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Background. Sex hormone intake in blood donors may affect the quality of red blood cell (RBC)
products via modulation of RBC function and predisposition to haemolysis during cold storage. The
aims of this study were to evaluate the association between female sex hormone intake and RBC
storage outcomes, and to examine possible mechanisms by which sex hormones interact with RBCs.

Materials and methods. Sex hormone intake by race/ethnicity and menopausal status, and
association analyses between hormone intake and donor scores of storage, osmotic or oxidative
haemolysis, were evaluated in 6,636 female donors who participated in the National Heart, Lung
and Blood Institute's RBC-Omics study. A calcium fluorophore, Fluo-3AM, was used to define RBC
calcium influx in response to exogenous sex hormones or transient receptor potential cation (TRPC)
channel drugs.

Results. Sex hormone intake was more prevalent in premenopausal women from all racial
groups (18-31%) than in postmenopausal women (4-8%). Hormone intake was significantly
(p<0.0001) associated with reduced storage haemolysis in all females, reduced osmotic haemolysis
in postmenopausal donors (23.1+10.2% vs 26.8+12.0% in controls, p<0.001), and enhanced
susceptibility to oxidative haemolysis in premenopausal women. /n vitro, supraphysiological levels of
progesterone (10 pmol/L), but not 17B-oestradiol or testosterone, inhibited calcium influx into RBC
and was associated with lower spontaneous haemolysis after 30 days of cold storage (0.95+0.18%
vs 1.85+£0.35% in controls, p<0.0001) or in response to a TRPC6 activator.

Conclusions. Sex hormone intake in female donors is associated with changes in RBC
predisposition to haemolysis. Menstrual status and the type of hormone preparation may contribute
to differences in haemolytic responses of female RBCs to osmotic and oxidative stress. Progesterone
modulates calcium influx into RBC via a mechanism that may involve interactions with membrane
TRPC6 channels.
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Introduction

Sex hormone intake in blood donors occurs in three
demographic groups: premenopausal women who
consume contraceptive drugs, menopausal hormone
therapies in older women, and androgen therapies in
men. Among these groups, premenopausal women
on birth control medications represent the majority of
blood donors who receive exogenous sex hormones.
In the USA, it is estimated that among women aged
15-44 years contraception is used by 61.7%, out of
whom 25.9% use oral contraceptives (National Survey
of Family Growth, 2011-2013)' that may have combined

progestins and oestrogens or progestins alone?. In older
women, hormone replacement therapy consists of
oestrogens alone or in combination with progestins?. In
recent years, the incidence of testosterone replacement
therapy among men has increased remarkably?, with a
4-fold increased use in young men (aged 18-45 years)
since 2003°. It is estimated that nearly 4% of men
use androgen replacement therapy, with side effects
that may increase the risk of cardiovascular disease
and polycythaemia*. Understanding the impact of sex
hormone therapies in blood donors on the susceptibility
of their red blood cell (RBC) concentrates produced
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for transfusion is important because units that rapidly
haemolyse following transfusion may be associated with
adverse outcomes in the recipients.

Recent large population-based studies of haemolysis
performed by our group® and others have demonstrated
a sex dichotomy in RBC predisposition to haemolysis
during routine cold storage in the blood bank and in
haemolytic diseases including sickle cell anaemia’!.
Male sex was associated with enhanced susceptibility to
spontaneous storage haemolysis and to stress haemolysis
in response to osmotic shock or oxidative stress®!°.
Similarly, male patients with sickle cell disease had
increased peripheral blood biomarkers of haemolysis
(e.g., reticulocyte count, total bilirubin, lactate
dehydrogenase) as compared with female patients with
sickle cell disease!?. Historically, the sex differences in
haemolysis were attributed to the protective effects that
female sex hormones may exert on the cardiovascular
system'3. RBC from premenopausal women exhibited
enhanced deformability, lower aggregation and
viscosity, and higher resistance to experimental
mechanical stress'*!°. These phenomena were ascribed
to menstruation and the consequent reduction in
haematocrit and iron levels, along with increased levels
of reticulocytes and sex hormones in the circulation.
More recently, we made the additional observation that
testosterone enhances RBC susceptibility to storage
and stress-induced haemolysis, and that inhibition of
androgen signalling via castration in mice improved
RBC recovery after transfusion of stored murine RBCs'.

Mature erythrocytes have been used as a cellular
model for studying the non-genomic effects of various
hormones because they lack DNA-containing cell
organelles (e.g., nucleoli, mitochondria). Non-genomic
hormone actions are typically rapid, as they do not
involve classical hormone-receptor pathways, such
as gene transcription and protein synthesis. Instead,
the actions are mediated via non-specific membrane
receptors or via direct interactions with the membrane,
whose fluidity can be modified'®. Experiments using
radiolabelled oestradiol or progesterone suggested that
ovarian hormones bind to the RBC membrane at low
affinity in a non-saturable manner!’. Of note, RBC stored
for 42 days in the presence of progesterone exhibited
lower levels of spontaneous storage haemolysis and
osmotic haemolysis, and better retention of adenosine
triphosphate!®.

RBC membranes express transient receptor
potential cation (TRPC)-6, a cation channel whose
activation has been associated with enhanced calcium
influx that triggered pre-haemolytic events also
known as erythrocyte programmed-cell death or
eryptosis'®. Several studies have demonstrated the
ability of progesterone or its synthetic analogues (e.g.,

norgestimate) to inhibit diacylglycerol-induced calcium
influx into non-erythroid mammalian cells by direct
interactions with TRPC channels®*?! including TRPC3,
TRPCS5, and TRPC6. These interactions may be specific
to progesterone, as oestrogens had less impact on
TRPC-mediated calcium influx into the cells*’. Based on
these observations, we hypothesised that progesterone
modulates calcium influx and subsequently RBC
rheological properties via interactions with membrane
TRPC channels.

The purpose of this study was to define the impact
of female sex hormone intake by blood donors on
RBC storage stability in a cohort of 6,636 pre- and
postmenopausal female donors from the National
Heart, Lung and Blood Institute (NHLBI) Recipient
Epidemiology Donor Evaluation Study (REDS)-III Red
Blood Cell-Omics (RBC-Omics) study. Another goal
was to define the effect of sex hormones on spontaneous
or TRPC-induced calcium influx into RBCs. We report
age-specific associations between female sex hormone
intake and RBC predisposition to spontaneous or stress-
induced haemolysis and demonstrate the inhibitory
properties of progesterone on calcium influx and
haemolysis in stored RBC.

Materials and methods
The Red Blood Cell-Omics blood donor cohort

We performed secondary analyses of the RBC-Omics'
donor haemolysis and demographic databases (13,403
male and female donors), which provided data regarding
hormone intake in female donors, menstrual status,
age, race/ethnicity, percent storage haemolysis, percent
osmotic haemolysis determined by a modified pink test’,
percent oxidative haemolysis induced by 2,2'-azobis-
2-methyl-propanimidamide, dihydrochloride (AAPH),
plasma ferritin (ng/mL), and RBC haematological
parameters including RBC count, haematocrit (HCT),
haemoglobin (Hb), mean corpuscular volume, and RBC
distribution width (RDW). Hormone intake (e.g., oral
contraceptives, estrogen or testosterone) and menstrual
status in 6,636 female donors was determined by a self-
reported questionnaire at the time of donor recruitment.
Detailed information regarding RBC-Omics' study
design, methodology, goals and outcomes can be
reviewed elsewhere’ 2324,

Red blood cell storage in the presence of exogenously
added female sex hormones

Whole blood (about 20 mL) from seven healthy
volunteers was collected into heparinised tubes,
centrifuged three times (1,500 g, 10 min, 18 °C) with
phosphate-buffered saline (PBS), and packed RBCs
were mixed with additive solution-5 (AS-5) and PBS
in a 2:1:0.5 ratio. Each RBC suspension was divided
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into three identical aliquots, which were treated with
dimethyl sulfoxide (DMSO, vehicle control, final
concentration 0.1%), progesterone or 17p-oestradiol at
a final concentration of 10 umol/L. All drugs were from
Sigma-Aldrich (St. Louis, MO, USA). All samples were
incubated for 3 h at 37 °C and then stored at 1-6 °C for
24 h or 30 days. Percent haemolysis was determined
according to the following equation after 24 h and 30 days:

(100-HCT) x Hb
Hb

supernatant

Storage haemolysis (%) =

total

Sample HCT was determined by collecting
a portion of each blood sample into a capillary
tube and spinning in a micro-HCT centrifuge (LW
Scientific, Lawrenceville, GA, USA). Hbsupematam refers
to the amount of free haemoglobin obtained after
centrifugation (1,500 g, 10 min, 18 °C) measured in the
supernatant. Hb,_ refers to the total amount of sample
haemoglobin before centrifugation. Haemoglobin
concentrations (micromolar) were determined by
Drabkin's method?.

Kinetic calcium influx into red blood cells

Washed, packed RBCs, prepared as described above,
were suspended in PBS calcium (132.5 mg/L as calcium
chloride dihydrate) magnesium (100 mg/L magnesium
chloride hexahydrate) buffer (Sigma-Aldrich), which
was fortified with glucose (5 mmol/L) and labelled with
a mixture of Fluo-3AM calcium indicator and Pluronic
F-127 (ThermoFisher Scientific, Waltham, MA, USA).
After incubation (at 37 °C) for 45 min on a tube rotator,
Fluo-3AM-labelled RBCs were washed three times and
suspended in PBS calcium magnesium glucose to a final
concentration of approximately 6x10° cells/mL. Each
Fluo-3AM-labelled RBC suspension was divided into
identical aliquots, which were treated with the indicated
concentrations of progesterone, 17p-oestradiol,
testosterone, SKF-96365 (an inhibitor of multiple
TRPC channels: TRPC3, TRPC6, and TRPC7), Pyr3
(a selective TRPC3 inhibitor) or Hyp9 (a selective
TRPC6 activator). All drugs were purchased from
Sigma-Aldrich. After adding the drugs, replicates of
200 mL aliquots from each sample were transferred into
dark, 96-well microplates (Nunc F96, ThermoFisher
Scientific). Fluo-3AM fluorescence was determined
at 1 min intervals on a plate reader (Synergy Neo,
BioTek, Winooski, VT, USA). In some experiments
involving TRPC6 activation by Hyp9, baseline Fluo-
3AM fluorescence was determined by incubating
Fluo-3AM-labelled RBCs for 10-15 min in the presence
of selected drugs, after which Hyp9 was injected into
selected wells at a final concentration of 25 pmol/L.

Red blood cell incubation with transient receptor
potential cation channel drugs or progesterone
Washed packed RBCs prepared as described above
were diluted 1:25 with PBS calcium magnesium
glucose buffer. Each suspension was divided into 1 mL
aliquots, which were treated with DMSO (0.2%, vehicle
control), SKF-96365 (25 pmol/L), Pyr3 (25 pumol/L)
or progesterone (10 or 20 umol/L) in the presence or
absence of Hyp9 (25 umol/L). The samples were then
incubated at 37 °C for selected periods, after which
percent haemolysis was determined by Drabkin's method.

Statistical analysis
Data pre-processing for female donor menstrual status
Self-reported menopausal status for all female donors
in the RBC-Omics study was used to separate female
donors into premenopausal and postmenopausal groups.
Self-reported menstrual status was missing for 583
female donors. If the following two criteria were met,
these women were defined as postmenopausal: (i) age
>50 years, and (ii) donor reported that her periods had
stopped for other reasons. In total, 87 female donors with
missing menstrual status were excluded from analysis.
The histograms for premenopausal and postmenopausal
female donors were generated in R statistical software
for Windows, version 3.5.0%°.

Race difference in hormone supplement use

Counts and percentages of hormone supplement
use in female donors in the RBC-Omics study were
calculated in each self-reported race and compared
in all females, and separately in premenopausal and
postmenopausal females.

Comparison of three haemolysis measurements
based on hormone supplement use in the Red Blood
Cell-Omics study

We compared each of the three haemolysis
measurements (spontaneous storage haemolysis,
osmotic haemolysis and oxidative haemolysis) between
female donors who used a hormone supplement and
those who did not. The comparison was done within all
female donors, and separately for premenopausal and
postmenopausal donors. Student's 7-test was used to
determine the statistical significance within each donor
group. All dot and box plots were generated by using
the ggplot2 packages?” (version 2.1.1) in R statistical
software for Windows, version 3.5.0%.

In-vitro haemolysis studies in red blood cells treated
with sex hormones or transient receptor potential
cation channel modulators

Statistical significance tests determined the
differences between two (unpaired ¢ tests) or more
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Figure 1 - Distribution of donor menstrual status by age of
the donors in the RBC-Omics study.
Bar graphs represent the numbers of pre- and
postmenopausal female donors at each decade.
Menstrual status was self-reported by female donors
at the time of recruitment into the RBC-Omics study,
as detailed in the "Materials and methods" section.
Of the 6,636 female donors, 3,966 were defined
as premenopausal and 2,583 as postmenopausal.
Partial grey bars represent overlap between pre- and
postmenopausal women at specific age groups.

(one-way or two-way analysis of variance and Dunnett's
multiple comparisons test where applicable) groups.
Probabilities less than 0.05 were considered statistically
significant. Statistical analyses were performed using
commercial software (GraphPad Prism version 8,
GraphPad Software, San Diego, CA, USA).

Results
Female donor demographics and sex hormone intake
Among the 6,636 female donors who participated
in RBC-Omics, 2,583 study participants were defined
as "postmenopausal" and 3,966 as "premenopausal".
Menstrual status was self-reported by the donors at the
time of recruitment (RBC-Omics donor questionnaire,
Online Supplementary Content, Figure S1). We excluded
87 donors from the analyses because their menstrual

status could not be verified for various reasons including
a blank response on the questionnaire, use of non-steroid
contraceptive devices, and possible perimenopausal
status as indicated by self-reported appearance of
spotting. The distribution of menstrual status by donor
age is illustrated in Figure 1.

Hormone intake was more prevalent among younger
premenopausal women in all racial groups (18-31%) as
compared with older postmenopausal females (4-8%).
Evaluation of hormone intake by donor race/ethnicity
(Table I) revealed that consumption of female sex
hormones was higher (=20%) in White, Asian and Other
(mixed race, Native American or Hawaiian American)
females and lower (15%) in African American females.
The lowest rate of hormone intake (9%) was observed in
high-intensity donors, defined as nine or more successful
blood donations in the prior 24 months without a low
haemoglobin deferral. The majority of donors in this
category were older White women®.

Hormone intake is associated with changes in red
blood cell predisposition to storage or stress haemolysis

We evaluated the impact of sex hormone intake
on haemolysis in stored (39-42 days) leucocyte-
reduced RBCs in the entire female cohort and in
subsets of pre- and postmenopausal donors. Hormone
intake was associated with lower spontaneous
storage haemolysis in the entire female population
(0.32£0.16% vs 0.35+£0.29%, hormone intake vs
controls; p<0.0001), and in each menstrual status
subgroup (Figure 2A). Hormone intake was also
associated with reduced osmotic haemolysis in the
entire female cohort (24.9+11.8% vs 26.0£12.3%,
hormone intake vs controls; p=0.007) (Figure 2B).
However, this effect was ascribed to postmenopausal
women (23.1+10.2% vs 26.8+£12.0%, hormone intake
vs controls; p<0.0001), whereas no significant
changes were observed in premenopausal women

Table I - Distribution of sex hormone intake stratified by self-reported menstrual status and race/ethnicity in 6,636 female
donors from the National Heart, Lung and Blood Institute's RBC-Omics study.

Hormone African Asian White High- Hispanic Other
intake American intensity

All female donors N 733 586 2,777 581 504 245
Y 127 148 687 56 105 87

%Y 15 20 20 9 17 26
Premenopause N 483 481 1,298 97 426 177
Y 117 141 545 22 100 79

%Y 20 23 30 18 19 31

Postmenopause N 237 101 1,441 473 74 67
Y 9 7 132 32 4 6

%Y 4 6 8 6 5 8

Y: yes; N: no.
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Figure 2 - Effect of female sex hormone intake on red blood cell predisposition to storage or stress-induced haemolysis.
Leucocyte-reduced red blood cell concentrates from 6,549 pre- and postmenopausal female donors enrolled in the RBC-Omics study
were stored for 39-42 days (at 1-6 °C) and then evaluated for spontaneous storage, osmotic or oxidative haemolysis. Each panel
compares the levels of haemolysis between women who responded yes (Y) or no (N) to hormone supplements (Hormone Sup).
Comparisons were made between all female donors or by menstrual status. (A) Percent storage haemolysis. (B) Percent
osmotic haemolysis. (C) Percent AAPH-induced oxidative haemolysis. Box plots demonstrate the median and interquartile
range (IQR) of the three haemolysis measurements in all female, premenopausal and postmenopausal donors, separated by
hormone supplement use. *p<0.05, **p<0.01, ***p<0.001 by the Student's ¢-test.

AAPH: 2,2'-azobis-2-methyl-propanimidamide, dihydrochloride.

(25.4£12.4% vs 25.4%+12.2%, hormone intake vs
controls; p=0.99). Conversely, hormone intake
was associated with enhanced susceptibility to
AAPH-induced oxidative haemolysis (37.9+£9.3% vs
35.849.9%, hormone intake vs controls; p<0.0001)
(Figure 2C) in the entire female cohort and in
premenopausal women (38.7+£9.2% vs 37.3+£10.0%,
hormone intake vs controls; p=0.0003), but not
postmenopausal females (33.1£8.5% vs 33.9+9.6%,
hormone intake vs controls; p=0.338).
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Exogenous progesterone, but not oestradiol, decreases
calcium influx into human red blood cells

We examined the interactions between female sex
hormones and calcium influx into RBCs by incubating
Fluo-3AM-labelled RBCs (37 °C, 60 min, mild
agitation) in the presence or absence of progesterone or
17B-oestradiol at concentrations from 0.01 to 20 umol/L
(Figure 3). Under the tested conditions, about a 5-fold
increase in Fluo-3AM fluorescence was observed at
60 min in DMSO-treated RBCs (vehicle control). Low
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Figure 3 - Effect of female sex hormones on red blood cell calcium influx.

Human red blood cells (RBC) from healthy volunteers (n=3) were labelled with a fluorescent calcium probe (Fluo-3AM)
and treated with selected concentrations of progesterone, 17B-oestradiol or norgestimate (a progesterone contraceptive
analogue) or dimethyl sulfoxide (DMSO 0.1%, vehicle control). Kinetic curves represent the rates of RBC calcium influx
during incubation for 60 min (37 °C, mild agitation). (A) Calcium influx in the presence of progesterone. Asterisks represent
significant differences (p<0.0001) between results for DMSO and 10 pumol/L (*) or 20 umol/L (**) progesterone. (B).
Calcium influx in the presence of 17B-oestradiol. (C) Comparison of RBC calcium influx kinetics between cells treated
with progesterone or norgestimate (each at 10 pmol/L). Asterisks represent significant differences between DMSO and
progesterone (*p=0.033) or norgestimate (**p=0.003). AU: arbitrary units.

dose progesterone treatments (10 or 100 nmol/L) did
not have significantly different effects than the control
treatment, whereas significant (p<0.0001) inhibition of
Fluo-3AM fluorescence was observed with higher doses
of progesterone (10 or 20 pmol/L) (Figure 3A). Conversely,
treating RBCs with 17B-oestradiol at all selected doses had
no impact on Fluo-3AM fluorescence, beyond that of the
DMSO control (Figure 3B).

Dimethyl sulfoxide has toxic effects on RBCs and
may induce mild haemolysis even at a low concentration
0f 0.6%?%. To rule out the possibility that the increase in
RBC calcium influx was caused by DMSO cytotoxicity,
validation experiments were performed in the absence
of DMSO by using water-soluble progesterone (Sigma-
Aldrich, product number P7556). As shown in Online
Supplementary Content, Figure S2A4, control samples
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treated with double-distilled water (0.1%, progesterone
solvent) exhibited an increase in Fluo-3AM fluorescence
during incubation (37 °C, 60 min, mild agitation) that
was equivalent to that of DMSO-treated RBCs (Online
Supplementary Content, Figure S2B), whereas the
inhibitory action of progesterone against calcium influx
was reproduced in the water-soluble formula.

To further validate our observations, we examined
the ability of norgestimate (10 pmol/L), a progesterone
analogue used in contraceptive drugs, to inhibit calcium
influx into RBCs. Similar to progesterone (10 pmol/L),
norgestimate treatment significantly (p=0.003) prevented
the increase in RBC Fluo-3AM fluorescence observed
with the DMSO control (Figure 3C). These observations
suggest that progesterone and its analogues are capable
of inhibiting calcium influx into RBCs.
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Progesterone may protect against spontaneous
haemolysis

We evaluated the interactions between female sex
hormones and RBC predisposition to haemolysis by
storing RBC aliquots (at 1-6 °C, for 30 days) in the
presence of progesterone, 17p-oestradiol or DMSO
(vehicle control). We chose the concentration of
10 pmol/L for both hormones, as this dose of
progesterone was associated with reduced calcium
influx into Fluo-3AM-labelled RBCs (Figure 3A),
and because our previous study had demonstrated that
nanomolar concentrations of sex hormones had little
impact on RBC storage stability including spontaneous
haemolysis'’. As expected, storage for 30 days was
associated with significant increases in spontaneous
haemolysis in all tested groups (Figure 4), however, the
haemolysis in progesterone-treated RBCs (0.95+0.18%)
was significantly (p<<0.0001) lower than that observed
in RBC treated with DMSO alone (1.85+0.35 %) or in
17B-oestradiol-treated RBCs (1.75+£0.34%).

TRPC6 drugs modulate calcium influx and haemolysis
in human red blood cells.

To test the hypothesis that progesterone inhibits
calcium influx into RBCs via interactions with
membrane TRPC6 channels, we first examined the
responsiveness of human RBCs to selected TRPC channel
drugs including Hyp9 (a selective TRPC6 activator)
and SKF-96563 (a selective TRPC3/6/7 inhibitor).

Fluo-3AM-labelled RBCs were incubated (for 12 min)
in the presence of SKF-96563 (25 umol/L) or DMSO
(0.2%, vehicle control) prior to stimulation with Hyp9
(25 pmol/L). As illustrated in Figure 5, Hyp9 induced
a rapid increase in Fluo-3AM-fluorescence in DMSO-
treated RBCs. Conversely, no changes in Fluo-3AM
fluorescence were observed in SKF-96563-treated RBCs
exposed to Hyp9.

Progesterone inhibits Hyp9-induced calcium influx
and haemolysis in human red blood cells

We evaluated the potency of progesterone to
inhibit Hyp9-induced calcium influx into RBCs
by comparing its action to that of SKF-96365 and
Pyr3 (a TRPC3 inhibitor). We monitored RBC
Fluo-3AM fluorescence after 10 min (Figure 6A)
or 90 min (Figure 6B) of incubation (37 °C, mild
agitation). Hyp9 induced a significant (p<0.0001)
increase in Fluo-3AM fluorescence compared with
all other treatments. Progesterone demonstrated
strong inhibition against Hyp9-induced Fluo-
3AM fluorescence at 10 and 90 min, which was
comparable to that of SKF-96365. Conversely,
Pyr3 was less effective in inhibiting Hyp9-induced
Fluo-3AM fluorescence at 10 min (Figure 6A), and
this inhibitory effect was diminished after 90 min
(Figure 6B).

We further verified whether Hyp9 interactions
with sex hormones are unique to progesterone
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Figure 4 - Red blood cell storage in the presence of female
sex hormones.
Human red blood cells (RBCs) from healthy volunteers
(n=7) were treated with dimethyl sulfoxide (DMSO
0.1%, vehicle control), progesterone (10 pmol/L) or
17B-oestradiol (10 pmol/L) and stored at 1-6 °C for
30 days as described in the "Material and methods"
section. Percent storage haemolysis was determined
on days 1 and 30. ****p<(0.0001 by one-way analysis
of variance at day 30.
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Figure 5 - Effect of TRPCG6 drugs on red blood cell calcium
influx.
Human red blood cells (RBCs) from healthy volunteers
(n=3) were labelled with a fluorescent calcium probe
(Fluo-3AM) and treated with SKF-96365 (a multiple
transient receptor potential cation [TRPC] channel
inhibitor that blocks TRPC3/6/7; 25 umol/L) or dimethyl
sulfoxide (DMSO 0.2%, vehicle control). After 12 min
incubation (37 °C, mild agitation), Hyp9 (a selective
TRPC6 activator; 25 pmol/L) was injected and samples
were incubated (same conditions) for an additional 60
min. Kinetic curves represent the rates of RBC calcium
influx during the incubation period. AU: arbitrary units.
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Figure 6 - Effect of TRPC3/6 inhibitors or progesterone on Hyp9-induced red blood cell calcium influx.

(A,B) Red blood cells (RBCs) from five healthy volunteers were labelled with a fluorescent calcium probe (Fluo-3AM) and
treated with SKF-96365 (a multiple transient receptor potential cation [TRPC] channel inhibitor that blocks TRPC3/6/7),
Pyr3 (a selective TRPC3 inhibitor), progesterone or dimethyl sulfoxide (DMSO 0.2%, vehicle control) in the presence or
absence of Hyp9 (a selective TRPC6 activator); all drugs at 25 pmol/L. Fluo-3AM fluorescence was recorded at 10 min (A)
and 90 min (B) of incubation (37 °C, mild agitation). Box and whisker plots (median + range). ****p<0.0001 DMSO-+Hyp9
compared with all other treatments. **p<0.0001 Pyr3+Hyp9 compared with all other treatments except DMSO-+Hyp9
(p=0.99); p values obtained by one-way analysis of variance and Tukey's correction for multiple comparisons. (C) RBCs
from a healthy volunteer were labelled with Fluo-3AM and treated with progesterone, 17B-oestradiol, testosterone (all at 20
pmol/L) or DMSO (0.1%, vehicle control). After 15 min incubation (37 °C, mild agitation), Hyp9 was injected and samples
were incubated (same conditions) for an additional 75 min. Kinetic curves represent the rates of RBC calcium influx during
the incubation period. Error bars represent the standard error of the mean (n=12 replicates). AU: arbitrary units.

by evaluating the potency of 17B-oestradiol or
testosterone to inhibit Hyp9-induced calcium influx
into RBCs (Figure 6C). Compared to progesterone,
17B-oestradiol or testosterone (all hormones used
at a concentration of 20 umol/L) did not inhibit the
spike in RBC Fluo-3AM fluorescence triggered by
hyp9 (25 umol/L), which was similar to that induced
by the vehicle control (DMSO 0.1%).

To evaluate associations with haemolysis, human
RBCswereincubated (for 2.5h,at37 °C)inthe presence
of progesterone alone (10 or 20 umol/L) or with Hyp9
(25 pumol/L) (Online Supplementary Content,
Figure S3). Hyp9-induced haemolysis at the end of
incubation (2.63+0.19%) was significantly (p<0.05)
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reduced by co-treatment with progesterone in a dose-
dependent manner (1.45+0.13% and 1.01£0.09%, at
10 and 20 umol/L, respectively).

Discussion

Consumption of medications or health supplements
by blood donors may modulate the quality of blood
components and may compromise or enhance transfusion
efficacy?’. For example, we recently demonstrated
that consumption of iron supplements by blood
donors was associated with enhanced resistance of
the stored packed RBC components to oxidative and
osmotic haemolysis®. The present study has identified
demographic differences in sex hormone consumption
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and quantified the associations between female sex
hormone intake and RBC predisposition to haemolysis
in a large cohort of female donors from NHLBI's RBC-
Omics study. We further demonstrated the uniqueness
of progesterone as a modulator of RBC calcium influx
and haemolysis in vitro and proposed a mechanism that
involves interactions with membrane TRPC6 channels.

We observed age- and race/ethnicity-related
differences in the prevalence of female sex hormone
consumption among RBC-Omics female donors.
Younger age, premenopausal status, and white race/
ethnicity were associated with higher rates of sex
hormone consumption, whereas lower rates of sex
hormone intake were associated with postmenopausal
status, frequent blood donations, and African
American race/ethnicity. These differences may
reflect physiological (age), cultural, and socio-
economic differences among the donors. The lowest
consumption of sex hormones in all female donors
(9%) was observed in high-intensity donors. This
can be explained by the demographics of this cohort,
which consisted primarily of older (59+11.2 years)
postmenopausal white women?.

Sex hormone consumption was associated with lower
spontaneous storage haemolysis in all female donors
(pre- and postmenopausal). Although those differences
were statistically significant (p<0.0001), it may be
argued that the overall change in the concentration
of free haemoglobin was minor and of little clinical
significance. Sex hormone consumption was also
associated with stress haemolysis, but this differed by
menstrual status. Sex hormone-mediated changes in
predisposition to osmotic haemolysis were only observed
in postmenopausal women, whose RBCs exhibited
enhanced resistance to osmotic stress. On the other hand,
sex hormone intake enhanced RBC predisposition to
AAPH-induced oxidative haemolysis in premenopausal,
but not postmenopausal women. These differences
may stem from age-specific differences in erythrocyte
rheological properties and antioxidant capacity or from
age-related differences in physiological responses to
hormone therapy. In support of the latter notion, we
recently demonstrated in the entire RBC-Omics cohort
that there were remarkable age-related differences
in RBC predisposition to oxidative haemolysis; i.e.
older age was significantly associated with enhanced
resistance to this stressor®. Subsequent metabolomic
analysis of a subset of RBC-Omics donors suggested
enhanced glutathione antioxidant capacity in RBCs
from older donors*®. There are also differences in the
types of sex hormone therapy in that oral contraceptives
are used by premenopausal women, whereas hormone
replacement therapy is used in postmenopausal women.
Oral contraceptives all have progesterone (with or

without oestrogen) whereas hormone replacement
therapy contains oestrogen alone or oestrogen plus
progesterone.

Our investigations of the mechanisms by which
female sex hormones may confer protection against
haemolysis revealed the potency of progesterone or
its analogue (norgestimate) to inhibit calcium influx
into RBCs. Stress or senescence-mediated changes
in RBC calcium steady state have been associated
with eryptosis, characterised by increased influx of
calcium, which may compromise membrane properties
via phosphatidylserine exposure in the outer leaflet
leading to enhanced recognition and elimination by
macrophages®!. Our findings support previous studies
that demonstrated non-genomic interactions between
progesterone and mammalian cells, which lead to
inhibition of calcium influx via TRPC channels. It should
be noted that in vitro, the concentrations of progesterone
required to elicit calcium inhibition or protection against
haemolysis are supraphysiological (micromolar) and
may not accurately reflect physiological mechanisms.
Female sex hormone therapies produce nanomolar
levels of progesterone in the patients' circulation,
and our data suggest that in vivo, such concentrations
may be sufficient to modulate RBC predisposition to
haemolysis.

The hypothesis that progesterone interacts with
RBCs via TRPC channels is supported by the potency of
progesterone to inhibit Hyp9-induced calcium influx and
haemolysis. Although previous studies have proposed
that progesterone's interactions with TRPC channels are
non-selective (i.e. similar inhibitory levels of TRPC4,
TRPC5 or TRPC6 channels)?*?!, our data indicate that
in the case of human RBCs, such interactions probably
involve TRPC6 channels. This conclusion is based on
the observations that: (i) Hyp9 has demonstrated higher
selectively for TRPC6 channels over TRPC3 or TRPC7
channels®?; (ii) SKF-96365 has demonstrated stronger
inhibition of Hyp9-induced calcium influx into RBC
as compared with a selective TRPC3 inhibitor, Pyr3;
and (iii) progesterone demonstrated a similar inhibitory
effect to that of SKF-96365 on Hyp9-induced RBC
calcium influx. TRPC6 activation has previously been
implicated as a mediator of RBC eryptosis'®, which
was supported by our observations of Hyp9-induced
haemolysis that could be inhibited by progesterone
(Online Supplementary Content, Figure S3) or SKF-
96365, but not Pyr3 (Online Supplementary Content,
Figure §4).

This study has several limitations. First, the
analyses were based on donor self-reported sex
hormone intake and menstrual status and there was no
information in the RBC-Omics questionnaire about
the type of administration or the composition of the
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drugs/contraceptives used for sex hormone therapies.
Furthermore, supraphysiological levels of progesterone
were required to observe the action of this hormone on
RBC calcium influx and haemolysis in vitro and the
effects on haemolysis observed in vivo may be mediated
via alternative mechanisms that indirectly affect RBC
function or rheological properties.

Conclusions

Our study revealed that sex hormone intake by blood
donors is capable of modulating RBC predisposition
to haemolysis and lead us to propose new mechanistic
pathways by which progesterone regulates calcium influx
and haemolysis in human RBCs. The implications of
our findings can be further validated by characterising
RBC TRPC channel biology and its contribution to the
regulation of calcium influx and haemolysis under stress
conditions including cold storage, by performing studies
of haemolysis and assessment of RBC calcium content
in blood donors in whom the progesterone and oestrogen
content of the sex hormone therapy is well-defined, and by
conducting analyses of linked donor-recipient databases
to compare outcomes following RBC transfusions from
blood donors who received sex hormone therapy or
took contraceptives relative to the outcomes following
transfusions from matched control donors.
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