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Abstract

INTRODUCTION—Red blood cell (RBC) hemolysis represents an intrinsic mechanism for 

human vascular disease. Intravascular hemolysis releases hemoglobin and other metabolites that 

inhibit nitric oxide signaling and drive oxidative and inflammatory stress. While these pathways 

are important in disease pathogenesis, genetic and population modifiers of hemolysis including sex 

have not been established.

MATERIALS AND METHODS—We studied sex differences in storage or stress-induced 

hemolysis in RBC units from the US and Canada, in 22 inbred mouse strains, and in sickle cell 

disease using measures of hemolysis in 315 homozygous SS sickle cell patients from the Walk-
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PHASST cohort. We used a mouse model to evaluate post-transfusion recovery of stored RBCs, 

and gonadectomy to determine mechanisms related to sex hormones.

RESULTS—An analysis of predisposition to hemolysis based on sex revealed that male RBCs 

consistently exhibit increased susceptibility to hemolysis than females in response to routine cold 

storage, under osmotic or oxidative stress, after transfusion in mice, and in sickle cell disease. The 

sex difference is intrinsic to the erythrocyte and not mediated by plasmatic factors or female sex 

hormones. Importantly, orchiectomy in mice improves RBC storage stability and post-transfusion 

recovery, whereas testosterone repletion therapy exacerbates hemolytic response to osmotic or 

oxidative stress.

DISCUSSION—Our findings suggest that testosterone increases susceptibility to hemolysis 

across human diseases, suggesting that male sex may modulate clinical outcomes in blood storage 

and sickle cell disease, and establishing a role for donor genetic variables in the viability of stored 

erythrocytes and in human hemolytic diseases.

INTRODUCTION

Contemporary blood banking and transfusion practices have successfully minimized the 

risks associated with transfused red blood cell (RBC) products. Despite the advancement in 

cell preservation technologies, cold storage may compromise RBC viability and may 

promote post-transfusion injury via multiple mechanisms including hemolysis. The risks 

associated with hemolysis largely stem from the redox-active nature of cell-free hemoglobin 

that may induce hypertension, inflammation, endothelial dysfunction, and organ failure via 

interference with nitric oxide (NO) signaling1–3, and heme-mediated oxidative4 and 

inflammatory stress.5 These scenarios not only apply to RBC transfusion, but also to the 

pathophysiology of RBC disorders, such as sickle cell disease (SCD)6 and thalassemia.7

Pre-clinical and human physiological studies suggest that transfusion of RBCs stored at the 

limits of FDA-approved storage time produce endothelial dysfunction, inflammation, and 

systemic and pulmonary vasoconstriction.1,8,9 Conversely, recent randomized clinical 

studies found no significant association between RBC storage duration time and increased 

risk of end-organ injury.10,11 However, both trials evaluated fresh blood versus standard of 

care, which in these studies averaged from 22 to 28 storage days, with limited power to 

evaluate the risk of blood transfusion beyond 5 weeks of storage. It is also increasingly 

appreciated that not all donor units are equal, and significant blood donor-manufacturing 

differences, and donor-specific variability exists in the rate of storage-hemolysis and post-

transfusion RBC recovery.12 We hypothesized that predisposition to hemolysis in blood 

donors has a genetic base, and that biological variables including sex or race may 

significantly determine the quality and recovery of transfused RBCs.13

Sex represents a biological variable that can modulate the pathophysiology and severity of 

human disease including cardiovascular disease, renal failure, and RBC disorders. Male sex 

has been associated with enhanced susceptibility to cardiac14,15 and renal16 ischemia-

reperfusion injury or, in the case of SCD, with higher risk of early death.17 Similarly, recent 

reports have indicated that stored RBCs from male donors hemolyze more than females at 

the end of storage or in response to applied mechanical stress.12,18 Sex differences in 
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predisposition to hemolysis have been largely ascribed to premenopausal women, where 

factors such as menstruation, lower hematocrit and iron levels, and the protective action of 

female sex hormones (primarily estradiol and progesterone) may modulate rheological 

properties to enhance membrane deformability.18–21

The purpose of this study was to further characterize the effect of sex on predisposition to 

hemolysis using a range of stress perturbations that may predict storage stability and RBC 

post-transfusion recovery. We demonstrate that male sex correlates with increased 

susceptibility to hemolysis during routine blood banking storage, and in sickle cell disease. 

Our mechanistic studies in mice replicate findings in humans and confirm that this 

phenomenon predicts lower post-transfusion recovery in hemolysis-susceptible mouse 

strains and in males across strains. We further demonstrate that orchiectomy in mice, rather 

than ovariectomy, modulates predisposition to hemolysis in mice, and is dependent on in 
vivo exposure to testosterone. These findings implicate male sex, and specifically 

testosterone, as a risk factor for hemolysis in blood banking and hemolytic disease.

MATERIALS AND METHODS

Determination of storage hemolysis

Canadian Blood Services cohort—Whole blood from healthy eligible female and male 

donors was collected according to Canadian Blood Services (CBS) standard operating 

procedures. Leukocyte-reduced RBCs were suspended in approximately 110 mL saline 

adenine glucose mannitol (SAGM) additive solution for storage at 1–6° C for 42 days. 

Testing for percent storage hemolysis was performed at product expiry (day 43). Total 

hemoglobin (Hb) and hematocrit (HCT) were measured using an Advia 120 Hematology 

System (Siemens AG, Erlangen, Germany). Supernatant Hb was measured photometrically 

at 570 nm and 880 nm (Plasma/Low Hb Photometer, HemoCue, Ängelholm, Sweden) 

against tri-level hemoglobin controls (R&D Plasma Hemoglobin Hematology Controls, 

R&D Systems, Minneapolis, MN). Percent hemolysis was then calculated as described 

previously.22

United States ITxM Blood Bank cohort—Non leukocyte-reduced RBC units (n=77 

females and 70 males) were stored (1–6° C) for 47±5 days in additive solution formula 3 

(AS-3). Percent storage hemolysis was determined by comparing the supernatant Hb to total 

Hb concentrations and correcting for the hematocrit level of each sample. RBC unit 

hematocrit was measured by collecting blood samples into capillary tubes (Clay Adams, 

BD, NJ), which were centrifuged in a micro-hematocrit centrifuge (LW Scientific, 

Lawrenceville, GA), and analyzed on a digital hematocrit reader (Iris, Westwood, MA). Hb 

micromolar concentrations were determined using the Drabkin’s method.23

RBC hemolytic assays

We evaluated predisposition to hemolysis by subjecting washed RBCs from human or mouse 

to selected stress assays including osmotic fragility, mechanical fragility, and oxidative 

hemolysis using 2,2′-azobis-2-methyl-propanimidamide, dihydrochloride (AAPH) or 

diamide, as described before24 and detailed in the Supplemental Methods.
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Experimental mice

All experimental procedures were approved by the Institutional Animal Care and Use 

Committee (IACUC) at the University of Pittsburgh or at Bloodworks NW. For the 

hemolytic propensity survey, age-matched (12–16 week old) female and male mice (n=3–5) 

from selected 22 strains (Supplementary table S1) were obtained from The Jackson 

Laboratory (Bar Harbor, ME, USA). RBCs isolated from sacrificed animals were subjected 

to hemolytic assays as detailed in the Supplemental Methods.

For the gonadectomy studies, 4-week old FVB/NJ pups underwent orchiectomy or 

ovariectomy and housed with age-matched intact males or females for 14–16 weeks, after 

which all animals were sacrificed, and washed RBCs were subjected to hemolytic assays as 

described in the Supplemental Methods. Testosterone repletion was performed by 

subcutaneous insertion of osmotic pumps (Alzet 2004, Alzet Cupertino, CA) into 

orchiectomy FVB/NJ mice. One orchiectomy group was treated with pumps containing 

testosterone at 1 mg/Kg body weight/day (Orch+T). The second group was treated with 

propylene glycol (Orch Sham; vehicle control). Intact males served as reference controls 

were also treated with propylene glycol. All mice were housed for 32 days, after which 

blood was collected for complete blood count, and hemolytic assays as described in the 

Supplemental Methods.

Post-transfusion recovery of stored mouse RBCs

We tested the effect of sex or orchiectomy on post-transfusion recovery of leukocyte-

reduced stored RBCs using tractable transfusion mouse models.25,26 Sex differences in post-

transfusion RBC recovery were assessed in two strains (C57BL/6 and FVB/NJ) as described 

before25 and in the Supplemental Methods for Figure 4. The effect of orchiectomy on RBC 

post-transfusion recovery was assessed by storage of RBCs from orchiectomy or intact 

FVB/NJ males and transfusion into males of the same strain, as described under the 

Supplemental Methods for figure 5G–H.

Evaluation of hemolytic component in SCD patients

We studied sex differences in hemolytic component using the University of Pittsburgh’s 

Walk-PHASST cohort database (Clinical trial identifier # NCT00492531), which included 

154 male and 161 female consented patients (hemoglobin SS, age 12 and over). We 

calculated a hemolytic component derived from each patient’s lactate dehydrogenase (LDH), 

aspartate aminotransferase, reticulocyte percentage, and total bilirubin values that have been 

validated as a measure of the steady state rate of intravascular hemolysis.6,27 The study 

protocol was approved by the University of Pittsburgh’s Institutional Review Boards and 

ethic committees.

Statistical analyses

Sex differences in hemolysis were analyzed by unpaired t tests, whereas one-way or two-

way ANOVA and Holm-Sidak’s multiple comparison tests were used to examine the 

differences among multiple groups. Probabilities less than 0.05 were considered significant. 

Statistical analyses were performed using commercial software (GraphPad Prism version 6, 

GraphPad Software. CA, USA).
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RESULTS

Sex differences in storage hemolysis are intrinsic to the RBC

Prior studies have suggested that plasma factors could account for sex differences in 

mechanical hemolysis of stored RBCs.18,19 To evaluate this, we tested AS-3 RBC units 

(ITxM, Pittsburgh) for storage and stress-induced hemolysis (Figure 1). In support of our 

hypothesis, we found that male RBCs exhibited significantly higher levels of end-of-storage 

(47±5 days) hemolysis compared with females (Figure 1A; 0.96±0.68 % vs. 0.75±0.52 %, 

respectively, p=0.035). Furthermore, washed RBCs from male donors hemolyzed more than 

female RBCs in response to osmotic stress (42.8±12.9 % vs. 32.5±11.1 %, respectively, 

p<0.0001, Figure 1B) or mechanical stress (MFI= 11.1±2.2 vs. 10.1±2.1, respectively, 

p=0.042, Figure 1C). These data using washed RBCs (additive solution and plasma free) 

suggested a sex effect that is intrinsic to the RBC, and may relate to inherited differences in 

membrane integrity.

Sex differences in storage hemolysis are greatest during donor’s reproductive years

We confirmed our findings by testing for sex differences in hemolysis using 42-day stored 

SAGM units (n=28,543) from Canada. A density distribution of storage hemolysis by sex 

(Figure 2A) revealed a right shift in the males’ histogram, which reflects the overall 

increased levels of hemolysis in male RBC units. To test the hypothesis that sex hormones 

mediate sex differences in predisposition to hemolysis, we stratified the storage hemolysis 

data by age and sex (Figure 2B). Both parameters had a significant effect on storage 

hemolysis demonstrated by increased levels of hemolysis in RBCs from older male or 

female donors, whereas male RBCs hemolyzed more than female RBCs (P<0.0001) at all 

tested age groups. The largest differences in storage hemolysis were observed between the 

ages of 30 to 59. Furthermore, we observed sex differences in the effect of donor’s age on 

storage hemolysis. RBCs from male donors over 30 years old exhibited significantly 

(p<0.0001) higher levels of hemolysis as compared with younger male donors ages 20–24, 

whereas significant differences between younger and older female donors were observed at 

the age of 45 or older.

Male sex determines increased susceptibility to hemolysis in mice

We further examined the effect of sex on predisposition to hemolysis using a systematic 

survey of 22 mouse strains that represents a wide genetic diversity (Supplementary table 

S1). Under the tested conditions, predisposition to hemolysis was associated with strain and 

sex (Figure 3 top panels), where male RBCs from the majority of the tested strains exhibited 

higher susceptibility to hemolysis in response to osmotic stress (17/22 strains, Figure 3A), 

and AAPH-induced oxidative stress (19/22 strains, Figure 3B). Furthermore, certain strains 

including FVB/NJ have demonstrated remarkable sex differences in hemolytic response to 

both stress conditions. Based on these observations, we have chosen the FVB/NJ strain for 

our subsequent studies.
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Increased stress hemolysis predicts poor post-transfusion RBC recovery in male and 
female mouse strains

Following our observations of increased susceptibility of male RBCs to hemolysis in vitro, 

we investigated the effect of sex on post-transfusion recovery of stored RBCs in two mouse 

strains, C57BL/6J and FVB/NJ that represent low (C57BL/6J) or high (FVB/NJ) 

susceptibility to hemolysis.28 Transfused RBCs from male mice of both strains exhibited 

poor post-transfusion recovery compared with female RBCs (Figure 4). In C57BL/6J 

(Figure 4D), female RBCs had 80 % 24h in vivo recovery versus 55% recovery of transfused 

male RBCs. FVB/NJ RBCs had generally lower levels of post-transfusion recovery 

compared with C57BL/6J, however, the sex effect was similar to that of C57BL/6J, with 

male RBCs exhibiting faster clearance from the circulation (Figure 4E).

Sustained in vivo physiological testosterone exposure accounts for increased stress 
hemolysis

In order to elucidate the effect of sex hormones on hemolytic propensity, human RBCs were 

stored in the presence of testosterone, progesterone, 17β-estradiol or dimethyl sulfoxide 

(DMSO, 0.1 %, vehicle control) at 20 nmol/L or 100 nmol/L. The lower concentration is 

within the physiological range of plasma testosterone in men, and progesterone in women. 

After 42-days of storage in SAGM, we observed no significant differences among the tested 

groups with regards to storage hemolysis, RBC microparticle formation, RBC 

phosphatidylserine exposure, and RBC elongation index (Supplementary figure S5.1). These 

data suggested that sex hormone exposure in vitro had little effect on RBC storage recovery.

As mature erythrocytes lack DNA, and are therefore indifferent to genomic actions of sex 

hormones, we tested the effect of gonadectomy on predisposition to hemolysis using 

FVB/NJ mice. RBCs from male, female, orchiectomized males (Orch-males), and 

ovariectomized females (OVX-females) were subjected to osmotic stress or oxidative 

hemolysis using AAPH or diamide. We initially investigated the effect of gonadectomy on 

RBC indices (Supplementary figure S5.2) and found no significant differences between 

females and ovariectomized females in terms of RBC count, hematocrit and hemoglobin 

levels, mean corpuscular volume (MCV), and red cell distribution width (RDW). 

Conversely, orchiectomy RBC indices including hemoglobin and hematocrit levels, were 

significantly (p<0.05) lower than that of males, and were comparable to that of 

ovariectomized and intact females.

With regards to hemolysis, ovariectomy had no significant effect on osmotic hemolysis 

(Figure 5A) or AAPH-induced oxidative hemolysis (Figure 5B) as compared with intact 

females. Conversely, we found significant differences between the male groups, where 

orchiectomy was associated with increased resistance to osmotic hemolysis (51.6±18.9% 

versus 67.4±20.5%, p=0.0345), and AAPH-induced oxidative hemolysis (61.1±23.5% 

versus 81.7±6.2%, p=0.0339, orchiectomy versus males, respectively). Consistent with a 

mechanism mediated by endogenous testosterone, the hemolysis levels found in 

orchiectomy males were similar to that of intact females or ovariectomy females (Figure 5A

+B). Additionally, we found that orchiectomy modulates hemolytic response to diamide 

(Figure 5C), an oxidizing agent shown to compromise membrane integrity via activation of 
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spleen tyrosine kinase (Syk) leading to membrane protein Band 3 phosphorylation and 

aggregation, microparticle formation, and hemolysis.29 Incubation of FVB/NJ RBCs with 

diamide revealed significant sex differences in hemolysis (70.9±4.3 % in males versus 

44.3±18.1 % in females, p=0.0011). More importantly, RBCs from orchiectomy males 

exhibited significantly lower levels of diamide-induced hemolysis (55.1±12.8 %, p=0.0116) 

compared with intact males. There were no significant differences (p=0.1004) in diamide-

induced hemolysis between orchiectomy males and females.

To further verify the requirement for testosterone on predisposition to hemolysis, 

orchiectomized FVB/NJ mice underwent testosterone repletion treatment (Orch+T; 1 mg/Kg 

bodyweight/day) or sham treatment (Orch Sham; propylene glycol) for 32 days. Intact males 

treated with propylene glycol were used as reference control. As predicted, testosterone 

repletion therapy significantly increased the levels of RBC count (p=0.0179), hemoglobin 

(p=0.0449), and hematocrit (p=0.0042) in Orch+T mice compared with Orch Sham 

(Supplementary figure S5.3). Remarkably, testosterone repletion increased RBC 

susceptibility to osmotic hemolysis (Figure 5D, 32.9±3.6 % in Orch+T versus 27.6±3.2 % in 

Orch Sham; p=0.0132), and AAPH-induced oxidative hemolysis (Figure 5E–F, 38.3±9.6 % 

in Orch+T versus 20.3±15.9 % in Orch Sham; p=0.034). In both assays (Figure 5D–F), Orch

+T RBCs exhibited similar levels of hemolysis to that of male controls.

We have further confirmed our findings by assessing the post-transfusion recovery of stored 

RBCs from orchiectomy or intact FVB/NJ males. Leukocyte-reduced RBCs pooled from 

17–20 mice of each group were stored (1–6 °C) in CPDA-1 for one or six days, and later 

transfused into recipient hosts (FVB/NJ males; n=7). After one day of storage, male RBCs 

exhibited enhanced levels of degradation compared with orchiectomy RBCs manifested by 

increased levels of storage and osmotic hemolysis, and enhanced (p<0.0001) 24 h clearance 

from the circulation (Figure 5G and Supplemental Table S2). After six days of storage, the 2 

h and 24 h post-transfusion recoveries of male RBCs were significantly (p<0.0001) lower 

than that of orchiectomy RBCs, and measured 39.0±6.8 % versus 75.3±8.9 % at 24 h 

(Figure 5H and Supplemental Table S2).

Sex differences in predisposition to hemolysis are observed in patients with sickle cell 
disease

Male sex has been associated with increased risk of early death in SCD.17 We hypothesized 

that male patients would demonstrate increased susceptibility to hemolysis. To test this 

hypothesis, we studied sex differences in the hemolytic component of 315 homozygous 

hemoglobin SS patients from the Walk-PHASST cohort6 (Table 1). Similar to our 

observations in banked RBCs and mice, the hemolytic score of male patients was 

significantly higher than that of female patients (0.21 in men versus −0.11 in women; 

p=0.001). To further support findings, RBCs from male or female sickle-cell trait (SCT) 

mice (Berkley, hemizygous) expressing normal and sickle human hemoglobin (HbA/S) were 

subjected to selected hemolytic assays (Figure 6). Sickle cell disease is associated with 

abnormal resistance of sickle erythrocytes to osmotic hemolysis.30 Despite the relatively low 

levels of osmotic hemolysis observed in male and female SCT RBCs (Figure 6A), hemolysis 

levels in males were significantly (p=0.02) higher than that of females. Male SCT RBCs also 
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exhibited increased levels of hemolysis in response to oxidative stress induced by AAPH 

(Figure 6B) and diamide (Figure 6C+D).

DISCUSSION

We have found in two unrelated cohorts of RBC donors from Canada and the US that sex is 

a significant modulator of RBCs hemolysis. Judged by end of storage percent hemolysis 

(Figures 1A and 2), male RBCs demonstrate worse recovery outcomes compared with 

female RBCs. This observation was consistent in both cohorts despite the fundamental 

differences in manufacturing procedures or the type of additive solution used for RBC 

storage. Furthermore, we found that sex differences in storage hemolysis appear to be 

greatest during donors’ reproductive years (Figure 2B), which indicated the possible 

involvement of sex hormones in modulating hemolytic propensity. Above all, elimination of 

plasma or additive solution did not alter our observation of increased susceptibility to stress 

hemolysis in male donors (Figures 1(B+C) and 3).

In addition to donor’s sex, our data portrayed in Figure 2B suggest that age is a confounding 

factor that is associated with increased levels of storage hemolysis in older male and female 

donors. This observation seen in both sexes may not be related to the effect of sex hormones, 

and may explain the higher rates of storage hemolysis found in older male donors (≥30 years 

of age) as compared with younger male donors (20–24 years of age) with presumably 

similar or higher levels of endogenous testosterone. The mechanisms by which aging 

modulates RBC susceptibility to cold storage are yet to be characterized, and may be related 

to age differences in erythrocyte characteristics, such as cell density or to the proportion of 

younger versus older RBCs in the donor’s circulation.

Female blood on average hemolyzes 21% less than male blood (absolute reduction of mean 

value). Although it can be argued that the difference in storage hemolysis between male and 

female donors is minor (Figures 1A and 2), and may not be of clinical significance, our 

studies suggest that this observation is associated with impaired post-transfusion RBC 

recovery in two mouse strains at two extremes of hemolytic intensity (Figure 4), and also 

confirm measureable differences in in vivo hemolysis of male and female SCD patients. 

RBCs stored for more than 5 weeks exhibit similar increases in hemolysis and induce 

vasoconstriction in the human forearm circulation and pulmonary vasculature.9 The effect of 

sex of as a risk factor for transfusion reactions is controversial. A recent study has suggested 

that cross-sex transfusions (female blood given to male patients) may increase the risk death 

by a mechanism related to alloimmunization.31 Conversely, a retrospective study suggested 

that donor sex had no significant impact on 1-year survival of patients who required blood 

transfusion following cardiac surgery. Interestingly, this study has noted that female patients 

transfused with male RBCs were at higher risk of death (not significant), as compared with 

male patients receiving females’ blood.32

Our hemolytic propensity survey in mice supports our observations in humans by 

demonstrating increased susceptibility of male RBCs to osmotic and oxidative stress in the 

majority of the tested strains (Figure 3). A few of our tested strains expressed no sex 

differences or reverse susceptibility to our hemolytic assays. This may have resulted from 
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strain-specific characteristics or pathologies that may have masked or reversed the sex 

differences in hemolysis. For example, in the NOD/ShiLtJ strain, we found that female 

RBCs hemolyzed more than males in response to osmotic stress (Figure 3A). This strain is 

commonly used for diabetes studies, where the onset and incidence of this disease is four 

times higher in females than males.33

In support of our in vitro observations, we have demonstrated sex differences in post-

transfusion recovery of stored mouse RBCs from two strains with different genetic 

predispositions to hemolysis (C57BL/6J and FVB/NJ; Figure 4), where stored male RBCs 

from each strain exhibited enhanced clearance from the recipient circulation compared with 

female RBCs. One limitation of this observation is the sex of the recipient mice, which were 

all females. The effect of cross-sex transfusions on RBC recovery in vivo is not clear and 

therefore requires further investigation. Interestingly, the sex differences in hemolysis may 

not be unique to mammals, as a few studies have reported this phenomenon in lower 

vertebrates such as birds, which have nucleated RBCs, and where male RBCs exhibited 

higher susceptibility to osmotic or AAPH-induced oxidative hemolysis.34,35 Taken together, 

our findings suggest a sex effect that is intrinsic to the erythrocyte and is conserved in 

mammalian evolution.

RBC storage with sex hormones added in vitro had little effect on RBC recovery, except for 

increased levels of phosphatidylserine exposure in RBCs treated with testosterone at the 

supra-physiological level of 100 nmol/L (Supplementary Figure S5.1C). This trend, 

however, was not statistically different from the other treatments. To our knowledge, 

progesterone is the only sex hormone whose effect on RBC storage hemolysis had been 

studied36, where progesterone-treated RBCs exhibited better maintenance of ATP levels, and 

lower levels of storage or osmotic hemolysis. Other studies have supported the hypothesis 

that female sex hormones may improve membrane fluidity21,37, which in the case of 

enucleated RBCs, are likely to be mediated via non-genomic mechanisms.

Contrary to the aforementioned studies, our ovariectomy data suggest that female sex 

hormones have little effect on RBC predisposition to osmotic or oxidative stress (Figure 5A–

B). Conversely, orchiectomy not only protected against these stress conditions, but also 

improved RBC storage stability and post-transfusion RBC recovery (Figure 5H). The 

protective effect of orchiectomy against diamide-induced hemolysis (Figure 5C) may be 

linked to sex differences in molecular pathways, which involve Syk activation and Band 3 

phosphorylation under hemolytic stress. Our testosterone repletion study (Figure 5D–F) in 

orchiectomized mice strongly suggests that testosterone renders male erythrocytes more 

susceptible to osmotic and oxidative hemolysis. The direct mechanisms by which 

testosterone modulates predisposition to hemolysis are yet to be resolved, however, our 

current data suggest that such mechanisms are likely to occur during erythropoiesis rather 

than affecting differentiated erythrocytes. It should be emphasized that our conclusions are 

based on mouse studies, and additional mechanisms may contribute to sex differences in 

hemolysis in human and mice.

The action of testosterone on erythropoiesis in males may be reflected by changes in blood 

characteristics that may affect erythrocyte rheology and susceptibility to hemolysis under 
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stress. Our evaluation of erythrocyte indices in orchiectomized mice (Supplementary figure 

S5.2) suggests that the absent of androgen resulted in RBCs with ‘female-like’ 

characteristics, which could be reversed by testosterone repletion therapy (Supplementary 

figure S5.3). A comparable study suggested that long-term high-dose administration of 

testosterone to orchiectomized C57BL/6J mice has no adverse effects on blood viscosity or 

RBC rheology; however, there was no report in regard to the effect of these treatments on 

hemolysis.38

Testosterone has been shown to exacerbate ischemia-reperfusion injury in the heart14 or 

kidney16, where the rate of injury in mice was mitigated by orchiectomy while aggravated in 

females infused with testosterone. In the case of SCD, testosterone may increase the risk of 

hemolysis and cell-free hemoglobin-associated morbidities in male patients. Likewise, the 

use of testosterone replacement therapies in various conditions including hypogonadism, low 

testosterone levels in older men or female-to-male sex change may have negative 

implications on RBC integrity, therefore exposing such patients to increased risk of 

hemolysis.

In conclusion, we have demonstrated sex differences in predisposition to hemolysis. Based 

on our findings, we propose that the sex effect is intrinsic to the erythrocyte, involves 

membrane function, and is highly conserved in mammalian evolution. Testosterone 

promotes sex differences in hemolysis in a mechanism likely to occur during erythropoiesis, 

which ultimately modulates the fragility and rheological properties of the differentiated male 

erythrocyte. Our findings support the growing recognition of sex as a biological variable that 

needs to be taken into consideration in cellular therapeutics, and in studies of human 

hemolytic diseases, such as sickle cell and malaria.
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FIGURE 1. Male sex is associated with increased susceptibility to storage and stress-induced 
hemolysis
RBCs from male or female donors were collected from expired RBC units (ITxM, 47±5 

days old) and tested for A. percent storage hemolysis (n=77 females and 70 men). B. 
Osmotic fragility (n=77 females and 70 men). C. Mechanical fragility (n=45 females and 50 

men). A–C: Mean±SD, * p<0.05 by unpaired t-test.
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FIGURE 2. The effect of sex and age on end-of-storage hemolysis in SAGM units
Data derive from leukocyte-reduced SAGM RBC units tested within 24 h of product expiry 

(42 days of storage) by Canadian Blood Services. A. Kernel density estimate of percent 

storage hemolysis in male (solid blue line) versus female (dashed red line) blood donors. n= 

28,543, 16,700 males and 11,843 females B. Distribution of storage hemolysis by sex and 

age (5-year intervals). Mean hemolysis values for male versus female donors are based on 

donor age at time of donation. Errors represent 95 % CI. n= 28,267, 16,636 males and 

11,631 females. * Represents significant differences (p<0.0001 by one-way ANOVA) in 
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hemolysis between male and female donors within age range. † Represents age range at 

which hemolysis is significantly (p<0.0001 by one-way ANOVA and Games-Howell test 

analysis) different from donors of the same sex aged 20–24.
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FIGURE 3. Sex differences in hemolytic propensity in 22 mouse strains
RBCs from age-matched male and female mice from 22 selected in-bred and wild-derived 

strains were subjected to A. Osmotic hemolysis (Pink test 24 h). B. AAPH-induced 

oxidative hemolysis (50 mmol/L, 3 h, 37° C). A–B. Top panels: Hemolytic scores are 

represented as Mean±SEM (n=3–5) in males versus females of each tested strain. Lower 

panels: Sex differences (data derived from top panels) are represented as the ratio of the 

females’ score (mean percent hemolysis) divided by the males’ score. A ratio score of “1” 

means no sex differences; X<1 means females hemolyzed less than males. Dark grey bars 
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indicate strains in which no sex differences were observed or males were more resistant to 

hemolysis than females.
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FIGURE 4. Sex differences in post-transfusion recovery of stored mouse RBCs
Mouse RBCs collected from male or female C57BL/6J or FVB/NJ strain were leukocyte 

reduced and stored (4° C) in CPDA-1 for 14 days or 5 days, respectively. Stored RBCs were 

transfused into C57BL/6J (UbiC-GFP) x FVB/NJ F1 female recipients, and post-transfusion 

recovery was assessed as described under Materials and Methods. A–C. Representative flow 

cytometric dot plots from A. Expression (Q3, 99.9 %) of green fluorescent protein (GFP) in 

recipient mice (C57BL/6J (UbiC-GFP) x FVB/NJ F1). B. Donor blood was gated as non-

GFP/non-HOD positive RBCs (Q4, 89.9 %) whereas anti HOD-positive mouse RBCs, which 

were spiked into donors samples prior to transfusion to serve as a fresh tracer population, 

were gated in Q1. C. After transfusion, Test (donor) RBCs are visualized as HOD-negative 

GFP-negative RBCs, and tracer HOD RBCs are visualized as HOD-positive GFP-negative 

RBCs. Recipient RBCs are gated out as the only GFP-positive RBCs. D–E. Post-transfusion 

recovery of male versus female stored C57BL/6J (D) or FVB/NJ (E) RBCs. Each curve 

represents the average of 3 experiments.
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FIGURE 5. Effect of orchiectomy or testosterone repletion on predisposition to hemolysis and 
post-transfusion recovery in FVB/NJ RBCs
A–C. FVB/NJ pups underwent gonadectomy at 4 weeks and housed with age-matched intact 

males or females (n=10–15 per group) for 14–16 weeks, after which all animals were 

sacrificed. RBCs from each group were subjected to A. osmotic stress (24 h pink test), B. 

AAPH-induced oxidative hemolysis (50 mM, 3 h 37° C), C. RBCs from females (n=5), 

males (n=10), and orchiectomized males (n=10) were subjected to diamide-induced 

hemolysis (0.5 mM, 75 min). A–C: Mean±SEM. * designates statistically significant 

(p<0.05) differences obtained by one-way ANOVA and Holm-Sidak’s multiple comparison 

test using males as a reference group. A. p=0.0149. B, p=0.0201. C, p=0.0008. D–F. 
Orchiectomy FVB/NJ mice (15–16 week old) were treated with testosterone (1 mg/Kg body 

weight/day; Orch+T) or with propylene glycol (Orch Sham, drug vehicle) for 32 days as 

described under Material and Methods. Age-matched intact FVB/NJ males treated with 

propylene glycol were used as a reference for the hemolytic assays. After treatments, RBCs 

were subjected to osmotic (D) and oxidative stress (E) assays. F. Representative image of 

AAPH-induced oxidative hemolysis (50 mmol/L, 2 h, 37° C) in RBCs from each mouse 

group. Mean±SEM; * designates statistical differences (p<0.05 unpaired t-test) between 

Orch+T and Orch Sham. D. p=0.0132; E. p=0.034. G–H. Percent post-transfusion recovery 

(Mean±SD) of leukocyte-reduced stored RBCs from orchiectomy or intact FVB/NJ males 

after one (G) or six (H) days of storage. **** p<0.0001 by repeated measures two-way 

ANOVA and Sidak’s multiple comparisons test.
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FIGURE 6. Sex differences in predisposition to hemolysis in sickle cell disease
Sex differences in BERK hemizygous (HbAS) sickle cell mice (Mean±SEM; n=4 per sex). 

A. Mean osmotic hemolysis (%) in response to 24 h Pink test. B. Mean oxidative hemolysis 

(%) in response to AAPH treatment (50 mmol/L, 3 h, 37° C). C+D. Mean percent hemolysis 

(C) and a corresponding image (D) in response to incubation with diamide (0.5 μmol/L, 90 

min, 37° C). * designates significant differences (p<0.05, unpaired t-test) in hemolysis 

between males and females. A. p= 0.0182. B. p<0.0001, C. p= 0.004.
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