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Abstract

Background: Red blood cells (RBCs) derived from patients who receive testosterone
replacement therapy (TRT) may be considered eligible for component production and transfusion.
The aim of this study was to identify testosterone-dependent changes in RBC metabolism and to
evaluate its impact on susceptibility to hemolysis during cold storage.
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Study Design and Methods: We characterized stored RBCs from two cohorts of TRT patients
who were matched with control donors (no TRT) based upon sex, age, and ethnicity. We further
evaluated the impact of testosterone deficiency (orchiectomy) on RBC metabolism in FVB/NJ
mice. RBC metabolites were quantified by ultra-high-pressure liquid chromatography-mass
spectrometry. RBC storage stability was determined in RBC units from TRT and controls by
quantifying storage, osmotic, and oxidative hemolysis.

Results: Orchiectomy in mice was associated with significant (P < 0.05) changes in RBC
metabolism as compared with intact males including increased levels of acyl-carnitines, long-
chain fatty acids (eg, docosapentaenoic acids), arginine, and dopamine. Stored RBCs from TRT
patients exhibited higher levels of pentose phosphate pathway metabolites, glutathione, and
oxidized purines (eg, hypoxanthine), suggestive of increased activation of antioxidant pathways in
this group. Further analyses indicated significant changes in free fatty acids and acyl-carnitines in
response to testosterone therapies. With regard to hemolysis, TRT was associated with enhanced
susceptibility to osmotic hemolysis. Correlation analyses identified acyl-carnitines as significant
modifiers of RBC predisposition to osmotic and oxidative hemolysis.

Conclusions: These observations provide new insights into testosterone-mediated changes in
RBC metabolome and biology that may impact the storage capacity and posttransfusion efficacy
of RBCs from TRT donors.

INTRODUCTION

Recent studies that characterized genetic and biologic modifiers of hemolysis have reported

a sex dichotomy in the capacity of red blood cells (RBCs) to withstand certain stress
conditions including cold storage of RBC concentrates routinely used in transfusion
practice.1 In these studies, male RBCs exhibited enhanced susceptibility to multiple
measurements of hemolysis induced by cold storage, osmotic shock, or oxidative stress.3:4
Similar sex differences were observed in patients with sickle cell disease (SCD), of whom
male patients had increased peripheral blood biomarkers of hemolysis (eg, lactate
dehydrogenase, reticulocyte count, bilirubin) as compared with female patients.
Investigations of the molecular mechanisms that contribute to sex differences in RBC
biology, rheological properties, and pathology have identified a role for sex hormones as
modifiers of hemolysis.#7-10

Gonadectomy studies in mice revealed that orchiectomy, but not ovariectomy, significantly

reduced RBC hemolytic responses to osmotic or oxidative stress and enhanced RBC storage

and post-transfusion recovery as compared to intact males.# Furthermore, testosterone
repletion in orchiectomy mice restored the sex differences in RBC susceptibility to
hemolysis.# As erythrocytes lack DNA and because in vitro treatments of RBCs with
testosterone had no apparent impact on hemolysis,* this study suggested that testosterone

action takes place early in male erythropoiesis via classical (genomic) pathways that resulted
in the production of RBCs that were more susceptible to functional decline under the tested

stress conditions. In female blood donors, sex hormone therapy and menstrual status were
associated with changes in RBC predisposition to spontaneous (cold storage) and stress-
induced hemolysis. Evaluation of the interaction between sex hormones and RBCs
suggested that progesterone, but not 17p-estradiol or testosterone, protected against
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spontaneous (cold storage) or calcium-induced hemolysis via inhibition of calcium influx
into RBCs in a rapid (non-classical) action that was partially attributed to regulation of
membrane transient receptor potential channels (TRPCs).10 Taken together, these studies
provided new evidence to direct or indirect sex hormone regulation of RBC characteristics
and function that may contribute to sex differences in susceptibility to hemolysis.

The prevalence of testosterone replacement therapy (TRT) has significantly increased in
recent years, for which it is estimated that 4%! of cis and transgender men, and in some
cases women, receive exogenous testosterone. Late-onset hypogonadism and female-to-male
gender reassignment treatments are the major reasons for TRT; however, there is a growing
concern regarding testosterone overuse among younger men.11.12 In fact, a 4-fold increase in
TRT has been observed in younger men (ages 18-45) since 2003.13 Although the long-term
benefits and risks associated with TRT have not been established and continue to be debated,
14 a few retrospective studies have associated TRT with increased risk of cardiovascular
events.1® Erythrocytosis and polycythemia secondary to TRT are common side effects of
testosterone administration to patients,16:17 who often present at blood centers for
therapeutic phlebotomy. In 2018, the US Food and Drug Administration allowed RBC
components derived from therapeutic phlebotomies by blood donors who receive TRT to be
used for allogeneic transfusion.18 Despite the growing number of unique donations by these
donors, little is known about potential consequences of TRT and erythrocytosis on RBC
biology, metabolic profile, susceptibility to hemolysis, as well as possible impact on RBC
storage capacity and transfusion efficacy.

Advancements in omics technologies have facilitated the investigation of sex and sex
hormone interactions with RBCs. These technologies have led to the discovery that RBCs
exhibit a complex proteome, comprising ~3000 proteins®-21 with complex structural and
enzymatic functions. Some of these enzymes have been demonstrated to be present and
active in erythrocytes, paving the way for a novel understanding of the complexity of the
RBC metabolome. Examples include several cytosolic isoforms of Krebs cycle enzymes,
which may play a role in the homeostasis of reducing equivalents,22 purine oxidation and
salvage reactions,23 carnitine-dependent?* and -independent lipid recycling2® and
sphingolipid metabolism,26 arginine metabolism and the potential generation of nitric oxide
through nitric oxide synthase?’ and arginase,28 and one-carbon and sulfur metabolism
involved in recycling oxidized proteins.2%30 In addition, RBCs express at least 77 small
molecule transporters,3! which makes the analysis of RBC metabolism a window into
systems-wide or organ-specific metabolic dysfunction achievable by peripheral blood
sampling.32 As such, investigating RBC metabolism is not only relevant per se, but also
provides clues into systems metabolism.

In the present study, we used metabolomics analyses as a tool to identify RBC-specific
metabolic pathways that are modulated by testosterone therapies. Another goal was to
evaluate whether the identified testosterone-mediated changes in the RBC metabolome
would impact RBC function and susceptibility to hemolysis in response to selected stress
conditions including cold storage. We demonstrate that RBCs from TRT donors exhibited
lower ATP, enhanced glycolysis end products (lactate), and changes associated with purine
(ITP), glutathione (5-oxoproline), and carnitine metabolism. These observations correlate
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with an altered RBC propensity to hemolyze under various stress conditions, a feature that
may have consequences on the quality and transfusion efficacy of RBC products donated by
TRT patients.

21 MATERIALS AND METHODS

2.1 1 Murine RBC metabolomic studies

All experimental procedures were approved by the Institutional Animal Care and Use
Committee (IACUC) at the University of Pittsburgh. FVB/NJ mice were obtained from The
Jackson Laboratory (Bar Harbor, ME, USA). Orchiectomy was performed on 4-week-old
FVB/NJ pups, which were housed with age-matched intact males or females for 12-15
months, after which all animals were sacrificed. RBCs were collected by centrifugation
(1500 x g, 10 minutes, 4°C), which was followed by three washes (same conditions) with
phosphate-buffered saline (PBS) to remove plasma and buffy coat. Aliquots of washed
packed RBCs were snap frozen in liquid nitrogen and stored at —80°C for metabolomic
studies.

2.21 TRT blood donor cohorts

The impact of testosterone therapies on RBC metabolome and predisposition to hemolysis
was determined in two cohorts of TRT patients. The first cohort included five patients who
presented at Vitalant’s blood bank (Pittsburgh) for the purpose of therapeutic phlebotomy
due to testosterone therapy. These patients were matched with three control (no TRT)
subjects based upon sex, race, and age. Each donor donated a whole blood unit from which a
non-leukocyte-reduced RBC unit was produced in additive solution 1 (AS-1). All units were
stored (1-6°C) for 39-42 days. For validation purposes, a second cohort of blood donors who
received testosterone therapy (two males and one female) was recruited at Vitalant Denver.
All subjects of this cohort were eligible allogeneic blood donors of whom one male
responded yes to the blood disorders question (polycythemia secondary to testosterone).
Control subjects were matched as described for the first cohort. We acquired leukocyte
reduced (LR) packed RBC units from each donor, which were processed in the same manner
described for the first cohort. We chose LR-RBC units in this validation cohort to further
eliminate possible contamination by platelets or white blood cells. These units were stored
for 42 days in additive solution-3 (AS-3). Overall, the storage conditions between the two
cohorts were comparable (blood volume, bag plasticizer) with the exception of the additive
solution and leukoreduction. Donor demographics and hemoglobin levels are summarized in
Table S1.

2.3 1 Ultra-high-pressure liquid chromatography-mass spectrometry (MS) metabolomics

For metabolomic studies, stored RBCs were centrifuged (1500 x g, 10 minutes, 4°C) and the
top layer was carefully removed and discarded to reduce possible contamination by residual
platelets and white blood cells. Aliquots of washed packed RBCs were snap frozen in liquid
nitrogen and stored at —80°C. A volume of 50 uL of frozen RBC aliquots was extracted 1:10
in ice cold extraction solution (methanol: acetonitrile: water 5:3:2 v/4).29 Samples were
vortexed and insoluble material pelleted, as described before.33 Analyses were performed
using a Vanquish UHPLC coupled online to a Q Exactive mass spectrometer (Thermo
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Fisher, Bremen, Germany). Samples were analyzed using a 3-minute isocratic condition3* or
a5-, 9-, and 17-minute gradient, as described.35:36

2.41 Evaluation of hemolysis in stored RBCs from TRT subjects

Following storage under routine blood bank conditions (1-6°C) for 42 days, aliquots (5-7
mL) of stored RBCs from blood donors of both cohorts were collected weekly into conical
tubes, from which two aliquots (1 mL) were processed for the hemolysis assays. One aliquot
was used for the quantification of spontaneous storage hemolysis that was determined by:
(100 — HCT) x Hbgypernatant
Hbyotal
free hemoglobin obtained after centrifugation (1500x g, 10 minutes, 18°C) measured in the
supernatant, whereas Hbitg refers to the total amount of sample hemoglobin before
centrifugation. In the entire study, hemoglobin concentrations (micromolar) were determined
by the Drabkin’s method.37 The other aliquot was used for the osmotic and oxidative
hemolysis assays. Both stress tests were proven to be highly reproducible and successful in
capturing genetic (eg, glucose-6-phosphate dehydrogenase deficiency38) and biologic (eg,
female sex hormones?0) determinants of hemolysis in 13 403 blood donors from NHLBI’s
Recipient Epidemiology Donor Evaluation Study (REDS)-111 RBC-Omics study.1-3 For the
evaluation of stress-induced hemolysis, stored RBCs were washed (1500x g, 10 minutes,
18°C) three times with PBS to remove plasma and additive solution, and immediately
subjected to osmotic or oxidative stress assays. RBC susceptibility to osmotic hemolysis was
determined by a modified pink test,3% in which washed RBCs (1.6% +0.2%) were incubated
under static conditions (4 hours at 22°C) in pink test buffer. After incubation, all samples
were centrifuged (1500x g, 10 minutes, 18°C) and percent osmotic hemolysis was

. HCT is the sample hematocrit. Hbsypernatant refers to the levels of

Hbosmotic
Hbyota

of pink test-treated RBCs and Hbitg refers to the total amount of hemoglobin of each
sample.

determined by: x 100. Hbosmotic COrresponds to supernatant cell-free hemoglobin

RBC susceptibility to oxidative hemolysis was evaluated by incubating RBCs in the
presence of 2,2"-azobis-2-methyl-propanimidamide, dihydrochloride (AAPH, 150mmoL).
Thermal (37°C) decomposition of AAPH generates peroxyl radicals and, consequently, lipid
peroxidation-mediated hemolysis.*0

Using AAPH, we have identified genetic variants in the G6PD gene suggesting that
glucose-6-phosphate dehydrogenase is activated in response to this oxidant.38 Percent

HbAAPH — Hbcontrol
H biotal

corresponds to supernatant cell-free hemoglobin of AAPH-treated RBCS, Hbeontrol
corresponds to supernatant cell-free hemoglobin of untreated RBCs, and Hbiog refers to the
total amount of hemoglobin of each sample.

AAPH-induced oxidative hemolysis was determined by: x 100. HboanapH

2.51 Statistical analysis

RBC metabolomics data: Graphs and statistical analyses (either #test or repeated measures
ANOVA) were prepared with GraphPad Prism 5.0 (GraphPad Software, Inc, La Jolla, CA),
GENE E (Broad Institute, Cambridge, MA, USA), and MetaboAnalyst 4.0.41
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Multivariate linear model for hemolysis in TRT and control donors: A multivariate linear
regression analysis was performed to test the effect of testosterone intake for all three
hemolysis measures at each tested time point. Donation site (cohort) was included as a
covariate in the model. Due to small sample sizes, the validation cohort was analyzed with a
simple One-way ANOVA (P< 0.05). Analyses were performed using R software version
3.4.4 (R Core Team, 2018).42

31 RESULTS

3.11 Sex and orchiectomy are significant modifiers of RBC metabolism in mice

Our first set of experiments was designed to determine the impact of sex and testosterone
deficiency on murine RBC metabolism. Metabolomics analyses were performed on RBCs
from intact males (n = 4), females (n = 5), and orchiectomy males (n = 6; Figure 1A). The
latter group was included to determine the impact of testosterone deficiency on RBC
metabolism. We hypothesized that female RBCs are metabolically distinct from males, and
that such differences can be reverted by decreasing the circulating levels of testosterone via
castration. All results are reported in tabulated form in Table S2 (datasheet 1) and the top 50
metabolites sorted by ANOVA analysis are graphed in the heat map in Figure 1B. Male
RBCs were characterized by higher levels of substrate and intermediates of glycolysis (eg,
glucose and glyceraldehyde 3-phosphate). However, orchiectomy was associated with
significant changes in RBC metabolism, in which certain metabolites exhibited levels
similar to those observed in female RBCs, (eg, lactate, anthranilate). Conversely, certain
metabolite levels were not impacted by orchiectomy and testosterone deficiency as was
evidenced by the similarity to that of intact male RBCs (eg, aspartate and NAD; Figure 2). In
addition, orchiectomy was characterized by increased RBC levels of several free fatty acids
including eicosa- and docosapentaenoic acids, a-ketoglutarate, and short chain acyl-
carnitines (acyl-C4-DC and acyl-C12:1). Orchiectomy was also associated with changes in
metabolite levels from the tryptophan pathway including formyl-kynurenine and
anthranilate; Figure 2 and Figure S1).

3.21 Testosterone replacement therapy significantly modulated key RBC metabolic
pathways during cold storage

In the light of the results in mice, we set to further explore the impact of testosterone on
RBC metabolism in humans. Specifically, in mice we had observed sex-specific metabolic
signatures that were in part reversed by orchiectomy. Therefore, to validate and expand on
these findings in human RBCs, we performed metabolomics analyses on RBCs from healthy
control donors and from donors undergoing testosterone replacement therapy. The
hypothesis to be tested here is that, as opposed to what was observed in mice upon
castration, an intervention aimed at increasing circulating levels of exogenous testosterone
would result in metabolic changes in directions (increases or decreases) consistent with
those observed when comparing male vs female mouse RBCs. The first batch of RBC units
was donated by five TRT male subjects who underwent therapeutic phlebotomy and three
age, race and sex-matched controls (cohort 1; Vitalant Pittsburgh). Results are reported
extensively in Table S2 (datasheet 2). Hierarchical clustering analyses of the significant
metabolic changes by ANOVA is illustrated in the heatmap (Figure 3A). Specifically,
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changes were noted with respect to glycolysis, glutathione homeostasis and methionine
metabolism, as well as fatty acid and acyl-carnitine metabolism, carboxylic acids and high
energy purines (Figure 3A). Notably, RBCs from donor undergoing TRT did not exhibit
significant changes in the levels of glycolytic metabolites; however, TRT resulted in higher
levels of PPP metabolites (eg, ribose phosphate) and glutathione (Figure S2) suggestive of
an opposite effect on this pathway of TRT in human RBCs in comparison to orchiectomy in
mice. These changes are consistent with alterations of RBC antioxidant metabolism as a
function of testosterone levels. In support of this hypothesis, we observed increases in the
levels of oxidized purines (eg, hypoxanthine), tryptophan, and its oxidation products
(kynurenines). Most notably, significant increases in the levels of free fatty acids and
decreases in the levels of carnitine were detected in TRT RBCs. On the other hand, no
significant changes were observed in the levels of carboxylic acids, while increased
glutaminolysis was accompanied by increases in the levels of intracellular amino acids in
TRT RBCs (eg, arginine and ornithine, but not citrulline; proline, alanine, leucine, and
choline).

To validate these findings, a second independent cohort of blood donors was enrolled at
Vitalant Denver. This cohort consisted of eligible TRT allogenic blood donors and matched
controls (n = 3/group) who provided LR-RBC units. Results are extensively reported in
Table S2 (datasheet 3) and hierarchical clustering analyses of the significant metabolic
changes by ANOVA is illustrated in the heatmap Figure 3B. Key metabolites from cohort 2
were graphed as line plots in Figure S3. Specifically, we confirmed the observations related
to increases in the PPP and glutathione metabolism, increased purine oxidation (IMP),
arginine metabolites (guanidinoacetate and creatinine, but not citrulline, suggestive of
deregulation of nitric oxide synthase activity), and free fatty acids including arachidonic,
eicosapentaenoic, docosapentaenoic, and docosahexaenoic acid (Figure S3).

A pathway analysis of the combined significant changes as a function of TRT indicated
significant changes in the RBC levels of free fatty acids and acyl-carnitines (Figure 4A), a
result that was particularly evident in the second cohort of donor volunteers as highlighted
by the volcano plot in Figure 4B, but in general, the directional pattern was consistent across
both cohorts (Figure 4C). These altered acyl-carnitine levels were also evident within the
mouse cohort (Figure 4D), indicative of significant decreases in intact male mice verses their
castrated counterparts. A list of common metabolites found in murine RBCs and in stored
(3-4 days) RBCs from the second human cohort is summarized in Table S3.

3.3 1 Testosterone replacement therapy modulates susceptibility to hemolysis in cold
stored RBCs

We evaluated the impact of TRT on RBC susceptibility to spontaneous (cold storage) and
stress-induced hemolysis in the same blood donor cohorts as described in Materials and
Methods. The major differences between the cohorts were the type of blood donation (ie,
therapeutic in cohort 1 vs allogeneic in cohort 2) and pre-storage leukocyte reduction of
whole blood that was performed on RBCs units from cohort 2 only. Despite these
differences, TRT in both cohorts was associated with increased susceptibility to osmaotic
hemolysis, and with a trend toward increased storage hemolysis and decreased oxidative
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hemolysis (Figure 5). The overall hemolysis values in the first cohort were higher than that
of the second cohort. Specifically, osmatic hemolysis measured at week 6 of storage was
54.4 + 8.1% and 31.8 + 3.5% (TRT and controls, respectively) in cohort 1 vs 37.6 + 6.1%
and 29.0 + 8.3% (TRT and controls, respectively) in cohort 2. Similarly, average TRT donor
end of storage hemolysis (week 6) measured 1.37 £ 0.64% in cohort 1 vs 0.28 £ 0.14 in
cohort 2. A multivariate linear regression analysis adjusted to testosterone intake and
donation site (cohort) revealed significant (P < 0.05) differences between TRT and matched
controls with regards to increased osmatic hemolysis in TRT (Table S4).

3.41 Metabolic correlates to storage hemolysis, oxidative hemolysis, and osmotic

hemolysis

Evaluations of metabolites that are correlated with hemolysis and modified by testosterone
treatments (Figures 6, 7, and 8) revealed positive correlation between high-energy phosphate
compounds (eg, IDP, ADP-ribose and ADP) and storage hemolysis during the first three
weeks of storage in TRT and control subjects. Notably, TRT donors exhibit a consistent
positive correlation of free fatty acids from week one to week six, while control donors
exhibited a consistent positive correlation to acyl-carnitines from week one to week six.
Interestingly, metabolites from the glycolytic pathway and tryptophan metabolism (G6P, 2,3-
Phosphoglycerate; anthranilate, hydroxy-kynurenic acid) were found to negatively correlated
with storage hemolysis in both TRT and control groups at various stages of storage; Figure
6.

Acyl-carnitines were positively corelated with osmotic hemolysis in TRT donors from week
one to week three, with a progressive reduced association through week six (Figure 7).
Conversely, metabolites of the arginine (ornithine, acetyl-citrulline) and glycolytic (fructose-
BP, G3P) pathway were negatively correlated with osmotic hemolysis in TRT (Figure 7).
Similar to results seen in TRT samples under osmotic stress, acyl-carnitines show a positive
correlation to oxidative hemolysis in week one followed by a progressive decline in week
three, and no association found by week six (Figure 8). Metabolites of the arginine (creatine,
ornithine, phosphocreatine) and glycolytic (G3P, AMP, cAMP) pathways were negatively
associated with oxidative hemolysis in TRT donors throughout week six (Figure 8).

41 DISCUSSION

This study provided new evidence for sex hormone modulation of RBC metabolism and
susceptibility to hemolysis during routine cold storage of RBC units or under applied stress
(osmotic or oxidative). We have identified several metabolites and RBC metabolic pathways
that are associated with testosterone therapy in humans or with testosterone deficiency in
mice. We further characterized the associations between the identified metabolites and
hemolysis and provided new insights into the mechanisms by which testosterone contributes
to sex differences in RBC biology. Additionally, we demonstrated that TRT is associated
with enhanced RBC susceptibility to osmotic hemolysis. These findings are in agreement
with our previous observations in mice* and emphasize the need to further characterize the
storage capacity and posttransfusion efficacy of RBCs from TRT donors.
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In support of our previous observations of testosterone-dependent sex differences in RBC
biology and hemolysis,* we demonstrated that orchiectomy in mice was associated with
significant changes in RBC metabolic profile as compared with RBCs from intact males.
Some of the changes in metabolite levels resembled RBCs from females (eg, nicotinamide,
L-aspartate, L-valine, L-citrulline, dopamine, acyl-carnitines, purine catabolites, NAD),
whereas other changes (eg, L-arginine, formyl-kynurenine) were unique to orchiectomy
RBCs. However, previous studies have shown alterations of arginine metabolism in RBCs as
a function of sex, with arginine metabolism being upregulated in females,3843 and citrulline/
arginine ratios being sufficient to discriminate sub-populations in subjects undergoing
gender reassignment treatments.*4 Furthermore, the levels of certain metabolites in female
RBCs were significantly different than that of male (intact or orchiectomy) RBCs. These
observations suggest that in females, other mechanisms including female sex hormones®
regulate RBC metabolism.

Interestingly, common patterns emerged when comparing RBCs from mice and humans.
While some related to metabolites in the arginine pathway (eg, creatinine), others suggested
a role for testosterone signaling in the regulation of sulfur metabolites involved in
antioxidant responses, either directly (eg, glutathionyl-cysteine) or indirectly (eg, S-
Adenoylmethionine or SAM). Of note, SAM is the main methyl group donor in the mature
erythrocyte, which is relevant in the light of the role of protein methylation to repair
isoaspartyl damage to structural (eg, band 3, ankyrin) and functional proteins (eg,
hemoglobin, glycolytic enzymes) following storage-induced oxidant stress.2

Our evaluation of stored RBCs from therapeutic whole blood donations (cohort 1) revealed
that TRT was accompanied by metabolic changes that may have contributed to the observed
alterations in storage capacity and predisposition to hemolysis. Among those changes are
alterations of total glutathione levels and recycling by means of reducing equivalents
generated via the pentose phosphate pathway consistent with an altered redox homeostasis
in TRT. Though caveats related to species-specific metabolic peculiarities have to be taken
into account, PPP and glutathione metabolites decreased in orchiectomized mice, while they
increased in human subjects undergoing testosterone replacement therapy. Of note, the rate-
limiting enzyme of the pentose phosphate pathway, glucose 6-phosphate dehydrogenase
(G6PD) is coded by a gene on chromosome X. Mutations to G6PD are common in humans,
affecting ~400 million people worldwide, making it the most common enzymopathy in
humans (~13% of the African American donor population in some metropolitan areas).*
Decreased activation of this pathway in G6PD deficient subjects have been noted to
predispose the stored RBC to hemolysis following oxidative stress, while being protective
with respect to RBC morphology.#6 These observations are in agreement with what we
observed in orchiectomized mice. Similarly, alterations of carboxylate metabolism opposite
to those observed here in RBCs from TRT subjects have been associated with G6PD
deficiency (eg, increase in fumarate upon TRT and decrease in G6PD deficient subjects).*’
On the other hand, increases in S-adenosyl-methionine in orchiectomized mice and
decreases in methionine metabolites in stored RBCs from subjects undergoing TRT suggest
that testosterone levels may impact protein oxidant damage-repair pathways2? in an opposite
direction to what observed in G6PD deficient subjects.*
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To date, little is known about the impact of polycythemia and erythrocytosis on RBC
function and viability. One study suggested that RBCs from blood donors with polycythemia
vera or secondary polycythemia (unspecified reasons) have increased susceptibility to
osmotic fragility.*® As polycythemia and erythrocytosis are common side effects of TRT,’
our observations of enhanced osmotic hemolysis in stored RBCs from therapeutic donations
(cohort 1) support findings from this study. Of note, we were unable to verify if all
therapeutic donations were prescribed for erythrocytosis secondary to testosterone, however,
average hemoglobin levels in TRT donors (cohort 1) suggested that at least some of these
patients had this condition. Another limitation is the lack of information regarding plasma
testosterone levels that could be directly linked to our observations. The differences in the
severity of hemolysis between the two tested TRT cohorts may stem from the reason for
donation (ie, clinical condition in cohort 1 vs routine allogeneic donations in cohort 2).
Other factors include differences in RBC component manufacturing procedures, such as
leukocyte filtration in RBC units from allogeneic TRT donors that remove buffy coat and
possibly fragile RBCs or differences in the additive solutions (additive solution-1 in cohort 1
vs additive solution-3 in cohort 2), the latter a significant contributor to the RBC metabolic
storage lesion to an extent comparable to storage duration.4®

Correlation analyses between top metabolites and hemolysis identified acyl-carnitines as
significant modifiers of RBC susceptibility to osmotic and oxidative stress. It is worthwhile
to note that orchiectomy promoted increases in acyl-carnitines and TRT was accompanied
by decreases in acyl-carnitine levels by storage expiration. On the other hand, fatty acid
levels (especially long chain fatty acids) increased both in orchiectomized mice and TRT
patients. Dietary regimens or species-specific peculiarities may contribute to explain this
discrepancy. For example, the mouse strain investigated in this study, FVB/NJ, is
characterized by high basal levels of activity for the ferroreductase STEAP3 whose activity
is critical during erythroid maturation® but is absent in mature human RBCs.5! The levels
and activity of STEAP3 have been shown to impact the levels of fatty acid and oxylipid in
stored RBCs from FVVB mice and negatively contribute to RBC storage capacity and post-
transfusion recoveries.52

On the other hand, carnitine supplements have been indeed proposed two decades ago to
counteract lipid remodeling that occurs in RBCs stored under blood bank conditions.53
Interestingly, acyl-carnitine levels in both cohorts were associated with predisposition to
osmotic and oxidative hemolysis at the end of storage; on the other hand they show negative
correlations early on during storage, when they may exert a protective role against oxidant
stress and membrane lipid remodeling prior to exhaustion of the RBC capacity to cope with
the storage lesion. For example, low levels of certain acyl-carnitines (eg, Acyl-C4 and Acyl-
C6) observed in TRT RBCs were correlated with increased osmotic hemolysis and decreased
oxidative hemolysis. We recently conducted retrospective analyses of hemolysis in 96 TRT
blood donors from the National Heart, Lung and Blood Institute Red Blood Cell-Omics
study®* and in agreement with the current study, TRT was associated with increased osmotic
hemolysis and significant decrease in oxidative hemolysis. The observation that TRT is
associated with reduced RBC acyl-carnitine concentrations may explain the changes in RBC
predisposition to these markers of hemolysis.
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In conclusion, we have demonstrated that modulation of testosterone signaling via castration
in mice or hormone therapy in humans is associated with changes in RBC metabolism and
susceptibility to hemolysis under selected stress conditions. These observations contribute to
understanding the impact of sex and sex hormone therapies on RBC biology and
susceptibility to hemolysis. The reported changes in RBC acyl-carnitine, arginine, and SAM
metabolism warrant further evaluation to determine the quality and storage stability of RBCs
from TRT donors, particularly in those with erythrocytosis secondary to testosterone.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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(testosterone deficient) FVB/NJ mice. A, An overview of the experimental design. B, An
overview of the top 50 significant metabolites by ANOVA, graphed in the form of a heat

map with hierarchical clustering
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Bar plots (mean + SEM) highlight the most impacted metabolites and related pathways from
metabolomics analysis. Significant (*, £< 0.05, **, P< 0.01) metabolite changes were
determined by two-tailed #test
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testosterone replacement therapy (TRT) and their matched controls (no TRT). A, Top
significant metabolites by ANOVA and related pathways are highlighted in the heat map for
cohort 1, which consisted of five TRT patients who presented for therapeutic phlebotomy
and three sex, age, and race/ethnicity-matched controls. B, Top significant metabolites by
ANOVA and related pathways are highlighted in the heat map for cohort 2, which consisted

of six eligible allogeneic blood donors (n = 3 TRT and n = 3 matched controls)
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FIGURE 4.

Testosterone-dependent changes in fatty-acyl carnitine metabolism in red blood cells from
two independent cohorts of human subjects who received testosterone replacement therapy
and in mice. A, Gene Set Enrichment Analysis (GSEA) of the metabolic pathways
significantly impacted by TRT in two independent cohorts of subjects undergoing TRT. B,
The volcano plot highlights some of the metabolic changes in these pathways in the second
cohort. C, The bar plots in the top and bottom row are used to graph changes in some
representative acyl-carnitines from the first (top) and second (bottom) cohort in control
(blue) and TRT (red) subjects as a function of storage duration (x axis). All significant
changes (*, £< 0.05) were analyzed using a two-tailed ftest. In D, the scatter plot illustrates
graph changes significant by ANOVA, representative of acyl-carnitines in intact male,
female, and castrated male FVVB/NJ mice
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FIGURE 5.

Testosterone replacement therapy modulates RBC susceptibility to hemolysis in cold
storage. RBC concentrates from testosterone-treated donors (TRT) and matched controls (no
TRT) were stored (1-6°C) for six weeks and tested for storage or stress-induced hemaolysis
as described in Materials and Methods. Cohort 1: therapeutic donations by five TRT patients
and three age, sex, and race-matched controls (Vitalant Pittsburgh). Cohort 2: allogenic
donations by three TRT donors and three age, sex, blood type, and race-matched controls
(Vitalant Denver). A and D: percent spontaneous storage hemolysis. B and E: percent
osmotic hemolysis. C and F: percent AAPH-induced oxidative hemolysis. Significant (P <
0.05) differences between TRT and matched controls were observed in osmotic hemolysis as
summarized in Table S4
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Metabolic correlates of storage hemolysis in blood donors (cohort 2) who received
testosterone replacement therapy (TRT) verses their matched controls (no TRT). Correlation
curves represent storage weeks 1, 3, and 6. The dot plot highlighted positive (green) or
negative (red) metabolic correlates to storage hemolysis. All highlighted metabolites were
selected within the top 15 negative and positive correlates

Transfusion. Author manuscript; available in PMC 2022 January 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Alexander et al. Page 21

TRT
donors

Controls

Correlates to Osmotic Hemolysis

- Diphosphat - Carbamyl-glutamats 1 Kynurenin
NAD+ Spermine Spermini
Spermi 7 acyl-C16:1 7 Allantoat

| Cys-Gly | Acetylornithin | Sedoheptulose-|
Acetylornithine Oxalosuccinat Oxononanoic aci

4 acyl-C18: 4 Cys-Gly 4 Spermidine
acyl-C1 NAD NAD

1 acyl-C12: 4 acyl-C1 1 BPG

Acetyl-citrulline 1 yruvate

i xononanoic acid ] anthine i ethyleneglutarate
antothenol actoylglutathione cyl-C6-DC
J rnithine i osphocreatine i cyl-C14

Fructose-BP
cetylneuraminate e ADP
ADP-D-ribose umarate
Allantoin 1 Ribose

Creatinine

T T T T T T T T T T T T T T T
1.5 1.0 -0.5 0.0 0.5 1.0 15 15 -1.0 -05 0.0 0.5 1.0 15 15 -10 -05 0.0 0.5 1.0 1.5
Correlation for Osmotic Stress (Week 1) (%) Correlation for Osmotic Stress (Week 3) (%) Correlation for Osmotic Stress (Week 6) (%)

-4 Guanidinoacetat Docosapentaenoic ac 4 Octadecenoic aci

L-cystin Ribos: Linoleate

9 Tetradecenoic aci 1 Sphingosine\ - Hydroxyisourat
L-tryptophan UDP-gluco: L-arginine

7 Picolinic aci 7 Xanthine 7 itaconat

] Heptanoic aci | Fructose-B

y-glutamylcystein
4 Dodecanoic acid 4 Erythrose-

Tetradecanoic acid

Heptanoic acid
acyl-C4-DC 1 permidine
Oxoglutarate

GSSG

Ferric gluconate
Lactoylglutathione
lutathionyl-cysteine

1P 4 lutathionyl-cysteine .

lycerol 3-P Hydroxyglutarate
L-alanine h GSSG

T i ) i j T T T T Ll 2 3 3 L} T T T
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5 -1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Correlation for Osmotic Stress (Week 1) (%) Correlation for Osmotic Stress (Week 3) (%) Correlation for Osmotiv Stress (Week 6) (%)

FIGURE 7.
Metabolic correlates of osmotic hemolysis in blood donors (cohort 2) who received

testosterone replacement therapy (TRT) verses their matched controls (no TRT). Correlation
curves represent storage weeks 1, 3, and 6. The dot plot highlighted positive (green) or
negative (red) metabolic correlates to osmotic hemolysis. All highlighted metabolites were
selected within the top 15 negative and positive correlates
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Metabolic correlates of osmotic hemolysis in blood donors (cohort 2) who received
testosterone replacement therapy (TRT) verses their matched controls (no TRT). Correlation
curves represent storage weeks 1, 3, and 6. The dot plot highlighted positive (green) or
negative (red) metabolic correlates to oxidative hemolysis. All highlighted metabolites were
selected within the top 15 negative and positive correlates
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