. 3. Morphological changes of the RBCs stored 
in SAGM (control) or in SAGM supplemented 
with different Trolox concentrations. Magnifica-
tion of 630× (inverted microscope Axio Observer. 
The percentages of shape-changed cells were evalu-
ated by counting approximately 350 red cells in 
randomly chosen fields (n = 3), *p < 0.05 in the 
presence of Trolox at any given day of storage vs. 
in the absence of Trolox at the appropriate day of 
storage.
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towards hydroxyl radicals, generated by the iron/ascorbate-driven 
Fenton reaction, than towards peroxyl radicals or peroxynitrite. 
Trolox has been reported to efficiently scavenge a wide variety of 
free radicals, including the hydroxyl radical and bioradical prod-
ucts arising from    

·
   OH radical interactions [39, 40]. Similar to 

α-tocopherol, Trolox is primarily a chain-breaking antioxidant. 
Not surprisingly, in our study storage-induced lipid peroxidation 
was suppressed by Trolox, but not by mannitol, which remained in 
agreement with the results of a similar study on the effects of these 
antioxidants on lead-induced lipid peroxidation in RBCs [33]. The 
antioxidant potency of Trolox is related not only to its structural 
characteristics but also to its ability to interact with and to pene-
trate the lipid bilayers [41]. Due to its hydrophobic nature 
α-tocopherol distributes totally in the membrane. Thus it can sta-
bilize biological membranes by restricting the mobility of their 
components. Trolox lacks the long fatty acid chain, but has the 
same chroman ring structure, and the reduction potentials of 
Trolox and α-tocopherol determined by pulse radiolysis in aque-
ous solutions were found to be comparable. Trolox is assumed to 
function as an antioxidant by virtue of its ability to donate hydro-
gen from the hydroxyl group to the peroxyl radical (ROO  

·
  ) con-

verting it into a lipid hydroperoxide and a Trolox phenoxyl radical 
(or quinone radical) thus terminating the chain reaction [41, 42]. 
However, at physiological pH, due to its carboxylic group, Trolox 
resides mainly in the aqueous phase and only partly in the lipid 
surface of phospholipid membrane system. For this reason, Trolox 
is favorable to scavenge free radicals generated in aqueous phase 
but is rather hindered to scavenge radicals generated inside the 
lipid phase. Studies by Alberto et al. [43] have shown Trolox to be a 
powerful hydroxyl and alkoxyl radical scavenger both in aqueous 
and lipid environments. It was also found to be a very good peroxyl 
radical scavenger in aqueous solution, while its protective effects 
against this particular kind of free radicals were only moderate in 
lipid solutions. The findings of the present study suggest that, apart 
from its strong antioxidant activity, Trolox could possibly decrease 
RBC membrane permeability through mechanistic interactions 
with the membrane. Depletion of GSH, due to the leakage to the 
medium and to some extent its oxidation to GSSG (oxidized glu-
tathione), renders them more susceptible to oxidative stress. 
Trolox might prevent GSH oxidation and/or leakage; however, this 
effect was not so obvious, and the small protection effect offered by 
Trolox was not concentration-dependent. It has to be underlined 
that the results found in CPD-preserved RBCs are not of clinical 
relevance. Due to the limited availability of blood products, CPD-

preserved RBCs were included into the study to better understand 
the protective potential of the two antioxidants separately. 

The commercial RBC units stored in SAGM-Trolox had signifi-
cantly lower hemolysis, LDH leakage, and lipid peroxidation level 
compared to the RBCs stored in SAGM alone, suggesting better 
maintenance of the erythrocyte membrane properties. Hemolysis 
rate and TBARS levels did not differ significantly between RBCs 
stored with 0.625 or 3.125 mmol/l Trolox raising the question 
which antioxidant concentration should be used to provide opti-
mal RBC protection. This issue has to be addressed in further stud-
ies including other variables important for RBC quality assessment. 
Although a significant TAC increase of the RBC supernatant sup-
plemented with Trolox was evident at the first 2–3 weeks of stor-
age, it is not known thus far how this contributes to oxidative stress 
reduction over the whole storage period. The microscopy analysis 
confirmed that SAGM-preserved RBC storage in the presence of 
Trolox did not have deleterious effects on RBC morphology. Mor-
phological changes typical for the long-term hypothermic storage 
reported by others [31] with even smaller percentage of non-dis-
coid RBC have been noticed. 

Compared to other fat-soluble vitamins, the toxicity of vitamin 
E is rather low. The recommended dietary allowance of vitamin E 
has been established as 15 mg/day and listed the tolerable upper 
intake level of any α-tocopherol form as 1,000 mg/day (1,600 
 IU/ day) [44]. While in most healthy adults short-term supplementa-
tion with up to 1,600 IU of vitamin E appears to be well tolerated 
and have minimal side effects, it may be too high for the long-term 
use, especially in patients with chronic diseases. On the other hand, 
many meta-analyses that combined the results of several ran-
domized controlled trials of vitamin E supplementation for various 
diseases, including heart disease, end-stage renal failure and Alz-
heimer’s disease, showed no major adverse effects associated with 
intakes of up to 3200 IU/day vitamin E [44]. Due to the existing 
mechanisms to routinely eliminate potential excess levels of vita-
min E, even high intakes do not cause its accumulation in the liver 
or other tissues [45]. Therefore, it can be proposed that transfusion 
of 10 units of the RBCs supplemented with a vitamin E analogue, at 
a final concentration of 625 μmol/l, should be relatively safe 
(table 2). However, this issue especially regarding massive transfu-
sions ( 10 units / 24 h) must be kept in mind. In conclusion, the 
comparison of two antioxidants in the present study showed that 
Trolox appeared to be superior to mannitol in providing RBC pro-
tection against the oxidative stress-mediated damage. Both antioxi-
dants had a comparable potential to increase TAC of the RBC me-

Concentration of Trolox  
in the RBC unit, mmol/l

Trolox, 
g/RBC unit*

Trolox, 
g / 10 RBC units

UL of any of α-tocopherol  
form in adults

UL of any of α-tocopherol form  
in subjects with various diseases

0.125 0.008 0.08 1,600 IU/day; 1 g/day 400–3,200 IU/day; 0.25–2 g/day
0.625 0.041 0.41
3.125 0.203 2.03 questionable questionable

**UL = Tolerable upper intake level.
*1 RBC unit = 260 ml.

Table 2. The RBC 
additive (vitamin E 
 analogue) toxicity 
 limits [44]
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dium, but the protective mechanisms by which they exert their ac-
tion are different. Trolox was compatible with SAGM solution 
which make it a good candidate to be further studied as an addi-
tional component of the currently used AS. The present study pro-
vides strong evidence of the beneficial effects of supplementing 
RBC storage solutions with membrane-interacting antioxidants, 
such as vitamin E analogues.
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