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Transfusion of red blood cells is a very common inpatient proce-
dure, with more than 1 in 70 people in the USA receiving a red
blood cell transfusion annually. However, stored red blood cells

are a non-uniform product, based upon donor-to-donor variation in red
blood cell storage biology. While thousands of biological parameters
change in red blood cells over storage, it has remained unclear which
changes correlate with function of the red blood cells, as opposed to
being co-incidental changes. In the current report, a murine model of red
blood cell storage/transfusion is applied across 13 genetically distinct
mouse strains and combined with high resolution metabolomics to
identify metabolic changes that correlated with red blood cell circula-
tion post storage. Oxidation in general, and peroxidation of lipids in par-
ticular, emerged as changes that correlated with extreme statistical sig-
nificance, including generation of dicarboxylic acids and monohydroxy
fatty acids. In addition, differences in anti-oxidant pathways known to
regulate oxidative stress on lipid membranes were identified.  Finally,
metabolites were identified that differed at the time the blood was har-
vested, and predict how the red blood cells perform after storage, allow-
ing the potential to screen donors at time of collection. Together, these
findings map out a new landscape in understanding metabolic changes
during red blood cell storage as they relate to red blood cell circulation.

ABSTRACT

Introduction

Transfusion of stored red blood cells (RBCs) is amongst the most frequent inpa-
tient therapies; for example, in the United States, approximately 1 out of every 70
people are transfused each year.  However, while the process of RBC collection,
storage, and transfusion is well-controlled, there remains substantial variability in
the quality of RBC units, presumably as a result of varying donor characteristics.1 It
is understood that some donors’ RBCs consistently store poorly, and there are cur-
rently no methodologies to identify such donors (other than autologous 51-Cr sur-
vival studies).1 Thus, measuring and standardizing the quality of stored RBCs
remains elusive.
The biological changes that occur during RBC storage, collectively called the

“storage lesion” consist of myriad cellular and biochemical alterations.2,3 While the
catalog of changes known to occur with RBC storage continues to grow into the
thousands (with the application of omics technologies), it remains unclear which
changes correlate to clinical performance of transfused RBCs and which are coinci-
dental.  Both historical and more recent data have demonstrated that RBCs change



during storage and the underlying metabolism of RBCs are
both heritable traits in humans.4-9  
Much attention has been paid in recent years to the con-

cern that transfusion of longer stored RBC units may result
in worse medical outcomes. These concerns are largely
fueled by numerous retrospective studies reporting such an
effect.10 Recently, several randomized controlled trials, in
particular in clinical settings, have been completed, and no
difference was observed between groups.11-13 There
remains considerable debate surrounding this issue;14 how-
ever, this is unrelated to the goal of providing the best RBC
units available, and to storing RBCs so as to generate the
most efficacious product.  The goal of the current study is
to elucidate donor biology that affects RBC storage, and the
ability of the RBC to circulate post transfusion.
To identify biochemical components of the storage lesion

that are correlated with RBC performance, in particular the
ability of stored RBCs to circulate post transfusion, we ana-
lyzed 13 commonly available inbred strains of mice.
Herein, we report significant variation amongst strains,
both with respect to post-transfusion recovery of stored
RBCs, and also the basic metabolomics of stored RBCs.
Moreover, significant correlations between biochemical
pathways and RBC storage are identified.  In particular,
lipid metabolism and oxidation (and underlying anti-oxi-
dant pathways), emerged as a dominant theme in differ-
ences in RBC storage from genetically distinct murine
donors. Together, these findings help to distinguish bio-
chemical components of the storage lesion that correlate
with RBC function in a mouse model. These studies pro-
vide mechanistic insight into the biology of RBC storage,
define the landscape of murine specifics for ongoing basic
research, and also highlight novel hypotheses to provide a
rational basis for subsequent human studies. 

Methods

Mice
The following strains of mice were purchased from Jackson

Labs (Bar Harbor, ME, USA): KK/HIJ, LG/J, AKR/J, FVB/NJ,
C3H/HeJ, DBA/2J, NOD/ShiLtJ, 129X1/SvJ, 129S1/SvImJ, A/J,
BTBR/ T+ tf/J, Balb/cByJ, C57Bl/6J). All were female and used for
blood donation at 12-15 weeks of age. UbiC-GFP male mice,
which are on a C57BL/6 background, were bred to FVB/NJ
females in the Bloodworks NW Research Institute (BWNWRI)
Vivarium and offspring were used as RBC recipients at 24-28
weeks of age. HOD mice, used as a fresh tracer population for
transfused RBCs, were likewise bred in the BWNWRI Vivarium.
The HOD mouse was first described on an FVB background,15 but
has now been backcrossed onto C57BL6J for greater than 20 gen-
erations.  All mice were maintained on standard rodent chow and
water in a temperature- and light-controlled environment.  All
experiments were performed according to approved Institutional
Animal Care and Use Committee (IACUC) procedures.  

Collection and storage of blood
Whole blood (600 μl) was collected via cardiac puncture into 84

μl CPDA-1 (12.3%) in a sterile 1.7 mL snapcap microcentrifuge
tube. Hematocrits were adjusted to approximately 75% (by
removal of supernatant) and samples were stored  in Eppendorf
tubes for seven days at 4ºC. After storage, 50 μl stored RBCs were
resuspended in 510 μl PBS and 5 μl of fresh HOD packed RBCs
were added to the suspension as an internal control. The mixture
of RBCs was then directly transfused into FVB/NJ x UbiC-GFP

recipients by intravenous tail vein injection.  The remaining sam-
ple of stored RBCs was snap frozen in liquid nitrogen for future
metabolomics analysis.  Ratios of donor blood to HOD tracer
RBCs was enumerated, both at baseline in the cells to be trans-
fused (pre-transfusion mixture) and also in peripheral blood
acquired from recipients 24 h after transfusion (post-transfusion
samples collected into ACD).  Pre-transfusion and post-transfusion
RBCs were washed three times with PBS, and stained for 30 min
with 0.5 µg anti-Fy3 (clone MIMA29) in 50 µl PBS. Stained cells
were then washed three times with PBS and incubated with 0.2 µg
APC goat-anti-mouse Igs (BD cat. 550826) in 50 µl PBS for 30 min,
which stains RBCs bound with MIMA-29, and thus identifies
HOD tracer RBCs. Cells were then washed three times, re-sus-
pended in PBS, and analyzed by flow cytometry; 500 HOD+
events were counted for each sample. This approach utilizes
MIMA-29 to stain HOD tracer RBCs with a color that is different
than the GFP RBCs, which fluoresce spontaneously.  Forward and
side scatter were used to exclude fragmented or lysed RBC frag-
ments, such that counts reflected intact RBCs.  Final RBC survival
was calculated by the formula:

(Circulating Stored RBC/HOD RBC of post-transfusion sample) 
/(Stored RBC/HOD pre-transfusion sample)

For experiments studying “fresh RBCS”, the RBCs were collect-
ed and processed identically to stored RBCs, with the only differ-
ence being they were used after collection and without further
storage.

Ultrahigh performance liquid chromatography-tandem
mass spectroscopy and gas chromatography-mass 
spectroscopy
Details of ultrahigh performance liquid chromatography-tan-

dem mass spectroscopy (UPLC-MS/MS) and gas chromatography-
mass spectroscopy (GC-MS) are available in the Online
Supplementary Appendix. Mass Spec was carried out by a commer-
cial vendor (Metabolon Inc., NC, USA).

Statistical analysis
Comparisons of recoveries between strains were performed

separately on each experiment using one-way ANOVA followed
by Tukey’s multiple comparisons test, with a single pooled vari-
ance.  In the case of stored RBCs, the data were first log10-trans-
formed to approximate a normal distribution; the data from the
fresh RBCs required no data transformation. Analyses were per-
formed using Graphpad PRISM 6 software. Linear correlations
were summarized by Pearson’s coefficient with P values by F-tests
and q-values to account for multiple testing in the evaluation of
statistical significance.

Results

Strain dependent variation in post-transfusion 
recoveries of stored red blood cells
To test the genetic variation in RBC storage phenotype

amongst mice, a panel of inbred strains was analyzed.
These strains were chosen due to commercial availability,
well characterized biology and resolved genetic sequence.
Consideration was also given to sampling different phylo-
genetic arms (Figure 1A). A well-characterized murine
model of RBC storage was utilized17 with minor modifica-
tions (see Methods). RBCs from each of the indicated test
strains were collected, processed, and either transfused as
“fresh” RBCs or stored for seven days. The post-transfu-
sion circulation of test RBCs, 24 h after transfusion (24-h
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recovery) was determined by transfusing test RBCs into
GFP-F1 recipients and enumerating GFP negative popula-
tions in peripheral blood 24 h post transfusion. This
approach allows analysis of RBC recovery without having
to risk altering the RBCs through any labeling procedure.
To isolate donor biology as a variable, a single common
transfusion recipient was utilized for all donor strains; in
particular, an F1 cross between UbiC-GFP and FVB mice
(GFP-F1). RBCs from UbiC-GFP mice express high levels
of green fluorescent protein (GFP) in RBCs and are on a
C57BL/6 background. Thus, the GFP-F1 mice are het-
erozygous at all loci between B6 and FVB mice and have a
GFP transgene.
To control for differences in transfusion volume and

phlebotomy, and also to allow enumeration on a cell by
cell basis, a “fresh tracer” control RBC population was
added to each test RBC population prior to transfusion
(Figure 1B, left panel). The tracer population consisted of
HOD RBCs, which express an easily detectable transgene
on RBCs.  Essentially no GFP negative events are observed
in untransfused recipient mice (Figure 1B, upper right
panel). The ratio of test RBCs to tracer RBCs 24 h after
transfusion (Figure 1B, lower right panel) was then correct-
ed to the pre-transfusion ratio. Recovery was evaluated for
each strain for both seven days of storage and in freshly
isolated RBCs.
Three independent experiments were performed for

stored RBCs from each of the indicated strains, and the

results of each experiment are shown (Figure 1C).
Whereas there was relative consistency in a given strain
across experiments, there was substantial strain-to-strain
variability in RBC recoveries after storage; no statistically
significant differences in 24-h recovery were observed
from freshly isolated samples from the 13 different strains
(Figure 1D). Extensive ANOVA comparisons between
each strain, for both stored and fresh RBCs, were per-
formed and multiple differences of statistical significance
were noted only for stored RBCs (Online Supplementary
Table S1).

General metabolomic analysis of strain variation in red
blood cell storage
For each experiment, prior to transfusion, a sample of the

RBCs was snap-frozen. Samples were subsequently sub-
jected to analysis of metabolites by LC-MS/MS, resulting in
the resolution and relative quantification of 520 compounds
of known identity. Principal component analysis (PCA)
showed a clear distinction between fresh and stored RBC
samples within each of the 13 mouse strains, as a function
of the RBC metabolome (Figure 2). In addition, fresh sam-
ples from the C57Bl/6J strain demonstrated limited segrega-
tion from the general sample groupings and suggest that
this strain may exhibit a base-line metabolic profile that fur-
ther differentiates it from other strains. However, there was
otherwise no clear distinction in general metabolomes
between strains as a function of storage.

K. de Wolski et al.
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Figure 1.  Twenty-four hour recovery of fresh and stored red blood cells (RBCs) across 13 inbred strains of mice. (A) Phylogenetic distribution of mouse strains used
for this study (reproduced from Genome Res 2004:14:1806-11 with kind permission of Dr. Petkov and Genome Research16). (B) Representative flow cytometry plots
are shown to indicate the enumeration of fresh tracer and test RBCs in a pre-transfusion sample (left panel).  Recipient GFP+ RBCs are shown, including empty gates
where fresh tracer and test RBCs appear (upper right panel).  The final mixture in a recipient mouse 24 h after transfusion is shown (lower right panel). (C) Individual
results of three out of three experiments of stored RBCs is shown.  (D) Individual results of three out of three experiments of fresh RBCs is shown (only 2 replicates
were obtained for fresh RBCs for KK/HiJ, LG/J and the C3H/HeJ mouse strains).

A

C

B

D



Glucose metabolism of red blood cell storage across
inbred mouse strains
Analysis of RBC storage has traditionally focused on

generation of ATP as a necessary energy source for main-
tenance of RBC physiology. In addition, much attention
has been paid to generation and maintenance of 2,3-DPG,
due to its ability to regulate oxygen affinity by hemoglo-
bin. Analysis of glycolytic metabolites across strains
demonstrated decreases in glucose during storage in all
cases (Figure 3A). Likewise, in all strains, 2,3-DPG
dropped substantially at seven days storage (Figure 3B).
The end point of glycolysis (lactate) had a similar increase
in stored RBCs from each strain (Figure 3C).  ATP was not
detected as a metabolite by this approach, and thus was
not assessed in the current study.

Metabolites and pathways that correlate with red
blood cell storage
To investigate which metabolites (and metabolic path-

ways) may be associated with the ability of RBCs to sur-
vive post transfusion, metabolites in stored RBC units
were chosen based upon the following criteria (correlation
greater than 0.5 or less than -0.5, P<0.05, q value <0.01;
see Online Supplementary Table S2 for a full list of com-
pounds). Using these criteria, 11 metabolites had a posi-
tive correlation with RBC storage (Online Supplementary
Table S2, stored RBCs, positive correlation), 9 of the 11
metabolites identified were lipids, although various lipid
subspecies were identified, including free fatty acids
(polyunsaturated, and monohydroxy), lysolipids, and
glycerol species. Also noted was vitamin E (alpha-toco-
pherol), a common cellular anti-oxidant most involved
with oxidative stress in the lipid compartment. 12-HETE
is an arachidonic acid (AA) metabolite that has biological
properties. Finally, tryptophan was noted. As examples of
the typical distributions, both of the fatty acids docos-

apentaenoate (DPA) and docosahexaenoate (DHA)
showed a pattern (in general) of decrease over storage in
strains that stored poorly and increase in storage of strains
that stored well (Figure 4A and C) resulting in a positive
correlation with final levels and 24-h RBC recovery (Figure
4B and D).
A total of 49 metabolites had a negative correlation with

stored RBCs that fit the above criteria, the majority of
which were lipid species (Online Supplementary Table S2,
stored RBCs, negative correlation). Of these, 19 were
either dicarboxylic acids (DCAs) or monohydroxy fatty
acids (MHAs), known to be associated with lipid oxida-
tion and peroxidation, 10 of which had inverse correla-
tions greater than 0.80 with both P values and q values less
than 0.0001. In all of these cases, levels were low at time
of collection and increased over storage, to a greater extent
in strains that stored poorly. Representative box plots of
the relative amounts of a DCA (dodecanedioate) and a
MHA (16-hydroxypalmitate) are shown (Figure 4E and G)
along with the correlation plots between these analytes
and 24-h RBC recovery (Figure 4F and H). Of note, among
the MHAs identified are products with known biological
function, including 13-HODE, 9-HODE and the dihy-
droxy fatty acid (9,10-DiHOME). In addition, 4-hydroxy-
2-nonenal fit these criteria, and is a well-known product
and mediator of lipid peroxidation.18 5-HETE, which is an
eicosanoid, was also observed to have a similar pattern
(Figure 4I and J). Of note, a related species (12-HETE)
showed an opposite correlation (Figures 4K and L),
although to a less dramatic effect. Two lysolipids and a
monoacylglycerol were also observed (Online
Supplementary Table S2). In addition to lipid species, nega-
tive correlates also included metabolites involved in glu-
tathione metabolism (4-hydroxy-nonenal-glutathione and
methionine sulfoxide).
To test the hypothesis that base-line metabolite levels,
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Figure 2. Principal component analysis of metabolites measured
in fresh and stored red blood cells (RBCs).  PCA for the indicated
strains (based on color) are shown for both fresh (spheres) and
stored (cylinders) RBCs.



present at time of blood collection, would predict quality
of RBC storage over time, correlations were calculated
between metabolite levels in freshly collected RBCs and
post-transfusion recovery after storage (Online
Supplementary Table S2, fresh RBCs). The same cut-off 
values of significance were used as above (correlation >0.5
or <-0.5, P<0.05, q value <0.01). Fourteen metabolites met
these criteria with regards to positive correlation, in a vari-
ety of pathways, including amino acid metabolism,
pyrimidine metabolism, and the urea cycle (Online
Supplementary Table S2, fresh RBCs, positive correlation).
Aspartate is presented as an example of a positively corre-
lating analyte (Figure 4M). Twenty-four metabolites met
the criteria with a negative correlation (Online
Supplementary Table S2, fresh RBCs,  negative correlation).
Like the negative correlation of metabolites after storage,
a substantial clustering of fatty acid metabolites was

observed, including 9 long chain fatty acids of different
composition, polyunsaturated fatty acids (linoleate and
derivatives), and monoacylglycerols. As an example,
palmitate (16:1) is shown (Figure 4N). In addition, toco-
pherol, 4-hydroxy-nonenal-glutathione, and other amino
acid metabolites were observed, which is expanded on in
the discussion of anti-oxidant pathways below. Finally,
correlations were analyzed for the fold change of a given
analyte over storage by calculating the ratio in fresh RBCs
compared to seven days of storage (Online Supplementary
Table S2, ratio of stored to fresh). The analysis of fold
change reveals the same general patterns as observed by
analyzing data from seven days of storage, with 17 ratios
having a positive correlation and 33 ratios having a nega-
tive correlation, which fit the same significance criteria as
above. In general, the same classes of compounds
emerged, with a few notable differences, discussed below.

K. de Wolski et al.

582 haematologica | 2016; 101(5)

Figure 3. Products of glycolysis are common
across strains and do not correlate with 24-h
recovery. (A) Glucose levels were equivalent in
fresh red blood cells (RBCs) from each strain and
decreased commonly after storage. (B) 2,3-DPG
was equivalent across strains and uniformly
decreased after seven days of storage. 
(C) Lactate was uniformly low in fresh RBCs and
increased equivalently, over storage, for all
strains analyzed. Open boxes represent levels at
time of collection whereas gray boxes indicate lev-
els after storage. All levels of metabolites are rel-
ative concentrations based upon areas under the
peaks and are averages for all three experiments
shown in Figure 1.
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Analysis of common anti-oxidant pathways
Due to the preponderance of lipid peroxidation prod-

ucts, we analyzed differences in common anti-oxidant
pathways. Alpha-tocopherol (vitamin E) is a major
hydrophobic anti-oxidant that mainly exerts its effects in

lipid membranes. Levels of alpha-tocopherol in fresh
RBCs negatively correlated with recoveries of stored RBCs
(Figure 5A and F, top panel). At the same time, levels of
alpha-tocopherol in stored RBCs positively correlated
with recoveries (Figure 5F, middle panel). In other words,
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Figure 4. Levels of the indicated
metabolite are shown in fresh
(white) and stored (gray) sam-
ples, as are the correlations of
the metabolite with 24-h red
blood cell (RBC) recovery. (A and
B) DPA, (C and D) DHA, (E and F)
dodecanedioate, (G and H) 16-
hydroxypalmitate, (I+J) 5-HETE,
(K and L) 12-HETE. Correlations
of levels of aspartate (M) and
palmitate (N) in freshly isolated
RBCs are shown versus the 24-h
RBC recovery after seven days of
storage. Open boxes represent
levels at time of collection where-
as gray boxes indicate levels
after storage. Correlation calcula-
tions represent Pearson’s coeffi-
cient. All levels of metabolites are
relative concentrations based
upon areas under the peaks and
are averages for all three experi-
ments shown in Figure 1.
Correlation plots show combined
data from all three of the indicat-
ed experiments in Figure 1.
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the less alpha-tocopherol present at the time of collection
and the more alpha-tocopherol that remained after stor-
age, the better the RBC recoveries. These data are incon-
sistent with a simple model of increased alpha-tocopherol
providing increased resistance to oxidation. However, jux-
taposition of starting and ending levels of alpha-toco-
pherol showed that strains that stored poorly started with
higher alpha-tocopherol levels than strains that stored
well; however, by the end of storage, strains that stored
poorly had lower levels of alpha-tocopherol than strains
that stored well (Figure 5A). Strains that stored well had
little change in alpha-tocopherol at all, whereas poorly
storing strains rapidly depleted their alpha-tocopherol.
This trend becomes clear when the correlation(s) are ana-
lyzed with regards to the ratio of alpha-tocopherol from
fresh RBCs to stored RBCs (Figure 5F, bottom panel).
These data are equally consistent with poorly storing
strains generating more oxidative stress, having decreased
anti-oxidant regeneration, or both. Alternatively, alpha-
tocopherol could represent non-causal association and be
a surrogate marker.
Although less dramatic than the pattern seen with

alpha-tocopherol, GSH showed a similar trend (Figures 5B
and G). Since the most common anti-oxidant pathway of
GSH is for 2 GSH molecules to form GSSG; GSSG levels
were examined (Figure 5C); however, no obvious pattern
emerged to correlate with changes in GSH levels. In con-
trast, a clear trend was seen with the analysis of 4-
hydroxy-nonenal-glutatione, a common product of GSH
anti-oxidant activity upon a product of lipid peroxidation
(Figure 5D).  Of note, increases in 4-hydroxy-nonenal-glu-
tathione from fresh RBCs to stored RBCs correlated with
poor RBC recoveries (Online Supplementary Table S2 and
data not shown). Because vitamin C serves as an intermedi-
ate between GSH and alpha-tocopherol, vitamin C levels
were examined, but no meaningful trend was observed
(Figure 5E) and ascorbate levels did not correlate with RBC
storage (data not shown). Finally, although its correlation
was 0.48 (and thus technically below the 0.5 cut off), 
N-acetylcysteine (which is both an antioxidant and also a
GSH precursor) had levels in stored RBCs that correlated
well with 24-h RBC recovery (Figure 5H).

Discussion

The current report makes the observation that, similar
to donor-to-donor variation in storage of human RBCs,
genetically distinct stains of mice have a wide range of
RBC storage biology regarding both metabolome and
post-storage circulation.  The ability of an RBC to circulate
does not guarantee its full function (e.g. traversing mico-
capillary beds, delivering oxygen to tissues, removing
CO2, etc.); however, it seems a fair statement that an RBC
that does not circulate will certainly not function. Thus,
24-h recovery is a meaningful, if not all encompassing,
metric and is currently used as licensing criteria for RBC
storage systems.
The current studies are carried out in a tractable animal

model; however, like all models, it suffers the potential
that it may not translate into human biology.
Nevertheless, it serves to generate new knowledge of
mammalian RBC storage biology which may translate
into humans, and which provides (from amongst the
numerous changes in RBCs during storage) a focused list

of compounds and pathways to test in human RBC stor-
age. It is worth noting that lipid peroxidation is a well-
known component of storage of human RBCs.19-23 In addi-
tion, a number of studies have been reported regarding
metabolomics of human RBCs and these show heritable
differences amongst donors and different storage condi-
tions;6,7,24-28 to the best of our knowledge no human studies
have been reported that have combined metabolomics
and in vivo recovery.
It is worth noting that, in the current study, the stored

RBCs were not leukoreduced. The majority of (although
certainly not all) stored RBCs in humans are leukoreduced.
Given the volume of mouse blood required for leukore-
ducction, this approach was not considered feasible in the
setting of broad screening of multiple strains. However,
we have previously reported metabolomics analysis of B6
and FVB strains, using filter leukoreduced products. In this
setting, the same lipid oxidation pathways are associated
with poor storage.29 In addition, dicarboxylic acids remain
associated with poor storage in leukoreduced RBCs (data
not shown). Thus, while some of the associated change
may be due to contaminating leukocytes and/or platelets,
the major findings of lipid peroxidation persist even with
leukoreduction. A second consideration is that a 7-day
storage time was chosen for this study, since this allowed
the widest range of differences between strains to be
observed, while still allowing for the best storing strains to
have recoveries of greater than 75% (in line with FDA
standards for human RBC storage).
To control for potential differences in recipient phago-

cytic biology, a single common recipient strain of mice
was used for all donors in the current study. This approach
also allowed an experimental design in which donor RBCs
did not have to be manipulated or labeled prior to transfu-
sion. However, there is a theoretical risk that one is cross-
ing alloimmune barriers between strains, which could
account for some differences in survival. Naturally occur-
ring RBC alloantibodies (analogous to ABO in humans)
have not been described in mice, and 24-h recovery is typ-
ically too short a period of time for adaptive humoral
responses to occur; thus, we did not predict any problems
with alloimmunity in the current studies. In support of
this notion, there were no statistically significant differ-
ences in 24-h recovery of freshly isolated RBCs, thus indi-
cating that, even if alloantibodies were present, they had
no clear functional outcome. Nevertheless, one must give
theoretical consideration to possible effects of crossing
strain barriers.
The biological underpinnings that regulate lipid oxida-

tion across strains are unclear; however, alpha-tocopherol
and GSH are candidates for being involved in the underly-
ing processes that lead to lipid peroxidation. Alpha-toco-
pherol does have the ability to inhibit chemical oxidation
of RBCs;30 however, the extent to which such is a normal
pathway during RBC storage is unclear and has only been
tested in an in vitro setting.31 Of interest, it has recently
been reported that vitamin C and N-acetylcysteine miti-
gate oxidative stress in in vitro human RBC studies.32 In vivo
studies in mice have shown that vitamin C supplementa-
tion can improve storage as measured by 24-h recovery.33
The generation of products of lipid oxidation not only

gives insight into underlying RBC storage biology, but
may in themselves represent a biologically significant
component of transfused RBCs. Among the lipid oxida-
tion products that were observed to both increase with
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storage and negatively correlate with RBC recoveries are
5-HETE and the bioactive lipids 9,10-DiHOME, and (13-
HODE+9-HODE). In addition, 4-hydroxy-2-nonenal has
biological and signaling properties, in addition to being a
common indicator of lipid peroxidation. Interestingly, in
contrast to 5-HETE, 12-HETE had a significant positive
correlation to RBC storage. Both 5-HETE and 12-HETE are
arachidonic acid metabolites generated by separate
lipoxygenase enzymes. Bioactive lipids are known to be
involved in complex biologies including inflammation,
coagulation, vascular tone and immunity. Bioactive lipids
have been implicated in the pathogenesis of transfusion-
related acute lung injury (TRALI), a potentially lethal

sequela of blood transfusion.34-36 It is also worth consider-
ing the source of substrates for lipid oxidation pathways,
such as eicosanoid generation. Levels of both medium and
long chain fatty acids were strongly correlated with RBC
recovery, and lysolipids and monoacylglycerols  increased
with storage, suggesting release of the observed free fatty
acids from glycerophospholipid breakdown. It is unclear if
release of free fatty acids from phospholipids precedes
lipid oxidation as a separate step or is the result of lipid
peroxidation, but it is clear that both correlate.
Increases in long chain fatty acids at the time of RBC col-

lection strongly correlated with the post-storage RBC recov-
ery. Of these, 4 particular long chain fatty acids had a nega-
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Figure 5. Anti-oxidant pathways during red blood  cell (RBC) storage. Levels of alpha-tocopherol in freshly collected RBCs and after storage are shown (A). Correlation
plots are shown for alpha-tocopherol for levels in fresh, stored, and the ration of fresh/stored (F). Levels of GSH in freshly collected RBCs and after storage are shown (B).
Correlation plots are shown for GSH for levels in fresh, stored, and the ration of fresh/stored (G). Levels of GSSG (C), 4-hydroxy-nonenal-glutathione (D), and ascorbate (E)
are shown in freshly collected RBCs and after storage. Correlations between the ratio of N-acetylcysteine (fold change) is shown (H). Open boxes represent levels at time
of collection; gray boxes indicate levels after storage. Correlation calculations represent Pearson’s coefficient. All levels of metabolites are relative concentrations based
upon areas under the peaks and are averages for all three experiments shown in Figure 1. All horizontal axes labeled 24-h recovery represent RBCs circulating 24-h post
transfusion, as described in Methods. Correlation plots show combined data from all three of the indicated experiments in Figure 1.

A

B

C
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E

GF

H



tive correlation both in fresh RBCs and stored RBCs (palmi-
tate, palmitoleate,10-heptadecenoate, and cis-vaccenate).
There was no significant change in the levels of these 4 long
chain fatty acids between time of collection and after stor-
age. Although one cannot rule out a simultaneous increase
in production and consumption resulting in an unaltered
steady state, a more likely explanation is that increased lipid
breakdown (or processes that are associated with it), as a
function of the normal RBC biology, predispose RBCs to
poor storage. In contrast to the above long chain fatty acids,
omega-3 fatty acids DPA and DHA had a positive correla-
tion with 24-h recovery when measured after storage. EPA
can be converted into DPA, which then can be converted to
DHA. EPA was detected in this panel, but had no correla-
tion to RBC recoveries. These findings are of potential prac-
tical value, as they may serve as criteria to evaluate how
RBCs will store through screening at time of donation.
In summary, a model emerges from the current studies

in which lipid peroxidation is associated with poor 24-h
recovery. Future experimental studies in mice will be
required to test the functional relevance of the tocopherol-
ascorbate-GSH axis and lipid peroxidation. Human stud-
ies will also be required to assess the extent to which the
observations generated herein predict human RBC storage
biology. The further resolution of these issues is a much
needed step in advancing the ability to predict and control
the quality of stored human RBCs.
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