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Macaques are emerging as a critical animal model in transfusion
medicine, because of their evolutionary similarity to humans
and perceived utility in discovery and translational science.

However, little is known about the metabolism of Rhesus macaque red
blood cells (RBC) and how this compares to human RBC metabolism
under standard blood banking conditions. Metabolomic and lipidomic
analyses, and tracing experiments with [1,2,3-13C3]glucose, were per-
formed using fresh and stored RBC (sampled weekly until storage day
42) obtained from Rhesus macaques (n=20) and healthy human volun-
teers (n=21). These results were further validated with targeted quantifi-
cation against stable isotope-labeled internal standards. Metabolomic
analyses demonstrated inter-species differences in RBC metabolism inde-
pendent of refrigerated storage. Although similar trends were observed
throughout storage for several metabolic pathways, species- and sex-spe-
cific differences were also observed. The most notable differences were
in glutathione and sulfur metabolites, purine and lipid oxidation metabo-
lites, acylcarnitines, fatty acyl composition of several classes of lipids
(including phosphatidylserines), glyoxylate pathway intermediates, and
arginine and carboxylic acid metabolites. Species-specific dietary and
environmental compounds were also detected. Overall, the results sug-
gest an increased basal and refrigerator-storage-induced propensity for
oxidant stress and lipid remodeling in Rhesus macaque RBC cells, as
compared to human red cells. The overlap between Rhesus macaque and
human RBC metabolic phenotypes suggests the potential utility of a
translational model for simple RBC transfusions, although inter-species
storage-dependent differences need to be considered when modeling
complex disease states, such as transfusion in trauma/hemorrhagic shock
models.
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ABSTRACT

Introduction

Rhesus macaques (Macaca mulatta, hereafter RM) are one of the most thoroughly
studied non-human primates, in part because of their broad geographic distribution,
reaching from Afghanistan and India, and across to China. In addition, RM evolu-
tionarily diverged from human ancestors ~25 million years ago (by comparison,
rodents and human ancestors diverged ~70 million years ago). Indeed, macaques
share an average sequence identity of ~93% with Homo sapiens1 and preclinical mod-
els often rely on macaques to investigate mechanisms and test interventions in the
context of leading causes of human disease, including trauma/hemorrhagic shock,2

human immunodeficiency virus,3 cancer, and cardiovascular disease.4 For example,



by metabolomic phenotyping plasma from rodents,
swine, macaques, and humans,2 hemorrhage in macaques
was found to recapitulate human metabolic dysfunction
in trauma5 more closely than other animal species. In
transfusion medicine, the study of non-human primates
facilitated a landmark discovery by Landsteiner and
Wiener in the late 1930s, i.e,. identification of the Rhesus
blood group – after a factor found in Rhesus monkey
blood.6
Red blood cell (RBC) transfusions can be modeled in

animal species prior to pursuing costly and complex
human clinical trials, or when human studies are deemed
unethical (e.g., in acute radiation sickness). Nonetheless,
animal modeling requires a rational approach toward
species selection; in particular, blood group system diver-
sity and variations in RBC physiology and biophysical
properties across species/strains provide unique chal-
lenges when interpreting animal data in transfusion med-
icine. Additional complexity is introduced when refriger-
ated storage and blood component preservation are part
of the experimental design.7 Refrigerated storage of RBC
induces a series of biochemical and morphological modi-
fications, collectively denoted “the storage lesion.”8 For
example, stored RBC progressively lose their capacity to
cope with oxidant stress,9 which is paralleled by their
decreased ability to sustain energy metabolism.
Metabolic investigations of human RBC units stored

using all currently licensed storage additives10-12 helped to
identify the impact of processing strategies (including
leukoreduction13 and storage solutions14) on the molecular
heterogeneity of stored units. Several factors complicate
the study of the potential impact of “age of blood” on
clinical outcomes.8 For example, units from some donors
may store better than others for genetic, dietary, and/or
environmental reasons, and the metabolic age of a RBC
unit may differ from its chronological age.15 Findings from
the Recipient Epidemiology and Donor evaluation Study
(REDS-III) demonstrate donor-dependent heterogeneity
in the propensity of RBC to hemolyze in vitro in response
to storage duration, oxidative stress, and
mechanical/osmotic insults.16 Therefore, improving RBC
storage quality through increased understanding of RBC
metabolism could enhance RBC quality for all donated
units, independently of donor-specific factors, and
improve transfusion outcomes overall. 
Differences in storage quality become even more com-

plex when comparing various animal species and strains;
therefore, approximating human RBC function and storage
outcomes is critical to pre-clinical, proof-of-concept stud-
ies. As such, it is important to use pre-clinical models of
novel blood transfusion strategies that reliably approxi-
mate clinically relevant scenarios in humans. Although
murine and canine models of blood storage and transfusion
are available,17–21 macaques are generally perceived as a
more relevant pre-clinical model,4 because of their evolu-
tionary similarity to humans. For example, hematologic
parameters in humans and RM are comparable. The RM
hematocrit is 43 ± 2% in males and 41 ± 2% in females
with corresponding hemoglobin levels of 13.1 ± 0.9 and
12.5 ± 0.2 g/dL, respectively.22 RM RBC distribution width
and disc diameter are 13.0 ± 0.7% and 8 µm, respectively,
values similar to those of human RBC.22 Furthermore, the
average life span of RM RBC is 98 ± 21 days,23,24 which is
similar to that of human RBC (100-120 days), and signifi-
cantly longer than that of murine RBC (55-60 days25).

However, little is known about refrigerated storage of RM
RBC under standard blood banking conditions. Although
prior preliminary studies explored similarities and differ-
ences in the proteomes of fresh RBC from mice, humans,
and macaques,26 to the best of our knowledge, no previous
study compared the metabolome and lipidome of human
and RM RBC throughout 42 days of refrigerated storage.
Thus, the current data provide a comparative analysis of
RBC metabolic pathways and lipidomic changes occurring
over time and identify dietary and environmental com-
pounds unique to each species. 

Methods

Extensive methodological details are provided in the Online
Supplementary Methods.

Blood collection, processing and storage 
Blood from 5-year old RM (n=20; 10 male/10 female) was col-

lected into a syringe, using a 20 G needle, from the femoral vein
under ketamine/dexmedotomidine (7 mg/kg/0.2 mg/kg) anes-
thesia according to the Food and Drug Administration (FDA)
White Oak Animal Care and Use protocol 2018-31. All blood
donor animals originated from the same colony located on
Morgan Island, South Carolina and were naïve to experimenta-
tion at the time of blood collection. 
The blood from 30- to 75-year old human volunteers (n=21;

11 male/10 female) was collected into a syringe, using a 16 G
needle, from the median cubital vein under informed consent
according to National Institutes of Health (NIH) study
Institutional Research Board #99-CC-0168 “Collection and
Distribution of Blood Components from Healthy Donors for In
Vitro Research Use” under an NIH-FDA material transfer agree-
ment. Blood was collected into acid citrate dextrose, leukofil-
tered, and stored in AS-3 in pediatric-sized bags, designed to
hold 20 mL volumes, which mimicked the composition of stan-
dard full-sized units (i.e., incorporating polyvinylchloride and
phthalate plasticizers). 
The RBC were stored at 4-6ºC for 42 days. The RBC and

supernatants were separated via centrifugation upon sterile sam-
pling of each unit on days 0, 7, 14, 21, 28, 35, and 42.

Ultra-high pressure liquid chromatography - mass 
spectrometry metabolomics and lipidomics 
Frozen RBC aliquots of 50 mL volume were extracted 1:10 in

ice-cold extraction solution (methanol:acetonitrile:water 5:3:2).27

Samples were vortexed and insoluble material pelleted, as
described elsewhere.28 Analyses were performed using a
Vanquish UHPLC coupled online to a Q Exactive mass spec-
trometer (Thermo Fisher, Bremen, Germany). Samples were
analyzed using a 3 min isocratic condition29 or a 5, 9, and 17 min
gradient, as described previously.30,31 Additional analyses, includ-
ing untargeted analyses and fragment ion search (FISh) score cal-
culation via mass spectrometry,2 were performed with
Compound Discoverer 2.0 and LipidSearch (Thermo Fisher,
Bremen, Germany). For targeted quantitative experiments,
extraction solutions were supplemented with stable isotope-
labeled standards, and endogenous metabolite concentrations
were quantified against the areas calculated for heavy isotopo-
logues for each internal standard.30,31 Graphs and statistical analy-
ses (either a t-test or repeated measures analysis of variance)
were prepared with GraphPad Prism 5.0 (GraphPad Software,
Inc, La Jolla, CA, USA), GENE E (Broad Institute, Cambridge,
MA, USA), and MetaboAnalyst 4.0.32
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Results 

Fresh red blood cells from macaques and humans 
differ metabolically 
Metabolomic analyses were performed on leukocyte-

filtered, fresh (day 0) RBC from healthy human volun-
teers (n=21) and RM (n=20) (Figure 1A; Online
Supplementary Table S1). Significant differences between
species were determined by partial least squares-discrim-
inant analysis, t-test-informed hierarchical clustering, and
volcano plots (Figure 1B-D, respectively). Significant
changes were noted in the levels of purines (e.g., hypox-
anthine, urate), arginine and sulfur metabolites (e.g., glu-
tathionylcysteine, glutathione, phytochelatins), car-
nitines, and xenometabolites (e.g., caffeine) in fresh RBC
from the two species (Figure 1D). In the light of these
changes, correlation analyses (Spearman) were performed
across all metabolites to define the level of metabolic
linkage in RBC from either species (Figure 1E). Identifying
correlates in one species (e.g., macaques), disruptions of
such correlations, and generation of novel correlations
indicate metabolic rewiring (Figure 1F, from left to right).
These measurements can then be used to subtract the cor-
relations observed for every pair of metabolites in each
species, resulting in a differential heat map (Figure 1F,
rightmost panel). This map highlights pathways that are
preserved (Figure 1G, leftmost panel), and those that
undergo metabolic rewiring in RBC from these species
(>30% Δr between species, P<0.05), such as those involv-
ing glutathione homeostasis, sulfur, purine, carboxylic
acid, and arginine metabolism (Figure 1G). 

Metabolic tracing experiments with [1,2,3-13C3]glucose
in fresh human or macaque red blood cells 
In light of metabolic differences in glutathione home-

ostasis observed at steady state, we hypothesized that
species-specific alterations of glucose fluxes affect the
NADPH-generating pentose phosphate pathway (PPP).
NADPH is required to preserve RBC redox homeostasis
by favoring reduction of glutathione and other reversibly
oxidized thiols. To test this hypothesis, leukoreduced
RBC lysates from RM (n=20) and humans (n=21) were
incubated with [1,2,3-13C3]glucose for 1 h at 37ºC (Figure
2). This allows comparisons of 13C incorporation through
glycolysis (+3 isotopologues) and the PPP (+2) in RM and
human RBC at steady state (Figure 2; Online
Supplementary Figure S1), as described previously.9,33
Importantly, RM and human RBC showed similar rates of
glucose consumption, along with comparable levels of
the glycolytic products pyruvate and lactate, in the
absence of any apparent preference in glyco lysis/PPP flux-
es (Online Supplementary Figure S1). However, early steps
of glycolysis showed significantly different rates between
these species, with higher levels of 13C3-glucose 6-phos-
phate (and hexose phosphate isobars) in human RBC and
higher levels of 13C3-fructose bisphophate in RM (Figure
2). RM RBC showed significantly higher levels of 13C
accumulation in intermediates of the glyoxylate pathway
(e.g., 13C3-methylglyoxal and 13C3- and 13C5-lactoyl-glu-
tathione) and late PPP products (e.g., 13C2-ribose), but
lower levels of labeled glutathione and purines (e.g., 13C2-
AMP) (Figure 2). Further focusing on reducing equiva-
lents,34 there were species-specific preferences in sub-
strates used to generate carboxylic acids, with 13C3-malate
preferred in RM and 13C2-malate in humans (Figure 2).

Interspecies comparison of the red blood cell
metabolome during refrigerated storage 
Metabolomic analyses were performed on 574 samples

of stored RBC and supernatants from RM and humans
(Figure 3A; Online Supplementary Table S1). Partial least
squares-discriminant analysis of RBC data showed signifi-
cant species- and time-dependent clustering of these sam-
ples across principal component 1 (28.8% of total variance)
and principal component 2 (18.6%), respectively (Figure
3B). The Venn diagram in Figure 3C, D shows the number
of significant metabolites by repeated measures two-way
analysis of variance and related pathway analyses.
Hierarchical clustering analyses further highlighted signifi-
cant storage- and species-dependent differences (Figure 3E;
a vectorial version of this figure, including metabolite
names, is provided in Online Supplementary Figure S2). 
Targeted metabolomic analyses were accompanied by

untargeted metabolomic analyses (Online Supplementary
Figure S3A-D). Interestingly, these analyses expanded on
the targeted metabolomic data by highlighting species-spe-
cific changes in levels of xenometabolites stored RBC
(Online Supplementary Figure S3E) derived from personal
habits (e.g., cotinine from smoking in 2 of 21 donors),
chemical exposure (e.g., aniline, nitrosopiperidine), thera-
peutic drugs (e.g., acetaminophen, in 2 subjects), and diet
(e.g., caffeine and theophylline in humans; methyl-histi-
dine, phloionic acid, lupinine, gallocatechin, azelaic acid,
and asarone in RM).
Although limited by the relatively small numbers of

male and female human and RM donors evaluated, a pre-
liminary breakdown by sex identified a significant impact
in RM, especially regarding carboxylic acid, arginine, fatty
acid, and purine metabolism (Online Supplementary Figure
S4A-D).

Species-specific differences in metabolic phenotypes of
stored red blood cells
Significant differences were observed in RBC levels of

sulfur-containing metabolites involved in one-carbon and
glutathione metabolism (Figure 4), including taurine, S-
adenosylmethionine (SAM), cysteine, cystathionine, and
glutathione [both reduced (GSH) and oxidized (GSSG)]; all
were higher in RM than human RBC throughout storage,
except GSH. Increased glutathione pools and activation of
the gamma-glutamylcycle, ascorbate metabolism, and glu-
taminolysis were observed in RM, as compared to human,
RBC (Figure 4). These observations were not accompanied
by significantly different levels of PPP intermediates
(except for higher levels of the non-oxidative phase PPP
metabolite sedoheptulose phosphate in humans).
However, in contrast to what was observed in fresh RBC,
stored RM RBC showed higher levels of intracellular glu-
cose in supernatants and cells (Figure 4), despite compara-
ble levels of intracellular and supernatant levels of lactate
(i.e., ~10% increase in RM, P<0.05) (Online Supplementary
Table S1). Of note, human RBC showed lower levels of 2,3-
diphosphoglycerate, but higher levels of ATP, during the
first 2 weeks of storage (Figure 4). 
Expanding on these observations, a deeper focus on

purine metabolism revealed significantly higher levels of
all purines and purine-containing metabolites in RM RBC.
However, dramatic species-specific changes in purine oxi-
dation metabolites were observed (Figure 5A), with RM
RBC showing significantly higher levels of hypoxanthine
(accumulating during storage in both species) and human
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RBC showing significantly higher levels of urate and
hydroxyisourate (decreasing during storage).
Purine oxidation and salvage of deaminated purines

involve using the amine group from aspartate through a
reaction that generates fumarate, a minimally active path-
way in mature RBC.35 Consistent with dysregulation of
purine oxidation and salvage, species-specific changes in
the levels of aspartate (higher in RM) and fumarate (higher
in humans) were noted, suggesting a decreased rate of sal-
vage reactions in RM RBC (Figure 5B). Similarly, RBC lev-

els of some carboxylic acids (e.g., malate, 2-hydroxyglu-
tarate) were higher in humans, whereas others (e.g., cit-
rate, a-ketoglutarate, succinate, oxaloacetate, itaconate)
were higher in RM (Figure 5B), suggesting species-specific
differences in transamination reactions (e.g., those depend-
ent on the activity of alanine and aspartate aminotrans-
ferases) or carboxylic acid metabolism via cytosolic iso-
forms of Krebs cycle enzymes, all of which are active in
mature RBC.34,36–38
In cells with mitochondria, carboxylate metabolism is

Metabolism of stored human and macaque RBC
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Figure 1. Metabolomics of fresh red blood cells from healthy human volunteers and Rhesus macaques. (A) An overview of the experimental design. (B) Partial least
square-discriminant analysis (PLS-DA) of red blood cells from 21 humans (red) or 20 Rhesus macaques (RM) (green). (C) An overview of the metabolites that were
significantly different between the two groups (a vectorial version of the heat map is provided in Online Supplementary Figure S2). (D) A volcano plot highlighting
the major pathways differing between humans (red) and RM (green). (E) Metabolite levels were correlated among each other (Spearman) in humans (red) and RM
(green). (F) These correlations were used to map hierarchical clustering profiles in RM and humans. RM and human RBC showed significantly different metabolic
correlation maps. Metabolites whose linear correlations differed significantly between species (>30% Δr between species, P<0.05) are highlighted in the rightmost
panel in (F). (G) Some representative examples of correlations that are preserved (left) or lost (other panels) between species. PC: principal component; RBC: red
blood cells; DPG: 2,3-diphosphoglycerate; HCA: hierarchical clustering analysis.
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intertwined with the urea cycle, which is incomplete in
mitochondria-devoid mature RBC. Arginine metabolism
differed significantly between human and RM RBC, the
latter having significantly higher RBC (and supernatant)
levels of arginine, but with significantly lower levels of
citrulline, ornithine, and creatine (Figure 5B). Although
RM RBC had higher levels of polyamines (including sper-

midine), these increases (10-20% by storage day 42;
P<0.0025) were not sufficient to explain the >100-fold
increase in arginine levels in RM RBC. However, compa-
rable fold-change increases in asymmetric dimethylargi-
nine (and isobaric isomers) were noted in RM RBC, as
seen by untargeted metabolomics (Online Supplementary
Figure S3C).

Metabolism of stored human and macaque RBC
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Figure 3. Interspecies comparison of the red blood cell metabolome during refrigerated storage. (A) Comparison of the metabolome of red blood cells (RBC) from
humans and Rhesus macaques (RM). (B) Partial least squares-discriminant analysis (PLS-DA) shows significant species- and time-dependent clustering of samples
across principal components (PC1 and PC2, respectively). (C, D) Venn diagram (C) showing the number of significant metabolites by repeated measures two-way
analysis of variance and related pathway analyses (D). (E) A heat map showing significant metabolic changes in stored RBC and supernatants as a function of stor-
age duration in humans and RM. A vectorial version of this figure is provided in Online Supplementary Figure S2. 
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Storage-induced lipid remodeling and oxidant damage
of membrane lipids is higher in Rhesus macaque, as
compared to human, red blood cells
Interestingly, untargeted analyses revealed significantly

higher levels of diethylhexyl-, monoethylhexyl- and free
phthalate plasticizers in RM RBC as a function of storage
(Online Supplementary Figure S3). Since both human and
RM RBC samples were stored in the same polyvinylchlo-
ride units under identical conditions, we hypothesize that
these results could, at least in part, be explained by differ-
ential species-specific storage-dependent membrane
dynamics. Further analyses of targeted metabolomic data
indicated that RBC acylcarnitines increased with storage
duration. RM RBC were characterized by higher levels of
short and medium chain acylcarnitines (C2-12), and
lower levels of long and very-long acylcarnitines (C16-22

or longer), as compared to human RBC (Figure 6).
Similarly, free fatty acids (medium and long-chain, but
not very long-chain fatty acids) were higher in RM RBC
(Figure 6), along with higher levels of sphingosine 1-phos-
phate and lipid peroxidation products, including 4-
hydroxynonenal (4-HNE) and its glutathionylated form
(GS-HNE). Consistent with increased oxidant stress in
stored RM RBC, along with tracing experiments in fresh
RBC (Figure 2), RM RBC showed significantly higher
storage-dependent increases in lactoyl-glutathione levels
(Figure 6).
To expand on these observations, untargeted lipidomic

analyses were performed on fresh (day 0) and end of stor-
age (day 42) RM and human RBC (summarized by lipid
classes in Online Supplementary Figure S5 and volcano
plots in Online Supplementary Figure S6A, B). Notably,

D. Stefanoni et al.
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Figure 4. Species- and storage time-specific metabolic changes in Rhesus macaque and human red blood cells: focus on glycolysis, the pentose-phosphate path-
way, glutathione, and one-carbon homeostasis. Data for Rhesus macaques are shown in green, those for humans are represented in red. Supernatant metabolites
are shown in the right-hand side of the figure, outside the representative lipid bilayer of the cellular membrane. 



fresh and stored RM RBC had significantly higher levels
of most phosphatidylserines (Online Supplementary Figure
S6C-E) and short/medium-chain, but not long and very-
long chain, fatty acyl-phosphatidylethanolamines (Online
Supplementary Figure S6F, G).

Validation using targeted quantitative metabolomics
and lipidomics
The initial, global approach generated extensive, but

relative, quantification data for several pathways. To con-
firm critical observations, we performed validation exper-

iments on all RBC and supernatant samples using target-
ed quantitative methods with stable isotope-labeled
internal standards (Figure 7A). Results are reported in tab-
ular and vectorial formats (Online Supplementary Table S2
and Online Supplementary Figure S7). There was a substan-
tial overlap (r2 >0.75) between relative and absolute val-
ues for critical metabolites in amino acid, redox (glu-
tathione and purine oxidation), and fatty acid metabolic
pathways, which demonstrated significant differences
between the two species as a function of storage duration
(Figure 7B-F) and sex (Online Supplementary Figure S4E-G). 

Metabolism of stored human and macaque RBC
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Figure 5. Species- and storage time-specific metabolic changes in Rhesus macaque and human red blood cells and supernatants: focus on purine metabolism,
urea cycle, and carboxylate metabolism. (A, B) Data for Rhesus macaques are shown in green, those for humans are represented in red. Supernatant metabolites
are shown in the right-hand side of panel (B), outside the representative lipid bilayer of the cellular membrane.
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Discussion

Over the past two decades, animal models have helped
to identify potential mechanisms critical to RBC storage
biology and transfusion outcomes. Murine and canine
models of RBC storage and transfusion were critical in
identifying (i) etiological contributions to transfusion-
related acute lung injury, including the two-hit model;39
(ii) the impact of storage duration on mortality,21 and (iii)

the role that iron overload plays in increasing the risk of
septic complications.19 These models have limited genetic
variability and a more homogeneous exposome than
humans. This controlled strain-specific heterogeneity of
genetic background in rodent models enables mechanistic
studies to identify genetic and metabolic contributors to
RBC storage quality and the post-transfusion perform-
ance of the RBC.17,18 In addition, animal models can be
modified in a controlled fashion to allow for selective

D. Stefanoni et al.

2182 haematologica | 2020; 105(8)

Figure 6. Species- and storage time-specific metabolic changes in Rhesus macaques and human red blood cells: focus on acyl-carnitines, free fatty acid metab-
olism, and lipid peroxidation products. Data for Rhesus macaques are shown in green, those for humans are represented in red.



genetic, pharmacological, dietary, or surgical interven-
tions, which are difficult, and sometimes impossible, to
achieve with humans. Given their phylogenetic similarity
to humans, RM may provide a particularly relevant RBC
storage and transfusion model. For example, RM demon-

strate similar pathobiology and metabolic derangements
common to human trauma patients.2
By combining state-of-the-art targeted and untargeted

metabolomics and lipidomics, as well as tracing experi-
ments with [1,2,3-13C3]glucose, the present study shows

Metabolism of stored human and macaque RBC
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Figure 7. Validation experiments on red blood cells and supernatants. (A) Validation via targeted quantitative mass spectrometry-based measurements against sta-
ble isotope-labeled internal standards. (B, C) There was a substantial overlap of relative and absolute quantitative measurements for both metabolites showing sim-
ilar interspecies concentrations (e.g., glutathione – GSH (B) and significantly different interspecies levels (e.g., arginine) (C). This is further exemplified in (D), in which
red dots in the heat map show metabolites from different pathways (including amino acids, glutathione homeostasis, purines, and fatty acids), whose measurements
by either method correlated significantly (r2 >0.75). (E) Notably, significant metabolic changes during storage, illustrated in the heat map, recapitulate the relative
quantification measurements in Figure 1 and related supplements. For example, quantitative measurements of urate, carnosine, and arginine are consistent with
respective measurements from the exploratory analysis. All measurements are provided in tabular form in Online Supplementary Table S2 and in vectorial form in
Online Supplementary Figure S7.
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that fresh and stored human and RM RBC have compara-
ble glycolytic and PPP fluxes. However, RM RBC have
higher baseline levels of glutathione oxidation and
turnover (i.e., the gamma-glutamyl cycle), along with
increased transamination reactions (e.g., higher levels of
glutamine, aspartate, alanine, and glutamate) and sulfur
metabolism (e.g., cysteine, taurine, and SAM).
Glutathionylated lipid and sugar oxidation products (e.g.,
GS-HNE and lactoyl-glutathione) suggest that increased
sulfur metabolism in this species could result from
enhanced basal oxidant stress and/or decreased activity of
the deglutathionylation protein machinery. These results
were confirmed by tracing experiments, highlighting sig-
nificant activation of the glyoxylate pathway in RM, as
compared to human, RBC; this pathway is usually associ-
ated with oxidant stressors (e.g., diabetes40). Alternatively,
this observation suggests that evolution has driven species-
specific changes in sulfur metabolism resulting from sulfur-
rich diets in the wild, as suggested by increased plant-
derived41 phytochelatins in RM RBC. Combining targeted
and untargeted metabolomics identified additional dietary
metabolites of plant origin in RM, supporting a significant
impact of diet on the molecular composition of their RBC.
Based on this observation, one could test whether differ-
ences in free fatty acids, fatty acyl composition of car-
nitines and phosphatidylethanolamines (but not phos-
phatidylserines) in RM RBC result from differing fatty acyl
contents of their dietary lipids, as compared to humans.
Since fatty acyl-conjugation to carnitines depends on high-
energy ATP and co-enzyme A availability, and is involved
in lipid damage repair, one could speculate that differential
levels of acyl-carnitines in humans and RM could be
explained by a differential species-specific capacity to pre-
serve ATP stores or prevent/repair lipid damage during
storage. In this view, species-specific differences in carni-
tine metabolism suggest a differential impact of storage on
membrane phospholipid homeostasis.42 Such phenomena
may be explained, in part, by simply considering that the
RBC storage additive used here was designed to optimize
human RBC storage. Higher phosphatidylserine levels in
RM RBC suggest the potential for increased erythrophago-
cytosis by mononuclear phagocytes; this could be tested
by post-transfusion RBC recovery studies. Nonetheless,
the present study assessed the total RBC phosphatidylser-
ine content, rather than its cellular compartmentalization
(i.e., exposure on the RBC membrane outer leaflet43). On
the other hand, phthalate plasticizers, which accumulate
up to millimolar levels in human RBC by the end of stor-
age, appeared to be present at even higher levels in RM
RBC, despite virtually identical storage conditions; one
possible explanation, consistent with the current data, is an
increase in lipid oxidation and remodeling in RM RBC.
Xenometabolites, including environmental and dietary

metabolites, can affect RBC integrity. Interestingly, all
human blood donors in this study consumed caffeine (a
purine metabolite that could modulate stored RBC
metabolism via signaling through adenosine receptors44),
based on detecting the parent compound and its metabo-
lites. Additionally, cotinine (a nicotine metabolite and
marker of smoking45) was detected in two of 21 donors,
similar to the overall smoking incidence in USA donors
(14% in 2017). Similarly, metabolites of chemical expo-
sure, such as aniline, were only detected in human donor
RBC, with broad inter-donor variability.
Sex-specific signatures were detected, especially in RM,

consistent with recent observations about the potential
impact of sex on RBC storability and capacity to cope
with oxidant and osmotic stressors; these parameters
appear to be improved in female donor RBC.16,46
Metabolic pathways affected by sex include arginine, car-
boxylic acid metabolism, and purine oxidation, which
were validated using targeted quantitative measure-
ments. 
Perhaps the study’s most interesting finding is that

purine oxidation products were all higher in RM, as com-
pared to human, RBC, except for the antioxidant urate.47
This is particularly relevant in light of the recently
described role of ATP breakdown and oxidation products
upstream of urate (e.g., hypoxanthine as a critical marker
of post-transfusion recovery in humans35). Similarly, argi-
nine and asymmetric dimethylarginine (isobaric isomers
could not be resolved in this study) were >100-fold high-
er in RM RBC throughout storage. This suggests that RM
RBC have an altered capacity for metabolizing arginine
to ornithine or citrulline via arginase and nitric oxide
synthase, a phenomenon previously connected to a
potential impact of blood storage and transfusion on
nitric oxide metabolism and transfusion-related vasodila-
tory capacity.48
There are limitations to the study despite our attempt

to keep blood experimental conditions constant between
RM and humans. For example, blood collection from RM
required mild anesthesia/sedation with ketamine-
dexmedetomidine. In one study, anesthetics and seda-
tives alone or in combination transiently increased circu-
lating glucose levels and promoted insulin resistance
(within the hour after dosing).49 Although we are
unaware of any association between donor age and RBC
storage quality, the RM RBC evaluated in this study were
donated by adolescent or young adult animals, whereas
the human donors represented the general age range of
individuals volunteering for blood donation. The RM
RBC were collected from animals originating on Morgan
Island, South Carolina, whose ancestors were transferred
from the Caribbean Primate Research Center in Puerto
Rico in 1979-1980. The Morgan Island RM form a large,
free-ranging colony, with more than 4,000 animals and
~75% female predominance.50 The colony comprises ani-
mals that descended from India with little or no known
Chinese RM introgression. Although most large national
primate research centers in the USA conduct extensive
genetic testing of animals in their care to promote gene
flow, diverse genetic composition remains a challenge.
Conversely, little genetic testing was performed on the
Morgan Island colony. Nonetheless, although it is not
expected that mixed Chinese-India hybrid animals occur
there, it is likely that this colony experiences some genet-
ic drift and genetic homozygosity due to the potential for
inbreeding. 

Conclusion

By describing the metabolic landscape of human and
RM RBC throughout 42 days of refrigerated storage, we
identified storage-, diet-, and sex-specific metabolites that
may affect human biology and the potential translatabili-
ty of future pre-clinical studies using RM as a model for
RBC storage and transfusion. Although species-specific
differences were certainly anticipated, identifying molec-
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ular similarities and differences in metabolic phenotypes
of fresh and stored RBC when comparing these two
species will inform the appropriateness of RM as a model
in transfusion medicine and, specifically, of RBC storage
in the context of specific interventions (e.g., testing novel
storage additives). As such, our results suggest that sever-
al metabolic pathways in RM RBC overlap those in
human RBC at baseline and during storage. This assess-
ment of comparative RBC biology will likely be relevant
in pre-clinical and clinical transfusion medicine and
hematology. Nonetheless, clear differences emerged in
this initial comparison, which provide opportunities for

further investigation of uniquely different biochemical
pathways that affect RBC under baseline conditions and
during refrigerated storage. 
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