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Background - The use of omics technologies in human transfusion medicine
has improved our understanding of the red blood cell (RBC) storage lesion(s).
Despite significant progress towards understanding the storage lesion(s) of
human RBCs, a comparison of basal and post-storage RBC metabolism across
multiple species using omics technologies has not yet been reported, and is
the focus of this study.

Materials and methods - Blood was collected in a standard bag system
(CPD-SAG-Mannitol) from dogs (n=8), horses, bovines, and donkeys (n=6).
All bags were stored at 4°C for up to 42 days (i.e., the end of the shelf life in
Italian veterinary clinics) and sampled weekly for metabolomics analyses. In
addition, data comparisons to our ongoing Zoomics project are included to
compare this study’s results with those of non-human primates and humans.
Results - Significantinterspeciesdifferencesin RBC metabolism were observed
at baseline, at the time of donation, with bovine showing significantly higher
levels of metabolites in the tryptophan/kynurenine pathway; dogs showing
elevated levels of high-energy compounds (especially adenosine triphosphate
and S-adenosyl-methionine) and equine (donkey and horse) RBCs showing
almost overlapping phenotypes, with the highest levels of free branched
chain amino acids, glycolytic metabolites (including 2,3-diphosphoglycerate),
higher total glutathione pools, and elevated metabolites of the folate pathway
compared to the other species. Strikingly, previously described metabolic
markers of the storage lesion(s) in humans followed similar trends across all
species, though the rate of accumulation/depletion of metabolites in energy
and redox metabolism varied by species, with equine blood showing the
lowest degree of storage lesion(s).

Discussion - These results interrogate RBC metabolism across a range of
mammalian species and improve our understanding of both human and
veterinary blood storage and transfusion.
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« Fresh red blood cells from canines, bovines and equines (horses and donkeys) have different
energy and redox metabolism;

» Storage under blood bank conditions exacerbates stress to cow RBCs, activates antioxidant
pathways in dogs, while equine RBCs maintain energy and redox homeostasis up to 42 days.



INTRODUCTION

Blood transfusion is a life-saving intervention, not only

for millions of humans around the world every year,
but also for animals. Canines, equines, and bovines
are species of veterinary interest requiring transfusion
following scheduled surgeries (e.g., as part of procedures
targeting oncological, hematological, or cardiovascular
disease) or upon trauma and hemorrhage (e.g., vehicle-
animal accidents, coagulopathies, penetrating wounds
in police or military service dogs or equines)'. In all
these cases, care is limited to vein-to-vein transfusion,
or transfusion of blood products that are regulated by
guidelines that were designed for human blood-derived
therapeutics®.

Research animal species are investigated as surrogate
models for human RBC storage**, given the opportunity
to perform interventional studies under controlled
conditions for donor and recipient animals. Indeed, most
human studies designed to test the quality of novel blood
productsare notonly costly and confounded by inter-donor
variability®, but are also limited to autologous studies
in healthy donor volunteers®, with limitations detailed
elsewhere’. Models of trauma, shock, and resuscitation
using packed RBCs in mammals, such as non-human
primates (e.g., baboons or macaques), or smaller rodents
(e.g., rats®, mice’, or guinea pigs™®) have sparked interest
in performing comparative transfusion biology studies
over the past few years. Using omics technologies, we
embarked on the Zoomics project™', an initiative fostered
by both scientific interest and translational relevance for
transfusion medicine applications in veterinary species as
potential models of human RBC storage and transfusion.
studies in human transfusion

Recently, omics

medicine have improved our understanding of
RBC storage lesion(s)®. A growing body of studies
has
blood cells (pRBCs) is affected by storage duration,
(e.g.,

exposures*. The latter include diet (e.g., fatty acid

shown that the metabolism of packed red

processing  strategies leukofiltration), donor

composition); exposure to alcohol, caffeine, and
taurine-rich caffeinated beverages; smoking; over the
counter-drugs thatdonotresultin donor deferral; genetics
(e.g., sex®, ethnicity, G6PD status®); and other biological
factors (e.g., age, body mass index)*"”*. Despite

significant advances in understanding human pRBC

quality over regulatory-defined storage durations, limited
omics data are available to help inform comparative and
veterinary medicine-based blood storage and transfusion.
Studies in murine models of storage and post-transfusion
recovery (i.e., the percentage of transfused RBCs
still circulating 24 h post-transfusion) contributed
to identifying dysregulated iron homeostasis, and
iron-dependent oxidation of membrane lipids, as a critical
regulator of RBC storage quality and post-transfusion
performance®. Of note, genetic heterogeneity across
multiple mouse strains was sufficient to drive differences
in blood storage quality and post-transfusion RBC
recovery?. As such, we anticipate that investigating RBC
storage quality across multiple mammalian species with
even greater genetic diversity would further contribute
to our understanding of species-specific RBC metabolic
characteristics. This information may also help to
define the translational underpinnings of the storage
lesion(s) across various species and potentially guide the
development of novel storage strategies tailored towards
the metabolic needs of RBCs from different species.

RBC aging in vivo or in vitro (i.e., under refrigerated
storage) may provide a critical cellular and organismal
aging model in humans and other mammals, since RBC
lifespan varies across species and studies correlated RBC
aging with the longevity of a given species®”. For example,
canine RBCs have an average lifespan of 110-120 days,
comparable to humans, but longer than other species we
had recently investigated as part of the Zoomics project:
macaques (98+21 days)*, baboons (100 days)*, guinea
pigs (77-91 days)*?, and mice (55-60 days®). Dog RBCs are
relatively large (7 um diameter (comparable to human
RBCs); mean cell volume (MCV) of 64-76 fL) with have a
hemoglobin level of 14.1-20.1 g/dL. The normal RBC count
in dogs is 4.8-9.3 million/microliter depending on breed,
with a hematocrit of 41-58% and <1.5% reticulocytes. In
healthy equines, RBCs have a longer average lifespan
(140-160 days)?. Equines have a lower hematocrit* of
36-46%, with a RBC count of 6.6-9.7 million/microliter
(depending on breed and altitude), MCV of 43-55 fL,
and hemoglobin of 11.8-15.9 g/dL. Bovines have lower
hemoglobin levels (8.7-12.4 g/dL) and hematocrits (25-33%),
but comparable cell counts (5.0-7.2 million/microliters).
Bovine RBCs are also smaller (MCV of 38-51 fL), but
circulate longer than humans and canines (130-160 days)*.
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RBC metabolism regulates their lifespan in circulation
and during refrigerator storage. Uncoupling adenosine
triphosphate (ATP)-generating steps in glycolysis or
NADPH-generating steps in the pentose phosphate
pathway due to genetic abnormalities (e.g., pyruvate
kinase deficiency® or glucose 6-phosphate dehydrogenase
deficiency®, respectively) promoteintra- and extravascular
hemolysis, the latter by splenic sequestration and
erythrophagocytosis. These phenomena are recapitulated,
or even exacerbated, by refrigerated storage®, resulting
in rapid RBC clearance following transfusion®. Multiple
studies demonstrated that oxidant stress affecting
hemoglobin, glycolytic enzymes (e.g., glyceraldehyde
3-phospahte dehydrogenase®), and antioxidant enzymes
(e.g. peroxiredoxin 2) can drive the RBC “storage
lesion(s)™2. However, the onset and severity of these lesions
are affected by processing strategies, including by specific
storage additives™?°. These trends are well established in
human?, non-human primate*?*?, and rodent RBCs (e.g.,
mice?, rats®); however, little is known about the effects of
refrigerated storage on canine, equine, and bovine RBCs.
Veterinary medicine guidelines in individual countries
(like Italy) state that RBCs from all the animals studied here
be stored in Citrate Phosphate Dextrose anticoagulants,
supplemented with storage additive Saline Adenine
Glucose Mannitol (CPD-SAGM); the latter was developed
forhuman RBCs in 1981 and only eventuallyimplemented
in veterinary transfusion medicine practices. The concept
of comparative erythrocyte metabolism is not novel*.
For example, a solid body of literature shows different
glucose uptake and glycolytic activity -as determined via
activity assays for hexokinase and phosphofructokinase
activity assays- in RBCs from dogs, horses and cattle®.
NMR-based that,
erythrocytes, the amount of glucose metabolized through

studies showed in mammalian
the pentose phosphate pathway (PPP) ranges from 2.1t07.0%
ofthetotal glucose utilized*¢. Similar targeted investigations
had been

heterogeneity in pyrmidine s-nucleotidase activity in

performed to investigate interspecies
mammalian erythrocytes. However, no metabolomics
study has been performed to date on fresh RBCs from
multiple species of veterinary interest. In addition, no
omics study has shown whether and to what extent these
differences are impacting the metabolome of stored RBCs,

differences that would likely manifest themselves when
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RBCs are stored in the same additive designed for storage
of human RBCs. Here we hypothesize that RBC metabolic
heterogeneity at baseline (time of donation) across multiple
species drives species-specific rates and severity of the
metabolic storage lesion(s). First, the present study defines
RBC metabolic similarities and differences in canines,
bovines, and equines. These data were then compared to
human and non-human primate RBC metabolic results
from our ongoing studies™*>** to improve understanding
of species-specific basal RBC metabolic differences and of
time-dependent storage-based differences. The Zoomics
project is intended to advance our understanding of
species-specific RBC characteristics, identify translational
models of human transfusion, optimize human storage
RBC quality, and work towards developing novel storage
formulations to meet the RBC energetic needs required for
veterinary blood transfusion™?.

MATERIALS AND METHODS

Ethical statement

Allexperimental protocols were approved by the University
of Teramo IACUC under Protocol 24321 on 05/10/2021
(2021-UNTECLE-0024321), as part of the following
project: “Analisi lipidomica, proteomica e metabolomica delle
unita di eritrociti concentrate stoccati di cane, gatto, cavallo,
asino e bovino nellambito della valutazione delle lesioni da
stoccaggio” (which translates to “Lipidomics, proteomics,
and metabolomics analysis of stored packed RBCs from
dogs, cats, horses, donkeys, and bovines for the evaluation
of the storage lesion[s]”).

Blood collection, processing and storage

Dog (n=8), cow, donkey, and horse (n=6, for each species)
blood was processed, stored, and sampled similarly, as
per current veterinary practice. Thus, ~450 mL of whole
blood was collected in Citrate Phosphate Dextrose and
centrifuged at 2,000 x g for 10 minutes; plasma was
removed and 0.45 mL of Saline Adenine Glucose Mannitol
(SAGM) was added for every 1 mL of packed RBCs.
RBCs in CPD-SAGM preservative solution (total volume
~250-300 mL) were transferred to a sterile customized
single port bag through a sterile self-sealing sampling
site coupler port (Fenwal, Lake Zurich, IL, USA). Half of
the collected blood was individually processed by passage
through a leukoreduction filter to achieve log4 WBC and
log2.5 PLT removal from the unit (Haemonetics, Braintree,



Metabolomics of stored dog, cow, horse and donkey RBCs

MA, USA). The volume-modified storage bags (Hemanext,
Lexington, MA, USA) were designed to hold 200 mL
volumes and approximate the plasticizer composition of
standard units that incorporate polyvinylchloride (PVC)
and phthalate (DEHP and MEHP) plasticizers. Processing
procedures were performed in a biosafety cabinet under
aseptic conditions the morning of the blood collection

and RBCs were refrigerator stored (4-6°C). Following
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sterile weekly sampling of each unit on days o, 7, 14, 21,
28, 35, and 42, RBCs were separated from supernatants by
centrifugation (2,500 rpm).

Ultra-high-pressure liquid chromatography-mass
spectrometry (MS) metabolomics

Frozen RBC and supernatant aliquots (50 L) were
extracted 1:10 and 1:25, respectively, in ice cold extraction

solution (methanol:acetonitrile:water 5:3:2 v/v/v). Samples
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Figure 1 - Interspecies differences in red blood cell metabolism across dogs, cows, donkeys and horses

Metabolomics analyses were performed on freshly drawn red blood cells from dogs (n=8), cows, donkeys and horses (n=6 for each one of the three
species. (A) Significant baseline interspecies differences were observed in the metabolomes of fresh red blood cells, as determined by principal
component analysis (B) and hierarchical clustering analysis of the top 50 metabolites by ANOVA (C).
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were vortexed and insoluble material pelleted, as
described™®. Analyses were performed using a Vanquish
UHPLC coupled online to a Q Exactive mass spectrometer
(Thermo Fisher, Bremen, Germany). Samples were
analyzed using a 1 min and 5 minute gradient-based
method, as described"*2. Data analysis was performed
through the auxilium of the software MAVEN. Graphs and
statistical analyses (either two-way ANOVA or repeated
measures ANOVA) were prepared with GraphPad Prism
8.0(GraphPad Software, LaJolla, CA, USA), GENE E (Broad
Institute, Cambridge, MA, USA), and MetaboAnalyst 5.0.

RESULTS

Interspecies differences in RBC metabolism across
dogs, cows, donkey,s and horses

Metabolomics analyses were performed on leukofiltered,
freshly drawn RBCs from dogs (n=8), cows, donkeys,
and horses (n=6 for these three species; Figure 1.A,
Online Supplementary Table SI). Significant interspecies
differences were observed in the basal RBC metabolomes,
asdetermined by principal component analysis (Figure1.B),
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Specifically, dogs, cows, and equines (donkeys and horses)
clustered separately, with principal component (PC)1
explaining 18.5% of the total variance and discriminating
between equines and the other species, and PC2
discriminating between cows and the other species (17.3%
of the total variance). These results were further confirmed
by hierarchical clustering analysis (a highlight of the top
50 metabolites by ANOVA is in Figure 1.C). Cow RBCs
had the highest levels of metabolites in the tryptophan/

kynurenine pathway across all species (including
tryptophan, kynurenine, formyl-hydroxykynurenine,
methyleneoxindol, hydroxyindoleacetate, Figure 1.C).

Dogs showed elevated levels of high-energy compounds,
especially adenosine triphosphate (ATP) and S-adenosyl-
methionine (Figure 1.C). Equine RBCs showed almost
overlapping phenotypes. Fresh RBCs from donkeys
and horses were characterized by the highest levels
branched
metabolites

of free chain amino acids, glycolytic

(including  Rapoport-Luebering-derived
2,3-diphosphoglycerate - DPG and phosphoenolpyruvate

- Figure 2.A), higher total glutathione pools (reduced and

Erythrose

Phosphate
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Figure 2 - Significant interspecies differences in red blood cell glycolysis, pentose

phosphate pathway and glutathione metabolism
Fresh red blood cells from cows (red), dogs (green), donkeys (dark blue) and horses (light
blue) significantly differ in baseline levels of metabolites involved in central energy and redox

metabolism. Asterisks indicate significance based on ANOVA with post-hoc multiple column

comparisons (ns: not significant; * p <0.05; ** p <0.01; *** p <0.001).
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Figure 3 - Significant interspecies differences in stored red blood cell metabolism
Leukofiltered red blood cells from cows (red), dogs (green), donkeys (dark blue) and horses (light blue) were stored in CPD-SAGM for 42 days (A).
Sterile weekly sampling generated samples for metabolomics analyses via UHPLC-MS. Results indicate a significant impact of storage duration

and species on red blood cell (B) and supernatant (C) metabolites, as
analysis of significant metabolites by repeated measure ANOVA (D).

oxidized, especially in donkeys - Figure 2.B), PPP products
(ribose phosphate and pentose phosphate isobars), and
elevated metabolites of the folate pathway as compared
to the other species (Figure 1). Cow RBCs had the highest
levels of deaminated purines, including xanthine and
allantoin (Online Supplementary Figure S1.A-B). Free amino
acids were significantly elevated in fresh donkey and
horse RBCs, as compared to the other groups (Online
Supplementary Figure S1.C).

Significant interspecies differences in stored red
blood cell metabolism

Leukofiltered RBCs from cows, dogs, donkeys, and horses were
stored in CPD-SAGM for 42 days (Figure 3.A). Weekly samples
were collected using sterile technique for metabolomics
analyses. There was a significant species-dependent effect
(PC1, explaining 14.5% of the total variance, separated dogs
from cows from the other species, while PC2, 11.6% of the

determined by principal component analysis and hierarchical clustering

variance, separated equines from the other species) of the
metabolome of the RBCs (Figure 3.B) and, to a lesser extent
and more clearly for bovines, supernatants (Figure 3.C).
These results were confirmed by hierarchical clustering
analysis of significant metabolites by repeated measure
ANOVA for each species (Figure 3.D).

Of note, the metabolic markers defining the human
RBC storage lesion(s)” accumulated or decreased at
different rates in the stored RBCs from the other species.
Specifically, ATP was consumed in stored RBCs of all
species, although horses showed high levels of ATP until
storage day 5 and only minimal decreases by storage day 42
(Online Supplementary Figure S2). Hypoxanthine, a marker
of ATP breakdown and deamination®, accumulated the
most in dogs, which had the highest basal ATP levels
before storage (Onmline Supplementary Figure S2). Line
plots indicate median (solid line) + interquartile range
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Figure 4 - Comparative analysis of the storage lesion in cows, dogs, horses and donkeys vs previously published data from

human and non-human primates

Metabolomics analyses from the present study were compared against published literature in humans and non-human primates, baboons and
rhesus macaques**'”% (A). In B, hierarchical clustering of red cell metabolomics data from the present and previous studies'*'"%, as a function of

storage and species.

(lighter, dotted lines) for top significant metabolites by
Two-way ANOVA across all four species. Line plots are
color coded according to the scheme in the bottom right
corner of the figure. Lactate levels were comparably
greater in dogs, horses, and donkeys, with dog RBCs also
showing preserved levels of S-adenosylmethionine (SAM)
throughout storage and the highest levels of free linoleic
acid (fatty acid — FA 18:2) by the end of storage (Online
Supplementary Figure S2). Cow RBCs exhibited the sharpest
decline in SAM, the lowest levels of ATP and oxononaoic
acid, and the highest levels of prostaglandins (especially
D2), suggestive of the slowest energy metabolism and the
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highest oxidant stress in this species throughout storage
(Online Supplementary Figure S2).

Comparison of storage metabolomics data from
cows, dogs, donkeys, and horses to published data in
humans and non-human primates

Metabolomics data from the current RBC storage studies
were normalized across species to measurements in fresh
RBCs. We then compared the data from the present study
to published RBC storage data from previous studies
in humans and non-human primates (i.e., baboons and
macaques)™** (Figure 4.A). For visualization purposes,
the results were graphed as a heat map (Figure 4.B) or
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Figure 5 - Interspecies differences in the red blood cell storage lesion to glycolysis (A), the pentose phosphate pathway
and glutathione pools (B), based on data from the present study (cows, dogs, donkeys and horses) and previous studies
(humans, baboons, rhesus macaques) of the Zoomics project!»'"-2*

Line plots indicate median (solid line) + interquartile range (lighter, dotted lines) for top significant metabolites by Two-way ANOVA across all four
species. Line plots are color coded according to the scheme in the bottom right corner of the figure.

overlapping line plots, color-coded by species and divided
by key metabolic pathways relevant to RBC storage biology
and post-transfusion performances (hemolysis and
post-transfusion recovery) based on prior publications'?"**
(Figures 5-6).

Glycolytic metabolites, especially fructose bisphosphate,
DPG, phosphoglycerate, phosphoenolpyruvate, and ATP
were the highest in horses throughout storage, despite

similar declining trends across all species (Figure 5.A).
Horses and donkeys showed the highest levels of PPP
metabolites of the oxidative phase (6-phosphoglucomnate)
and ribose phosphate (including pentose phosphate
isobars, Figure 5.B). This observation corresponded to
significantly higher levels of reduced and total glutathione
in donkeys, as compared to the other species throughout
despite depletion  of

storage, storage-dependent
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Figure 6 - Interspecies differences in the red blood cell storage lesion to purine deamination and oxidation, methionine
and arginine metabolism, based on data from the present study (cows, dogs, donkeys and horses) and previous studies
(humans, baboons, rhesus macaques) of the Zoomics project?7:3

Line plots indicate median (solid line) + interquartile range (lighter, dotted lines) for top significant metabolites by Two-way ANOVA across all four
species. Line plots are color coded according to the scheme in the bottom right corner of the figure.

glutathione pools in all species (Figure 5.C). Cows showed glyceraldehyde 3-phosphate dehydrogenase. Indeed,
the lowest levels of glycolytic metabolites and glutathione cow RBCs were also characterized by the highest levels
pools, despite being characterized by the highest levels of purine oxidation products, inosine monophosphate
of glucose and glyceraldehyde 3-phosphate across all (IMP), hypoxanthine, allantoin, and allantoate (Figure 6),
species, suggesting a potential early metabolic bottleneck  but not urate; the latter is an antioxidant that showed the
at the step catalyzed by the redox sensitive* enzyme highestlevelsin donkeys and baboons throughout storage
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(Figure 6). Of note, humans had the highest levels of SAM
and the lowest levels of S-Adenosylhomocysteine (SAH)
throughout storage (Figure 6), suggestive of the lowest rate
of oxidant stress-induced methylation-dependent repair of
isoaspartyl-damage to proteins*. Human RBCs also had
the highest levels of polyamines (spermidine and spermine)
and the lowest levels of ornithine (Figure 6), suggesting
species-specific differences in arginine metabolism.

DISCUSSION

These studies show that the basal metabolomes of RBCs
from cows, dogs, donkeys, and horses are significantly
different, with horses and donkeys clustering together and
cows showing the most unique phenotype of all the species
compared. Though limited to four species, these data
suggest that genetic heterogeneity across mammalian
species is recapitulated at the metabolic level. Some
differences are indicative of species-specific metabolic
peculiarities, ratherthan (red blood) cell-intrinsic metabolic
reprogramming, since such changes can be reflected in
the RBC metabolome as a result of their transit through
the vasculature and the uptake/release of small molecule
metabolites through their complex system of metabolite
and ion transporters (77 of which were reported in human
RBCs*). The basal differences in the RBC metabolome
across these species are interestingly associated with the
animal phenotypes, with equine and canine RBCs showing
stronger antioxidant capacity (the PPP and glutathione
system in equines) or energy metabolism (ATP and other
high-energy phosphate compounds in dogs). In contrast,
cow RBCs had higher basal levels of carboxylic acids
(e.g., malate) and tryptophan/kynurenine metabolites;
the latter is a metabolic signature that, in humans, is
associated with interferon-driven inflammation and
responses to viral infection*>#. Although speculative at
this stage, these data pinpoint at a dysregulation of the
kynurenine pathway in cows, similar to that reported
in humans with Down syndrome*. Based on this
kynurenine pathway dysregulation in cow RBCs, and
given that this pathway is upstream to NAD synthesis, a
rate-limiting cofactor in energy metabolism, which, in
RBCs, is involved in the redox reactions of methemoglobin
metabolism, it is interesting to speculate that cow RBCs
are energetically challenged at steady state, in the absence
of other perturbations.

Refrigerator storage exacerbates baseline metabolic
phenotypes, with cow RBCs showing the highest and
fastest accumulation of RBC metabolic changes consistent
with oxidative storage lesions (especially eicosanoids
[pro-inflammatory prostaglandins]). In contrast, equine
RBCs had the highest levels of glycolytic metabolites
and high-energy phosphate compounds, including
ATP and DPG, suggesting that equine RBCs, even upon
storage, have evolved (spontaneously or through human
breeding-driven selection over the course of millennia)
mechanisms to maximize the synthesis of metabolites
involved in oxygen uptake and release kinetics® to, thus,
maximize performance in the face of rapid bouts of
exercises/workloads. Since refrigerated storage seems to
have the lowest impact on energy metabolism in donkeys
and horses among all species tested in this study, and
human and non-human primates studied previously™,
it is interesting to speculate that our findings may be
functionally relevant to equine RBC storage biology, with
implications for equine exercise performance and even
blood doping strategies for racehorses®. At the opposite
end of the spectrum, cow RBCs had the highest amounts
of free glucose and the lowest glycolytic rates across all
species tested in this study, with an apparent metabolic
blockade at the level of fructose 1,6-bisphosphate,
suggesting a potential bottleneck at the metabolic step
catalyzed by glyceraldehyde 3-phospahte dehydrogenase
(GAPDH). Of note, this particular step depends on free
NAD (see comments above on the kynurenine pathway).
In addition, storage of human RBCs promotes the
(progressively irreversibly) oxidation of GAPDH¥, a
phenomenon that may be exacerbated in cow RBCs under
refrigerated storage conditions. Consistent with the
exacerbated oxidant stress in stored cow RBCs compared
to the other species, cow RBCs were also characterized by
the highest levels of purine oxidation products, inosine
monophosphate (IMP), hypoxanthine -a marker of poor
post transfusion recovery?, allantoin, and allantoate- but
not the antioxidant urate*.

Dog RBCs showed the highest SAM levels and
SAM/SAH ratios throughout storage (lowest in cows). This
is relevant in light of the role this pathway plays in oxidant
stress-induced protein isoaspartyl-damage repair, a
mechanism that compensates for the inability of RBCs
to synthesize new proteins, by repairing damaged
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components through consumption of methyl-group
donors, like SAM and its precursor, methionine*.
Inaddition to energy metabolism, the mostnotable feature
acrossall speciestested in thisand prior ZOOMICS studies
was the significantly higher basal (and storage-dependent)
activation of the PPP in equines, especially horses. In
humans, genetic polymorphisms that result in lower G6PD
enzyme activity, the rate-limiting enzyme of the PPP, are
associated with increased susceptibility to spontaneous
or oxidant stress-induced hemolysis and lower
post-transfusion hemoglobin increments*#. Taken
together, these results suggest an increased resistance
to oxidant stress in equine RBCs, an observation with
potentially important implications in comparative biology
studies of redox metabolism.

The present study has several limitations. For example,
these metabolomics analyses were not accompanied
by functional or morphological investigations, such
as determination of hemolysis, oxygen kinetics, RBC
morphology by scanning electron microscopy, vesiculation
rates, deformability, and post-transfusion recovery.
However, we hope that studies like this one will spark
sufficient interest to support the development of more
comprehensive programs to investigate these unexplored
aspects of RBC storage biology in species of veterinary
interest, including exotic and wild animals. In addition,
the extensive understanding of the genetics of certain
animals based on selective breeding programs (e.g., with
dogs, cows, and horses) would allow further dissection
of genetic contributions to specific metabolic pathways.
Another limitation of the current study is that these
metabolomics analyses were based on high-throughput
screening of several hundred samples®, an approach
that makes such studies cost-affordable; nonetheless,
this limits the scope to steady state observations in the
absence of incubation of RBCs with stable isotope labeled
substrates. In addition, here we investigated RBC storage
biology under conditions that mimic human RBC storage,
including using leukofiltration. Leukofiltration may
be performed in blood units from species of veterinary
interest, albeit not routinely, and few studies have
investigated the impact of leukofiltration on animal
blood storage*='. As another limitation, the small group
sizes studied did not allow us to determine the impact of
other biological variables, such as sex or age, on stored
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RBC metabolism. Finally, although the animals were of
the same breed and were chosen by the same breeding
(horses, cows, and donkeys), genetic heterogeneity
across breeds, such as for dogs, was not considered here,
although it is relevant to murine RBC storage biology*+;
thus, this approach may pave the way for follow up studies
addressing this issue®. Despite these limitations, these
data are not only relevant per se, owing to their impact
on veterinary science, but also translationally relevant
to understand how genetic divergency across mammals
influences the severity of the storage lesion(s), with
the final goal to improve RBC processing and storage
strategies for humans and veterinary species. Indeed, our
data show that storing RBCs from different species in the
same additive (SAGM in Italy) exacerbates inter-species
differences in erythrocyte metabolism at baseline and
upon refrigerated storage.

CONCLUSIONS

Our results prompt the question as to whether
alternative storage protocols should be implemented in
routine veterinary transfusion practices, including the
development of ad hoc additive solutions tailored towards
the metabolic needs of RBCs from different species.
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