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Sickle cell disease (SCD) is an inherited red blood cell (RBC) disorder caused by
homozygous or compound heterozygous mutations in the p-globin gene. The phenotype
varies markedly and sex may contribute to this difference. Similar to the general population,
[1] females with SCD appear to have a survival advantage;[2] the explanation for this
difference is unclear. Increased hemolysis is associated with certain complications, such as
leg ulcers, pulmonary hypertension, priapism, chronic kidney disease, and larger-artery
ischemic stroke, and with an increased risk for early mortality in SCD.[2] Reduced
hemolysis has been observed in RBC units from females versus males in the general
population and lower hemolytic markers have been observed in females versus males with
SCD.[3] Possible explanations for this difference in hemolysis include increased F cells in
females versus males,[4] X-linked G6PD deficiency,[5] or the effects of sex hormones on
RBC membrane stability.[3]

We aimed to characterize the sex-associated differences in the degree of hemolysis,
hemolysis-related complications and survival patterns in 370 SCD adults from the
University of Illinois at Chicago (UIC) cohort and 668 SCD patients from the multicenter
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Wialk-PHaSST cohort. Protocols were approved by Institutional Review Boards. Subjects
provided written informed consent prior to recruitment. Laboratory and clinical data were
collected from steady-state, defined as a routine clinic visit without the patient having
symptoms of a vaso-occlusive episode. Hemoglobin F% (HbF%) determinations were
performed either prior to the institution of hydroxyurea therapy or at the time of the baseline
visit if not on hydroxyurea therapy. Pulse pressure was defined as the difference between
diastolic and systolic blood pressures; a cutoff of 60 mmHg was used as a marker of
increased cardiovascular risk. Tricuspid regurgitant jet velocity (TRJV) was assessed from
steady-state echocardiograms and elevated TRJV was defined as TRJV >3.0 m/s, an
independent predictor for early mortality.[2]

Genome-wide expression of protein coding genes was carried out using an Affymetrix
Human Exon 2.0 ST array in RNA isolated from the peripheral blood mononuclear cells of
180 SCD patients at UIC. X-linked G6PD status was determined by PCR in 360 UIC
patients (217 females, 143 males) and in 485 Walk-PHaSST patients (263 females, 222
males) using the Tagman genotyping assay (Applied BioSystems, Foster City, CA, USA)
following the manufacturer’s protocol. G6PD A- was defined as males hemizygous and
females homozygous for both the GBPD202A and the G6PD376C alleles. GGPD A was
defined as males hemizygous and females homozygous for the G6PD375C alleles and have at
least one wild-type G6PD202G gallele. G6PD B was defined as males and females who have
at least one wild-type G6PD376A allele.

The relationship of HbF% and G6PD status with hemolytic markers was determined using
linear regression analysis, adjusting for age, SCD genotype, and hydroxyurea therapy as
well as by site in the Walk-PHaSST cohort. The relationships of sex with linear and
categorical variables were determined using linear and logistic regression analysis,
respectively, with similar adjustments in addition to HbF%. Interaction analysis for the effect
of G6PD A- on the relationship between sex and hemolytic markers was performed using
ANOVA. The ratio of females:males and hemolytic variables according to decile of age was
analyzed using Cochran’s linear trend and the linear trend test, respectively. Statistical
analyses were performed using Systat 11 (Systat Software Corporation, Chicago, IL, USA).

Baseline characteristics by sex are provided in Table 1. HbF% was higher in females versus
males in both cohorts (P<0.008). Higher HbF% was associated with lower AST, LDH, and
absolute reticulocyte count and a higher hemoglobin concentration (P < 0.02) in both cohorts
(Supplementary Tablel). Higher HbF% was associated with a lower total bilirubin
concentration in the Walk-PHaSST cohort (P = 0.0008) and with a trend for an association
with a lower total bilirubin concentration in the UIC cohort (P = 0.08). After adjusting for
HbF%, females had lower AST, LDH, reticulocyte counts, and total bilirubin concentrations
in both cohorts (Table 1).

Elevated pulse pressure was less frequent in females compared to males in both cohorts
(P<0.0004). History of leg ulcer (P=0.0004) was less frequent in females compared to males
in the UIC cohort and TRJV >3m/s was less frequent in females versus males in the Walk-
PHaSST cohort (P=0.004). No differences in rates of chronic kidney disease or stroke were
observed by sex (Table 1).
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Analysis of protein coding autosomal genes in the UIC cohort did not reveal differential
expression according to gender at a false discovery rate of 5%. Hemolytic markers did not
differ significantly according to G6PD genotype in the UIC cohort, but LDH and AST
concentrations differed according to G6PD genotype (G6PD B < G6PD A < G6PD A-) in
the Walk-PHaSST cohort (Supplementary Table 2). In neither cohort was there an
interaction between G6PD status with sex and the degree of hemolysis (UIC: P=0.8; Walk-
PHaSST: P=0.9).

In both the UIC (P=0.01) and Walk-PHaSST (P=0.0005) cohorts, the ratio of females:males
progressively increased with increasing age decile (Figure 1A). In both the UIC and Walk-
PHaSST cohorts (Figure 1B, 1C), there was a progressive decline in hemolytic markers with
incremental age decile; the associations were significant for total bilirubin and absolute
reticulocyte counts (P<0.004).

The modest increases in HbF% in females compared to males is consistent with what has
been observed in other SCD cohorts and may be partially explained by the H allele on the
Xp22.2 F-cell production (FCP) locus.[4] Differences in the degree of hemolysis persisted
after adjusting for HbF%. Taken together with no differences in autosomal gene expression
or G6PD interaction effects, these findings suggest other sex-specific pathways to explain
the difference in hemolytic rate between males and females. Estrogen may provide an anti-
oxidant effect protecting RBC from hemolysis. In keeping with this possibility, the anti-
estrogen tamoxifen induces hemolysis by disrupting the erythrocyte membrane.[6] There is
also evidence that testosterone may play a detrimental effect on RBC stability.[3] Reduced
osmotic and oxidative hemolysis was observed in mice after orchiectomy, similar to the
degree in female mice, and testosterone replacement restored the hemolytic response. The
effects of sex hormones on RBC membrane stability should be analyzed more closely in
future studies of SCD patients.

An elevated pulse pressure is a cardiovascular and mortality risk factor in the general
population that indicates arterial stiffness. Our finding of lower pulse pressures in females
compared to males in both cohorts is consistent with our observation of a lower prevalence
of TRIV >3.0 m/s in females from the Walk-PHaSST cohort, but we did not observe an
association of sex with stroke or CKD in either cohort.

Markers of hemolysis decreased and the ratio of females:males increased with increasing
age decile in both cohorts. The ratio of females:males in SCD patients >50 years-old trended
higher in the UIC (ratio=2.3, P=0.08) and Walk-PHaSST cohorts (ratio=1.8, P=0.05)
compared to the general African American population (ratio=1.2, 2010 U.S. Census
Bureau).

Limitations to this study are that the analyses were cross-sectional in nature and the clinical
information was gathered from patients” medical history. Our results suggest that future
investigation of loci on the sex chromosomes for effects on HbF% and the degree of
hemolysis is warranted. Understanding the differences in the sex chromosomes and their
effects on RBC stability and hemolysis may provide insight into novel therapies for SCD.
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Refer to Web version on PubMed Central for supplementary material.
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Age of SCD patients categorized by decile in the UIC (A) and Walk-PHaSST (B) cohorts.
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Figure 1C:
Hemolytic markers by age decile in the Walk-PHaSST cohort (mean and standard error bars
provided).
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