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Metabolic phenotypes of standard and cold-stored platelets
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BACKGROUND: Conventional platelet (PLT) storage at
room temperature under continuous agitation results in a
limited shelf life (5 days) and an increased risk of
bacterial contamination. However, both of these aspects
can be ameliorated by cold storage. Preliminary work
has suggested that PLTs can be cold stored for up to
3 weeks, while preserving their metabolic activity longer
than in PLTs stored at room temperature. As such, in the
present study, we hypothesized that the metabolic
phenotypes of PLTs stored at 4°C for 3 weeks could be
comparable to that of room temperature–stored PLTs at
22°C for 5 days.
Study Design and Methods: Metabolomics analyses
were performed on nine apheresis PLT concentrates
stored either at room temperature (22°C) for 5 days or
refrigerated conditions (4°C) for up to 3 weeks.
RESULTS: Refrigeration did not impact the rate of
decline in glutamine or the intracellular levels of Krebs
cycle metabolites upstream to fumarate and malate. It
did, however, decrease oxidant stress (to glutathione
and purines) and slowed down the activation of the
pentose phosphate pathway, glycolysis, and fatty acid
metabolism (acyl-carnitines).
CONCLUSION: The overall metabolic phenotypes of 4°
C PLTs at Storage Day 10 are comparable to PLTs
stored at 22°C at the end of their 5-day shelf life, while
additional changes in glycolysis, purine, and fatty acid
metabolism are noted by Day 21.

P
latelet (PLT) transfusion is an essential therapy in
modern medicine, as it allows prevention or correc-
tion of pathology in the thrombocytopenic or bleed-
ing patient, respectively.1 Despite decades of PLT

transfusion therapies, PLT transfusion-related complications
still represent a major risk. Indeed, while originally PLTs were
stored under refrigerated conditions, in the 1970’s banking
practices for this component started to change,2 owing to the
appreciation that PLTs stored at room temperature would cir-
culate longer in the bloodstream of the recipient.3 Transfusion
of PLTs with longer circulation times are beneficial in the pre-
vention of bleeding and reduce the frequency of prophylactic
interventions based on PLT transfusion, thus mitigating the
risk of alloimmunization in patients with hypoproliferative
thrombocytopenia.4 On the other hand, storage at 20 to 24°C
under constant agitation for 5 to 7 days increases the risk of
bacterial growth, resulting in 1:5000 units at risk for bacterial
contamination.5

ABBREVIATIONS: ADO = adenosine; AMP = adenosine

monophosphate; ANOVA = analysis of variance; ATP = adenosine

triphosphate; DPG = diphosphoglycerate; GSH = glutathione;

GTP = guanosine triphosphate; MS = mass spectrometry;

PLT = platelet; PPP = pentose phosphate pathway; PSL = platelet

storage lesion; UHPLC = ultra-high-performance liquid

chromatography; UDP = uridine diphosphate; UTP = uridine

triphosphate.
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Refrigeration of PLTs (4°C storage) is associated with
multiple potential advantages. First, cold storage of PLTs is
significantly less conducive to bacterial growth, thereby
reducing the risk of transfusion-transmitted infections as
well as the costs associated with bacterial culture testing.6

Second, cold storage would also likely improve PLT inven-
tory logistics if the storage duration can be increased past
the current standard of 5 to 7 days for room temperature
stored platelets. Current estimates suggest that close to 9%
of PLT inventories are wasted due to expiration beyond the
current room temperature 5-day shelf life, which is esti-
mated to cause a loss of approximately US$89 million annu-
ally.7 Moreover, extending the shelf life of PLTs would also
make inventories more cost effective and manageable at
non–tertiary care centers. This is important, as a large num-
ber (approx. 30,000) of traumatic hemorrhage deaths occur
per year before arrival at tertiary care centers.8 Increased
availability of a cold-stored platelet in non–tertiary care cen-
ters would allow for the use of PLTs in patients who present
to these facilities with life-threatening hemorrhage. Approxi-
mately 20% of UK hospitals keep less than 10 PLT units per
year in their blood product inventories9; this type of data is
currently unknown in the United States. Importantly, due to
the increased rural and austere areas in the United States
compared to the United Kingdom, it is probable that the
percentage of hospitals that do not keep PLTs in inventory
is higher.

Finally, and perhaps most importantly, cold storage of
PLT results in an altered PLT phenotype associated with
enhanced in vitro1,2,10–12 and in vivo13,14 hemostatic capac-
ity. Refrigerated PLTs more highly express apoptotic
markers compared to room temperature PLTs (hence the
lower posttransfusion life span in circulation).15 In addition,
cold temperatures promote PLT activation by mechanisms
of increased intracellular calcium, reorganization of the
actin cytoskeleton, and an increase in F-actin and degranu-
lation.16 These features of cold storage–induced activation
might thus be beneficial in the context of acute bleeding
(e.g., in the trauma patient with platelet dysfunction17).
Notably, the US Food and Drug Administration has recently
approved the use of cold-stored apheresis PLTs for actively
bleeding patients.18 In addition, two clinical trials are under
way, with one assessing recovery of transfused cold-stored
PLTs (NCT02754414) and the other assessing cold-stored
PLT function in cardiac surgery patients (NCT02495506). To
this end, a better understanding of the platelet storage
lesion (PSL) formed during cold storage would be beneficial
for identifying those PLT features associated with improved
quality.

Despite decades of advancements in the field, PLT stor-
age results in the consistent loss of up to 30% of transfused
PLTs upon transfusion.19 An improved understanding of the
PSL could drive the development of novel storage strategies,
including, for example, novel PLT storage additives that
minimize PSL formation and maximize the benefits of PLT

transfusion. Preliminary work seems to suggest that meta-
bolic intervention (e.g., by means of metabolic suppression
via incubation in the absence of glucose or low gas
exchange, either at 22 or 4°C20,21) may be an effective
means by which to mitigate PSL development. Omics tech-
nologies, in particular metabolomics,22 have recently con-
tributed a significant amount of novel data about the impact
of manufacturing methods on the quality of blood compo-
nents. In particular, metabolomics studies have helped in
defining the impact of PLT additive solution23 and
processing (e.g., buffy coat vs. apheresis24 or pathogen-
reduced PLTs25) on quality metrics for platelets. Ultimately,
these studies revealed a two-phase decay phenotype: Days
0 to 3 were characterized by an active glycolysis, pentose
phosphate pathway (PPP) and glutathione (GSH) metabo-
lism; Days 4 to 5 were associated with an altered Krebs cycle
and purine metabolism,26 at least in part explained by a
compromised capacity to metabolize substrates like pyru-
vate/acetate and palmitate.27

Despite these studies, and preliminary evidence about
a potential impact of cold storage on glucose consumption
rates15 and mitochondrial function,28 little is known about
whether and to what extent PLT metabolism is altered by
refrigerated storage. Indeed, while lower storage tempera-
ture are expected to slow enzymatic reactions, as in the case
of other stored blood components, only one metabolomics
study has been performed to date to investigate this with
stored platelets.29 As such, in the present study, we per-
formed a metabolomics study on PLT concentrates, either
stored at room temperature (22°C) or under refrigerated
conditions (4°C). While the main focus of the study was to
compare the metabolic phenotypes of cold and room
temperature–stored PLTs within the clinically relevant time
span of Storage Days 0 to 5, prior work seems to suggest
that refrigerated PLTs could preserve their hemostatic prop-
erties for up to 3 weeks.2 Based on this rationale, we also
extended the storage duration of refrigerated PLTs to
3 weeks and assessed the metabolic changes at Days
10 and 21.

MATERIALS AND METHODS

Platelet collection and storage

Apheresis PLT concentrates (Trima Accel, TerumoBCT)
were collected from nine healthy donor volunteers at a Mis-
sissippi Valley Regional Blood Center, according to
Washington University in St. Louis Institutional Review
Board Protocol 201710149. All PLTs were stored in plasma
and then either under standard conditions (22 � 2°C) with
continuous agitation for up to 5 days, or under refrigerated
conditions (4 � 2°C) with continuous agitation for up to
21 days. Agitation was performed using a PLT agitator
(PF15i, Helmer Scientific) stored in either an incubator
(PC100, Helmer Scientific) held at 22°C or a walk-in cold
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room (2-6°C). Units were sterilely sampled at Storage Days
0 and 5 (all units), 10 and 21 (only cold-stored platelets).
Samples were immediately snap frozen in liquid nitrogen
and preserved at −80°C before shipment to the University of
Colorado Denver–Anschutz Medical Campus for met-
abolomics testing.

Sample processing and metabolite extraction

A volume of 50 μL of PLTs was extracted in 450 μL of lysis
buffer (methanol: acetonitrile: water 5:3:2), before ice cold
extraction by vortexing for 30 minutes at 4°C.22,30 Insoluble
proteins were pelleted by centrifugation (10 minutes at 4°C
and 10,000 × g) and supernatants were collected and stored
at −80°C until analysis.

Ultra-high-performance liquid chromatography–
mass spectroscopy metabolomics

Analyses were performed using an ultra-high-performance
liquid chromatography system (UHPLC; Vanquish, Thermo
Fisher Scientific) coupled online with mass spectrometry
(MS; Q Exactive, Thermo Fisher Scientific). Samples were
resolved over a C18 column (2.1 × 150 mm, 1.7 μm;
Kinetex, Phenomenex) at 25°C with a 3-minute isocratic
condition of 5% acetonitrile, 95% water, and 0.1% formic
acid flowing at 250 μL/min,31 or using a 9-minute gradient
at 400 μL/min from 5% to 95% B (A: water/0.1% formic
acid; B: acetonitrile/0.1% formic acid).1 MS analysis and
data elaboration was performed as described.30 Metabolite
assignments were performed with computer software

Fig. 1. Metabolic changes in PLTs stored under standard temperature (22°C) or refrigeration (4°C) at Storage Days 0, 5, 10, and 21.

(A) An overview of the experimental design and (B) a partial least square–discriminant analysis of platelet metabolic phenotypes during

room temperature or refrigerated storage. (C) The top 15 metabolites from the variable importance in projection plot. (D) The top

50 metabolic changes by ANOVA.
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(MAVEN, Princeton University), as described.31 While
extractions were normalized by PLT volumes, metabolite
levels from raw data were normalized post hoc on PLT
counts. Graphs and statistical analyses (either t test or
repeated measures analysis of variance [ANOVA]) were
prepared with computer software (Prism 5.0, GraphPad

Software; and Metaboanalyst 3.0, Wishart Research
Group).32 Specifically, in Metaboanalyst raw data were
normalized by a pooled sample from the Day 0 samples
stored at 22°C and scaled with Auto Scaling (i.e., mean
centered and divided by the standard deviation of each
variable).

Fig. 2. Metabolic changes in glycolysis, Krebs cycle, PPP, glutathione, and methionine homeostasis. Platelets stored either under

refrigerated (blue) or room temperature (red) conditions for 0, 5 (both groups), 10, and 21 days (only cold stored).
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RESULTS

Overview of the metabolic impact of storage
temperature on apheresis platelet concentrates

To determine the impact of storage temperature on PLT
metabolism, apheresis PLT concentrates (n = 9) were stored
under either standard room temperature conditions (22°C)
or refrigerated conditions (4°C) for up to 5 days (room tem-
perature) or 21 days, respectively (cold storage; Fig. 1A).
Metabolomics analyses were performed via UHPLC–MS,
and the results are extensively reported in tabulated form in
Table S1, available as supporting information in the online
version of this paper, which also includes PLT counts for
each one of the samples tested in this study. Multivariate
analyses were performed including partial least square–
discriminant analysis (Fig. 1B) and related determination of
variable importance in projection (Fig. 1C), and hierarchical
clustering analysis (top 50 metabolites by ANOVA in Fig. 1D;
a vectorial version is provided as Fig. S1, available as
supporting information in the online version of this paper).
Principal component 1, which explained 20.2% of the total

metabolic variance across samples, highlighted a pattern of
sample clustering based on storage time. On the other
hand, principal component 3 (10.7% of the total variance)
showed sample clustering based on storage temperature
(Fig. 1B). Notably, Day 21 samples from 4°C PLTs clustered
close to Day 5 22°C PLTs with respect to principal compo-
nent 1. Top metabolites informing this clustering scheme
were mostly related to glutaminolysis/GSH metabolism, car-
boxylic acids, and PPP metabolites, glycolysis, purine
metabolism, arginine metabolism (including polyamines
and creatine), acyl-carnitines, and free fatty acids (Fig. 1D;
Fig. S1, available as supporting information in the online
version of this paper).

Refrigerated storage decreased glutathione
consumption without impacting glutaminolysis

Refrigerated storage did not impact the rate of glutamine
consumption, glutamate generation, α-ketoglutarate con-
sumption and 5-oxoproline decrease, as the trends of Day
0 and Day 5 22°C and 4°C PLTs overlapped perfectly (Fig. 2,

Fig. 3. Metabolic changes in purine metabolism. Platelets stored either under refrigerated (blue) or room temperature (red) conditions

for 0, 5 (both groups), 10, and 21 days (only cold stored).
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top panels). However, reduced glutathione levels dropped
drastically in 22°C PLTs within the first 5 days of storage,
while 4°C PLTs maintained high levels of reduced glutathi-
one until Storage Day 10 and only by Storage Day 21 did
GSH levels drop to levels comparable to Day 5 22°C PLTs
(Fig. 2, top left panels). These changes were accompanied
by similar rates of methionine consumption between
the two arms of the study, comparable increases in
S-adenosylmethionine and comparable decreases in the
levels of the PPP intermediate 6-phosphogluconate. How-
ever, the PPP end-product ribose phosphate (isobaric iso-
mers) was significantly lower in Day 5 22°C PLTs versus
refrigerated PLTs at Day 5. These observations were para-
lleled by comparable decreased in Day 5 levels of the mito-
chondrial metabolites α-ketoglutarate and succinate
between PLTs stored at 4°C and 22°C PLTs (Fig. 2). On the
other hand, higher levels of fumarate and malate were
observed in refrigerated PLTs at Day 5 in comparison to
fresh PLTs and Day 5 22°C PLTs (Fig. 2), suggestive of differ-
ential rates of complex I activity between the two groups.
Interestingly, steady-state measurements suggest that PLT
storage resulted in activation of glycolysis, with faster glu-
cose consumption in the first 5 days of 22°C than 4°C stor-
age, accompanied by accumulation of lactate and pyruvate,
respectively. However, past Day 5, 4°C PLTs started to show
an accumulation of lactate as well (Fig. 2). Lactate accumu-
lation was accompanied by a decline in glucose consump-
tion rates in 4°C PLTs past Day 5. At Day 5, high-energy
phosphate compounds adenosine triphosphate (ATP) and
diphosphoglycerate (DPG) were significantly higher in
refrigerated PLTs in comparison to 22°C PLTs (Fig. 2). ATP

decline at Day 5 in warm PLTs or past Day 10 in cold-stored
PLTs resulted in the accumulation of its breakdown prod-
ucts: ADP, adenosine monophosphate (AMP), and adeno-
sine (ADO; Fig. 3). The total adenylate pool (adenylate
binding entrance and ADO) was overall higher in refriger-
ated PLTs at Day 10 than in Day 5 warm PLTs. AMP conver-
sion into its oxidized purine products (hypoxanthine,
xanthine, urate) was faster in 22°C PLTs, with Day 5 values
comparable to Day 10 and 21 for 4°C PLTs (Fig. 3). How-
ever, trends of downstream products 5-hydroxyisourate
were comparable in both arms of the study. On the other
hand, 4°C PLTs accumulated significantly higher levels of
allantoate by Storage Day 5 compared to Day 5 PLTs (inde-
pendent of storage temperature). Storage duration and stor-
age temperatures significantly impacted the levels of other
purines (guanine derivatives) and pyrimidines (uridine
derivatives), with refrigerated PLTs showing higher levels of
guanosine triphosphate (GTP), uridine triphosphate (UTP),
and uridine diphosphate (UDP) at Day 5; Fig. 3).

Arginine metabolism was storage dependent but
only in part temperature dependent

Arginine consumption by Day 5 was notable in 4°C PLTs,
but not 22°C PLTs (Fig. 4). Citrulline levels were comparable
between the two arms of the study, while significant
increases in ornithine (product of arginase) were observed
in refrigerated PLTs at Day 5 and kept increasing as a func-
tion of storage duration (Fig. 4). On the other hand, creatine
synthesis (and related metabolic intermediates of that path-
way like guanidinoacetate) decreased over storage in a

Fig. 4. Metabolic changes in arginine and taurine metabolism. Platelets stored either under refrigerated (blue) or room temperature

(red) conditions for 0, 5 (both groups), 10, and 21 days (only cold stored).
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temperature-independent fashion (Fig. 4). Polyamines—
especially spermidine, but not putrescine—increased signifi-
cantly over storage, the former accumulating at a faster rate in
22°C PLTs (Fig. 4). However, the final product of the poly-
amine synthesis pathway, spermine, decreased significantly in
both arms of the study by Storage Day 5, though it started
accumulating again in 4°C PLTs past Storage Day 5. Polyamine
synthesis is controlled by methyl-group donors such as methi-
onine and S-adenosylmethionine, the former decreasing and
the latter increasing in both arms of the study (Figs. 2 and 3).
Methionine and cysteine metabolism and, in general, sulfur
metabolism are further intertwined with arginine metabolism
(cysteine at a slower rate in cold-stored PLTs; Fig. 2). Taurine
and hypotaurine are mitochondrial metabolites that are part
of 1) an SO2-generating pathway that is connected to arginine
metabolism,33,34 and 2) mitochondrial function by mechanism
of regulation of mitochondrial protein translation.35 These
metabolites decreased at comparable rates in both arms of the
study by Day 5 and further declined in refrigerated PLTs as
storage progressed to Day 21 (Fig. 4).

Consistent with a phenotype of storage- and temperature-
induced mitochondrial dysfunction, acyl-carnitine levels were
significantly impacted by storage (Acyl-C8) and/or temperature
(Acyl-C10, C12, C14, C16, 18:1, 18:2; Fig. 5). This observation
was likely a result of increased fatty acid mobilization or
decreased consumption. However, no significant differences in
free fatty acid levels were noted at Day 5 between the two

groups, with the exception of the polyunsaturated fatty acid
eicosatetraenoate (Fig. 5). Most medium- and long-chain fatty
acids tended to decrease by Day 5 in both arms of the study
before showing trends toward accumulation in refrigerated PLTs
(Fig. 5). Shorter-chain fatty acids, including C8 (octanoate),
whose import andmetabolism inmitochondria does not require
carnitine conjugation27 showed increases already at Day 5 at a
faster rate in 22°C PLTs (Fig. 5).

Finally, the levels of tryptophan and its bioactive catab-
olite kynurenine, but not serotonin, were significantly
higher in Day 5 22°C PLTs than in 4°C counterparts, where
comparable levels of these metabolites were only measured
at Storage Day 21 for tryptophan and kynurenine (Fig. 5).

DISCUSSION

Recent metabolomics studies have investigated the impact of
storage duration on apheresis PLT concentrates.23,24,26 In those
studies, storage was accompanied by a progressive loss of mito-
chondrial activity, which was accompanied by increased gluta-
mine and glucose consumption and lactate accumulation,
especially after Storage Day 3.23,24,26 Though less granular in the
investigation of the earlier time points, the present study con-
firms and expands on these observations, by further noticing a
quick drop in intracellular glutathione and decline in PPP activa-
tion, which was accompanied by a significantly deregulated

Fig. 5. Metabolic changes in acyl-carnitines and free fatty acids. Platelets stored either under refrigerated (blue) or room temperature

(red) conditions for 0, 5 (both groups), 10, and 21 days (only cold stored).
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mitochondrial metabolism (all carboxylic acids decreased in
Day 5 PLTs both at 22 and 4°C) at least in part explained by
altered fatty acidmetabolism (decline in acyl-carnitines, faster in
warm-stored PLTs). Of note, refrigerated storage for 5 days was
accompanied by increases, instead of decreases, in fumarate
and malate, suggestive of altered complex I and II activity at
lower storage temperature. Though only based on steady state
measurements, our data suggest either increased lipidmobiliza-
tion (but decreased carnitine conjugation) or decreased fatty
acid oxidation, an observation consistent with prior observations
on decreased palmitate and octanoate metabolism as gleaned
by stable isotope-labeled tracing experiments.27 This is of poten-
tial relevance because of the well-established role of acyl-
carnitines as anticoagulants,36 and PLT mitochondrial metabo-
lism in the processes of PLT activation.37 However, it is worth
noticing that purine metabolism was sufficient to stabilize the
adenylate pool (including ATP, ADP, AMP, adenosine, and
S-adenosylmethionine) until Storage Day 5 in both arms of the
study, especially in refrigerated units (until Storage Day 10).
However, Day 5 warm-stored PLTs showed markers of purine
oxidation (including inosine, hypoxanthine, xanthine, and
allantoate), suggestive of high-energy phosphate purine break-
down and deamination in this group, a phenomenon that was
observed only past Storage Day 10 in refrigerated units. Finally,
arginine consumption fueled ornithine and polyamine synthe-
sis, especially spermidine, which may be relevant in the light of
the role of polyamines in blood coagulation and fibrinolysis,38 as
they can serve as substrate for cross-linking enzymes in the
coagulation cascade (e.g., factor XIIIa39) or interact with kringle
domain–enriched components of the fibrinolytic cascade.40

Interestingly, citrulline levels were comparable between the two
arms of the study at Day 5. In the absence of tracing experi-
ments, it is interesting to speculate that increases in ornithine/
arginine ratios without increases in citrulline levels are consis-
tent with the higher activation of arginase in cold-stored PLTs,
instead ofmitochondrial nitric oxide synthase. Nitric oxide levels
are well-established inhibitors of PLT activity,41 providing a
potential linkage between our metabolic observation and an
increased activation of cold-stored PLTs.

Beyond these considerations that are merely based on the
impact of storage duration on PLT metabolism, the main goal
of the present study was to determine the impact of refrigerated
storage on PLT metabolism in comparison to standard (room
temperature) storage. Specifically, we hypothesized that by
depressing metabolism as a function of slower enzymatic rates
at 4°C compared to 22°C storage temperatures, the metabolic
phenotypes of refrigerated PLTs after prolonged storage would
be comparable to those of Day 5 conventional PLTs stored at
room temperature. Our results in part confirm this specific
hypothesis but also highlight three categories of metabolic
pathways in 4°C PLTs in comparison to 22°C PLT:

1. Metabolic pathways that fully overlapped with conven-
tional stored PLTs during the first 5 days of storage. This
category included glutamine and intracellular levels of

Krebs cycle metabolites upstream to fumarate and
malate, as well as carnitine, and some free fatty acids
(C9:0; C14:1: C18:1; C18:2; C18:3; C20:5; C20:6).

2. Slower metabolic pathways, as gleaned by metabolic inter-
mediates that were lower in 4°C PLTs than in 22°C PLTs.
This category included some abundant free fatty acids,
including octanoate, tryptophan, and polyamines (putres-
cine and spermidine). Cold-stored PLTs reached compara-
ble levels of these metabolites only after 10 days or 3 weeks
of storage. In addition, some purine breakdown and deami-
nation products like xanthine, urate, and hypoxanthine,
reached levels comparable to Day 5 22°C PLTs only after
10 or 21 days of refrigerated storage, suggesting similar
trends of—albeit slower—activation rates for the same
pathways in refrigerated units. In this group, we also
include the oxidative PPP metabolite ribose phosphate.

3. Pathways with opposite directionality in refrigerated units in
comparison to room temperature PLTs, either throughout
thewhole storage period (e.g., dimethylglycine) or transiently
(e.g., ascorbate, fumarate, malate, and most acyl-carnitines).
One key example in the latter group is characterized by glyco-
lytic metabolites, for example, glucose 6-phosphate
(and hexose phosphate isobaric isomers), glyceraldehyde
3-phosphate, fructose bisphosphate, and lactate, initially
decreasing in refrigerated units, before increasing again to
reach and pass Day 5 levels of lactate detected in 22°C units
after 10 and 21 days of refrigerated storage, respectively. In
this group also, the main intracellular antioxidant, reduced
GSH, purine metabolites (ATP, ADP, AMP, GTP, inosine)
and pyrimidines (UTP, UDP).

Notably, the latter group is the most interesting one, in
that it suggests that refrigerated PLTs still preserve the
capacity to metabolize pyruvate and fatty acids in mitochon-
dria, with increases in lactate and decreases in acyl-
carnitines starting at Day 10 in 4°C PLTs after a transient
opposite trend compared to warm PLTs. In this view, it is
worth noting that the refrigerated storage resulted in evident
metabolic benefits with respect to (i.e., higher levels of)
high-energy phosphate compounds such as DPG, but also
ATP and other triphosphate compounds (GTP and UTP) at
Day 5 in comparison to warm PLTs.

A limitation of this study relates to the size of the population
investigated here, with only 9 apheresis units from different sub-
jects being tested in a double-arm study. Future studies will
investigate whether factors such as donor sex, age, and ethnicity
can impact themetabolism of stored PLTs under room tempera-
ture or refrigerated conditions, as prior proteomics work on
apheresis PLT supernatants42 and extensive work on stored red
blood cells seems to suggest.43 In addition, the present study did
not correlate any of the metabolomics measurements to PLT
functional assays, such as viscoelastic measurements that could
be telling, at least from a correlative standpoint, whether any of
the three metabotypes observed in refrigerated units in this
study (identical to, slower than, or inverse to conventional

Volume 60, June 2020 TRANSFUSION S103

METABOLOMICS OF COLD AND WARM PLATELETS



storage) may be related to functionally critical aspects. One
potential marker of this could be, for example, the appreciation
of a peculiar tryptophan metabolism in refrigerated units. Tryp-
tophan is an essential amino acid whose metabolism generates
a compound critical for PLT activation, serotonin, which is rou-
tinely stored in PLT-dense granules and released as a mediator
of immune-thrombotic effects.44,45 Of note, in response to oxi-
dant stress or inflammation (e.g., via indole 2,3-dioxygenase that
is in turn controlled by interferon signaling46), as well as in
response to metabolic starvation, tryptophan can be converted
to kynurenine (and downstream to it, into nicotinamide to gen-
erate the critical cofactor nicotinamide adenine dinucleotide)
instead of serotonin. In this view, it is worth noting that
kynurenine levels decreased in Day 5 4°C PLTs, while they
increased in 22°C counterparts at Day 21 after an initial, more
marked decrease compared to warmPLTs.

Finally, pathogen reduction technologies are an emerg-
ing tool in the mitigation of the risk of bacterial (and viral)
contamination of PLT products. However, their impact on
PLT physiology and metabolism25 not to mention the costs
associated with the procedure47,48 may slow the implemen-
tation of these approaches. Future studies will have to
investigate the compatibility and the metabolic cost of cold
(4°C) storage in combination with pathogen reduction tech-
nologies, if appropriate, given the decreased likelihood of
bacterial contamination under refrigerated temperature.

CONCLUSION

In the present study, we investigated the metabolic impact of
refrigerated storage on apheresis PLTs. As a result, we conclude
that refrigeration either 1) did not impact some pathways
(including glutaminolysis); 2) slowed down other pathways,
including oxidant stress (PPP, as suggested by the levels of
ribose phosphate and isobaric pentose phosphate com-
pounds); 3) had peculiar trends, decreasing the steady-state
levels of metabolites in a given pathway during the first 5 days
of storage, while promoting their accumulation during the sub-
sequent 2 weeks, when levels became comparable to or higher
than those measured in Day 5 room temperature units
(e.g., glycolytic metabolites and byproducts, acyl-carnitines,
glutathione, mitochondrial metabolites fumarate, and malate).
Altogether, these results are indicative of a higher energetic
stage of Day 5 cold-stored PLTs (ATP, DPG, GTP, UTP) and
higher antioxidant potential (GSH, cysteine) in comparison to
warm PLTs, though these trends are reverted to those observed
in warm PLTs by Storage Day 10 (purines, fumarate, and
malate) or 21 (reduced glutathione, ribose phosphate).
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