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ABSTRACT  Sex hormones are linked to right ventricular (RV) function, but the relationship between
genetic variation in these pathways and RV function is unknown.

We performed a cross-sectional study of 2761 genotyped adults without cardiovascular disease. The
relationships between RV measures and single nucleotide polymorphisms (SNPs) in 10 candidate genes
were assessed. Urinary oestradiol (E2) metabolites produced by cytochrome P4501B1 (CYP1B1) and serum
testosterone were measured in women and men respectively.

In African-American (AA) women, the CYP1B1 SNP rs162561 was associated with RV ejection fraction
(RVEF), such that each copy of the A allele was associated with a 2.0% increase in RVEE. Haplotype
analysis revealed associations with RVEF in AA (global p<7.2x107°) and white (global p=0.05) women. In
white subjects, higher E2 metabolite levels were associated with significantly higher RVEF. In men,
androgen receptors SNPs (rs1337080; rs5918764) were significantly associated with all RV measures and
modified the relationship between testosterone and RVEEF.

Genetic variation in E2 metabolism and androgen signalling was associated with RV morphology in a
sex-specific manner. The CYP1B1 SNP identified is in tight linkage disequilibrium with SNPs associated
with pulmonary hypertension and oncogenesis, suggesting these pathways may underpin sexual
dimorphism in RV failure.
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Introduction

Idiopathic and heritable pulmonary arterial hypertension (PAH) occur more commonly in women, and
extensive animal and human data support a role for sex hormones in disease pathogenesis and outcomes
[1]. Genetic variation in sex hormone pathways (specifically the genes responsible for oestradiol (E2)
metabolism cytochrome P450 1bl (CYP1B1), aromatisation, and receptor signalling) have been linked to
several PAH subtypes [2-4]. In animal and human pulmonary arterioles, there is increased expression of
both CYP1B1 and aromatase and these pathways have been proposed as possible therapeutic targets [5, 6].

Beyond PAH, right ventricular (RV) function is an important cause of morbidity and mortality in highly
prevalent cardiopulmonary diseases, but genetic determinants of the RV response to chronic heart and
lung derangements are entirely unknown [7-9]. Cytochrome P450 enzymes are preferentially expressed in
the RV compared to the left ventricle (LV) in human hearts, with increased sex hormone metabolism and
steroid receptor (specifically androgen receptor) expression in models of cardiac hypertrophy, but these
relationships have not been explored in vivo [10, 11].

Recent epidemiological data have shown that women with pulmonary hypertension of varied aetiologies
have better survival than men [12, 13]. This may be due to sex-mediated differences in disease burden at
baseline, response to therapy, and/or RV adaptation, a major determinant of outcome in chronic heart and
lung disease, including PAH [14-17]. Race has also been linked to pulmonary hypertension prevalence and
outcomes, with registries reporting female:male ratios as high as 4-5:1 in African-American subjects
compared with 2:1 for white subjects, but higher rates of death among African-American subjects [18-21].
Sex- or gene-based variations in E2 metabolism resulting in metabolites with different mitogenic potential
and altered sex hormone receptor signalling with differential effects on the RV could explain these findings.

We have previously shown that sex, sex hormones and race are associated with RV measures in adults
without clinical cardiovascular disease, with female sex, higher levels of oestrogen/lower levels of androgens,
and white race associated with more favourable RV morphology [14, 22]. In this study, we sought to
determine whether genetic variation in sex hormone pathways is associated with RV ejection fraction
(RVEF), end-diastolic mass and end-diastolic volume (RVEDV) in a sex- and race-specific manner in a
population-based, multi-ethnic cohort. We also determined whether single nucleotide polymorphisms
(SNPs) of interest were associated with sex hormones (urinary E2 metabolites and serum testosterone) and
if these levels were integral to genotype-phenotype associations. We hypothesised that variation in the
CYP1BI gene would be associated with RV function and that this relationship would be mediated by the E2
metabolites 2-hydroxyestrone (2-OHE) and 16a-hydroxysterone (16-OHE1) in women and that androgen
processing and signalling would be associated with RV function in men via serum testosterone levels.

Methods
Study sample

The Multi-Ethnic Study of Atherosclerosis (MESA) is a multicentre prospective cohort study to investigate the
prevalence, correlates and progression of subclinical cardiovascular disease in an ethnically enriched
population from six US communities [23]. In 2000-2002, MESA recruited 6814 subjects aged 45-84 years old
and excluded those with clinical cardiovascular disease, weight >136 kg (>300 Ibs), pregnancy or impediment
to long-term participation. The protocols of MESA and studies described herein were approved by the
Institutional Review Boards of all collaborating institutions and the National Heart Lung and Blood Institute.

Cardiac magnetic resonance imaging measures

The MESA-Right Ventricle Study measured RV morphology in participants eligible for cardiac magnetic
resonance imaging (MRI). The cardiac MRI protocol has been described elsewhere with methods of
interpretation for left and right ventricular parameters [22]. The intra-class correlation coefficients (ICCs)
from 229 random, blinded intra-reader re-reads of these scans were 0.93, 0.93 and 0.99 for RVEF, RV
mass and RVEDV, respectively. The ICCs from inter-reader reads of 240 scans for RVEF, RV mass, and
RVEDYV were 0.75, 0.87, and 0.96, respectively.

Genotyping

Genomic DNA was extracted from whole blood or packed cells stored at —70°C using a modified salt
precipitation method (Puregene; Qiagen Instrument Service, Germantown, MD, USA). The study sample
was genotyped for SNPs in sex hormone pathways of interest using the IBC chip (ITMAT-Broad-CARe,
Mlumina, San Diego, CA, USA), a 50 K SNP array designed to capture relevant loci in cardiovascular,
metabolic, and inflammatory disease processes [24]. Ancestry informative markers and admixture SNPs were
also included to account for population stratification. We selected 463 SNPs in 10 candidate genes a priori
for this study, including the oestrogen receptor 1 and 2, oestrogen receptor-related vy, oestrogen related
receptor o, breast cancer-associated gene 3, CYP1BI, cytochrome P450 1Al, catechol-o-methyltransferase,
aromatase and androgen receptor genes (table 1).
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TABLE 1 Sex hormone pathways of interest and candidate genes

Pathway Gene Chromosome SNP
Oestrogen signalling Oestrogen receptor 1 (ESR1) 6 285
Oestrogen receptor 2 (ESR2) 14 43

Oestrogen receptor related gamma (ESRRG) 1 5

Oestrogen related receptor alpha (ESSRA) 1" 7

Breast cancer-associated gene 3 (BCAS3) 17 2

Oestrogen metabolism Cytochrome P450 1B1 (CYP1B1) 2 13
Cytochrome P450 1A1 (CYP1A1) 15 17

Catechol-0-methyltransferase (COMT) 22 21

Androgen to oestrogen conversion Aromatase (CYP19A1) 15 45
Androgen signalling Androgen receptor (AR) X 25

SNP: single nucleotide polymorphism.

Urinary oestradiol metabolites and serum sex hormone levels

Fasting, casual spot urine samples were collected during the MESA baseline examination, at the same time
as cardiac MRI and collection of blood samples. 0.230 mL of acetic acid was added before storage at —80°
C. Urinary E2 metabolites were measured at the Laboratory for Clinical Biochemistry Research at the
University of Vermont (Burlington, VT, USA) using a monoclonal antibody-based enzyme assay (Estramet
2/16, Immuna Care, Tampa, FL, USA). Urine was diluted 1:4 with the manufacturer’s diluent and assays
were run in duplicate, with intra-assay coefficients of variation of 8% for 2-OHE and 9% for 16-OHE1.
Urine creatinine levels were also measured and adjusted for in multivariate analyses, as described below.

Fasting morning blood samples were drawn and stored using standardised procedures. Total testosterone
was measured directly with radioimmunoassay kits (Diagnostic Products Corporation, Los Angeles, CA,
USA). Assay quality control has been described elsewhere; the intra-assay coefficient of variation for
testosterone has been reported to be 12% [25].

Other covariates

Race/ethnicity was self-reported during the baseline exam. For women, self-report was used to determine pre-,
peri-, or post-menopausal status. Medication use, including current hormone therapy, was ascertained by
medication inventory [26]. Standard questionnaires were used to obtain smoking status and level of education.
Height was measured to the nearest 0.1 cm with the participant in stocking feet, and weight was measured to
the nearest pound with the participant in light clothing using a balanced scale. Waist circumference was
measured at the level of the umbilicus with the participant breathing normally using a Gulick II anthropometric
tape measure. Resting blood pressure was measured using the Dinamap Monitor PRO 100 (Critikon, Tampa,
FL, USA) automated oscillometric device. Hypertension was defined as systolic blood pressure >140 mmHg,
diastolic blood pressure >90 mmHg or current use of anti-hypertension medication. Presence of diabetes
mellitus was based on self-reported physician diagnosis or a fasting glucose value >126 mg-dL ™", the latter
measured by rate reflectance spectrophotometry (Johnson & Johnson Clinical Diagnostics, Inc., Rochester, NY,
USA). Fasting glucose of 100-125 mg-dL ™" was considered impaired fasting glucose.

Statistical analysis

Continuous variables were expressed as mean+sp and categorical variables were expressed as percentages.
The associations between the level of each continuous RV measure (RVEF, RV mass and RVEDV) and
SNPs of interest were assessed using multivariable linear regression models. An underlying additive genetic
model was assumed in order to obtain a per-allele effect estimate. Analyses for RV outcomes (RVEF, RV
mass and RVEDV) were first stratified by sex and then self-identified race/ethnicity (white, African-
American, Hispanic or Chinese-American). All analysed SNPs of interest met a minor allele frequency
cut-off of >0.05 and were tested for Hardy-Weinberg equilibrium (p-value cut-off of 0.001). Risk allele
frequency by sex and race/ethnicity for SNPs of interest is presented in table E1 in the online supplemental
material. The sex hormone genotype-RV phenotype models were adjusted for age, height, weight, study site
and the top three principal components based on ancestry informative markers (to adjust for residual
population stratification). Analyses were then adjusted for respective LV measures (e.g., models for RVEF
were adjusted for LV ejection fraction). Models were adjusted for hormone therapy use in women. All
p-values were adjusted for multiple comparisons (number of SNPs within each specific gene of interest)
using the Bonferroni adjustment. Meta-analyses were also conducted across race/ethnicity using METAL for
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each RV outcome (RVEF, mass, and RVEDV). When more than one SNP was associated with RV function
in a given gene, or when significant SNPs were noted in genes previously described in disease states of
interest (i.e., PAH and oncogenesis), we assessed haplotype structure (Haploview 4.0) and conducted
haplotype analyses (haplo.stats in R, R Foundation for Statistical Computing, Vienna, Austria).

Urinary E2 metabolites were natural log-transformed. As genotype-phenotype analyses were stratified by
race/ethnicity (and further adjusted for residual population stratification), we first assessed whether there
was effect modification between E2 metabolites and race/ethnicity, and conducted secondary analyses
stratified by race/ethnicity when the interaction was found to be significant (p<0.05). The relationship
between In(2-OHE), In(16-OHE1), and the In(2-OHE/16-OHE1) ratio and RVEF, RV mass and RVEDV
was assessed using multivariable linear regression. Analyses were adjusted for age, race/ethnicity, height,
weight, waist circumference, smoking (pack-years and smoking status), diabetes mellitus, impaired glucose
tolerance, systemic hypertension, urine creatinine levels, total cholesterol and high-density lipoprotein
levels, education level, hormone therapy use and respective LV parameters.

Last, to investigate whether E2 metabolites were mediators in the CYP1B1-RV relationship, In(2-OHE), In
(16-OHE;), and the In(2-OHE/16-OHE,;) ratio were sequentially added to the genotype-phenotype
multivariable model in order to assess whether the addition of a metabolite attenuated the estimated
coefficient for the SNP of interest [27]. In men, we tested whether there were interactions between SNPs in
the androgen receptor and testosterone levels and RV function. If there was a >10% change in the
estimated coefficient between a given SNP and RV measure with the addition of hormone levels to the
model, modified Sobel tests were used to assess whether the degree of mediation was statistically
significant [28]. Statistical significance was defined as p<0.05. These analyses were performed using SAS
v.9.2 (SAS Institute, Inc, Cary, NC) and Stata v. 10.0 (StataCorp, College Station, TX, USA).

Results

A total of 2761 participants had available SNP genotypes in the sex hormone pathways of interest and
biological samples (figure 1). The cohort was 47% female, of whom 44% were white, 24% were African—
American, 18% were Hispanic and 14% were Chinese-American (table 2). Men and women had similar
characteristics, although women tended to be never-smokers and had higher RVEF and lower RV mass
and RVEDYV, as has been previously described [22]. Among women, 97% were post-menopausal and 34%
were using hormone therapy at the time of the MESA baseline examination (in 2000-2002).

CYP1B1 genotype and RV phenotype in women

A single SNP in the CYP1B1 gene (rs162561) was associated with RVEF in African-American women,
such that for each additional “A” allele there was a 2.0% increase in RVEF after adjustment for age, height,
weight, study site, top three principal components and hormone therapy (Bonferroni-corrected p=0.02)
(table 3). This relationship was slightly attenuated by the addition of LV ejection fraction to the model.
SNP rs162561 was in tight linkage disequilibrium with rs1800440 (D=0.76), which has been described to
increase PAH penetrance in bone morphogenetic protein receptor type 2 female mutation carriers, and
with rs1056836 (D=0.96), which has been associated with increased breast and lung cancer risk in some

6814 MESA
Baseline exam and MRI

v

4019 complete RV measures and covariate data
1918 men
2101 women, 1706 post-menopausal

A 4

2761 genotyped with available biological samples
1476 men
1285 women, 1241 post-menopausal

FIGURE 1 Study sample. MESA: Multi-ethnic Study of Atherosclerosis; MRI: magnetic resonance imaging; RV:
right ventricle.
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TABLE 2 Participant characteristics, by sex

Sex
Men Women
Participants n 1476 1285
Demographics
Age years 62.1+10.1 64.3£9.1
Race/ethnicity
White 43 44
African-American 22 24
Hispanic 21 18
Chinese-American 14 14
Education
<High school 15 18
High school 15 21
<College (>high school] 26 31
>College 4Lt 30
Anthropometrics
Height cm 173.4£7.7 159.8+7.2
Weight kg 82.6+14.9 71.7+15.5
Body mass index kg-m™ 27.4x4.1 28.0£5.5
Disease prevalence
Hypertension 42 49
Systolic blood pressure mmHg 125.2+19.0 128.5+23.5
Diastolic blood pressure mmHg 74.7+9.3 69.3+10.4
Diabetes mellitus
None 70 76
Impaired fasting glucose 17 13
Untreated diabetes 3 2
Treated diabetes 10 9
Total cholesterol mg-dL~" 187.6+33.9 202.2+35.7
High-density lipoprotein mg-dL‘1 44.9+11.7 57.0£15.6
Smoking status
Never-smoker 43 60
Former smoker A 29
Current smoker 13 1
Pack-years among ever-smokers 14.1429.4 8.6+18.2
Menopausal status and hormone therapy use
Pre-menopausal 3
Post-menopausal 97
Hormone therapy 34
Urinary and serum sex hormone levels
Hormone therapy user
Oestradiol nmol-L™" 0.3:0.2
2-hydroxyestrone ng-mL™" 15.848.8
16a-hydroxysterone ng-mL™" 9.2+6.1
Hormone therapy non-user
Oestradiol nmol-L™" 0.110.1
2-hydroxyestrone ng-mL™" 8.945.9
16a-hydroxysterone ng-mL™" 5.2+3.5
Total testosterone nmol-L ™" 15.0£5.5
Bioavailable testosterone nmol-L ™' 5.5+2.2
RV measures
RV ejection fraction % 68.4+6.3 72.7£5.9
RV mass g 22.9+4.4 18.9+3.5
RV end-diastolic volume mL 140.0£29.4 107.3x22.2

Data are presented as mean+sp or %, unless otherwise stated. RV: right ventricle.

studies [4, 29-32]. Haplotype analysis containing these three SNPs (rs162561, rs1800440 and rs1056836)
revealed significant associations with RVEF in African-American subjects (global p<7.2><10_6), whites
(global p=0.05), but not Hispanics (global p=0.13) or Chinese-Americans (p=0.24) although the sample
sizes of these latter groups were limited (figure 2).
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TABLE 3 Selected additive multivariable linear regression models for CYP1B1 SNP and RVEF in women and androgen receptor
SNPs and RV measures in men

Sex Race/ethnicity Gene SNP Risk allele RV measures BsE Bonferroni p-value
Women African-American CYP1B1 rs162561 A RVEF* 2.0£0.6 0.02
RVEF#1 1.7£0.6 0.08
Men White AR rs1337080 G RV mass 1.0£0.3 0.01
RV mass] 0.9+0.3 0.02
RVEDV 5.7+1.8 0.05
RVEDVT 3.0+1.4 0.75
rsb918764 A RV mass 1.0+0.3 0.01
RV mass' 0.9+0.3 0.02
RVEDV 5.7+1.8 0.05
RVEDVT 3.0+1.4 0.75
Meta-analysis AR rs1337080 G RV mass 1.0£0.3 0.03
RV mass' 0.9+0.3 0.03

All adjusted for age, height, weight, study site, and top 3 principal components. #. adjusted for hormone therapy. T: adjusted for respective left
ventricular measure. CYP1B1: cytochrome P450 1B1; AR: androgen receptor; SNP: single nucleotide polymorphism; RVEF: right ventricular
ejection fraction; RVEDV: right ventricular end-diastolic volume.

Urinary E2 metabolites and RV measures in women

Women using hormone therapy had higher levels of 2- and 16a-hydroxyestrone (and higher levels of
oestradiol), as expected (table 1). We found statistically significant interactions between race and In
(2-OHE) and In(16-OHE,) for RVEF (p<0.01 for both metabolites), but not RV mass or RVEDV. In
whites, higher In(2-OHE) and In(16-OHE,) levels were associated with significantly higher RVEF after
adjustment for multiple potential confounders including urine creatinine levels, hormone therapy and left
ventricular ejection fraction (table 4). Conversely, higher In(16-OHE,) levels were associated with lower
RVEF in Hispanics. There were no such associations between E2 metabolites and RVEF in African-
American or Chinese-American subjects or between E2 metabolites and RV mass or RVEDV in the total
cohort. Urinary E2 metabolites did not meet our threshold for mediation of the CYP1B1 genotype-RV
phenotype relationships (data not shown).

Androgen receptor genotype and RV phenotype in men

Two SNPs in the androgen receptor gene (rs1337080 and rs5918764) were associated with multiple RV
measures in white men (table 3). For both SNPs, each additional risk allele was associated with
approximately a 1 g increase in RV mass and a 6 mL higher RVEDV in multivariable analysis. Some of
these relationships were weakened by the addition of respective LV measures to the model. Meta-analysis
across race/ethnicity revealed that each copy of the G allele in rs1337080 was associated with
approximately a 1 g increase in RV mass, even after adjustment for the LV (p=0.03). The two SNPs in the
androgen receptor gene were tightly linked (D=0.90).

Effect modification by the androgen receptor genotype on the testosterone-RV phenotype
relationship in men

We have previously shown that higher levels of serum testosterone were associated with greater RV mass
and larger volumes in men from this cohort [14]. There were significant interactions between testosterone
levels and the androgen receptor SNPs and RVEF and volumes (all p-values for interaction <0.07),
suggesting that an individual’s androgen receptor genotype may substantially modify the relationship
between circulating androgens and RV function. For example, higher testosterone levels were associated
with lower RVEF in those with two copies of the G risk allele in white men whereas there was no
association with RVEF in men who were homozygous for the A allele (figure 3). Effects were unchanged
after accounting for LV ejection fraction, suggesting an RV-specific relationship.

Discussion

Genetic variation in CYP1B1 and the androgen receptor was associated with RV measures (particularly
RVEF) in adult men and women respectively without clinical cardiovascular disease. Urinary E2 metabolite
levels were associated with RVEF in whites but did not mediate genotype-phenotype relationships in women,
whereas androgen receptor SNPs modified the relationship between serum testosterone levels and RV
measures in men. In addition to sex, race/ethnicity influenced some of these relationships. The CYP1B1 SNP
identified in this healthy cohort has been linked to a SNP associated with disease penetrance in heritable
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FIGURE 2 Linkage disequilibrium plot for CYP1B1 in African-American women. The white bar represents a
chromosome with black lines indicating sequenced single nucleotide polymorphisms (SNPs) in a gene. The
colour of a diamond for the intersection of two SNPs indicates likelihood of non-random genetic reassortment
such that red regions are most highly correlated (summarised numerically as D’ value). #: SNPs of interest.
SNP rs162561 was associated with higher right ventricular ejection fraction (RVEF) in African-American
women in this study. SNP rs1800440 has been associated with pulmonary arterial hypertension penetrance in
women with bone morphogenetic protein receptor type 2 mutations, which is in tight linkage disequilibrium
(LD) with SNP rs162561 (D’=0.76) [4]. SNP rs1056836 has been associated with breast and lung cancer risk in
some studies, also in tight LD with SNP rs162561 (D’=0.96) [29-31]. Block 2 was associated with RVEF in
African-Americans (global p<7.2x107¢), whites (global p=0.05), and possibly Hispanics (global p=0.13).

PAH and a SNP tied to oncogenesis in some studies [4, 29-32]. Taken together, these observations support
sex- and race-specific genetically determined differences in RV function, and specifically invoke E2
metabolism and androgen signalling as potentially important pathways in RV health and disease.

RVEF is a key determinant of outcome in right heart failure regardless of aetiology, including pulmonary
hypertension due to left heart failure as well as advanced lung disease [7-9]. Male sex is associated with worse
RV function in heart failure with preserved ejection fraction [13]. In PAH, disease-specific therapy leads to
greater improvements in RVEF in women as compared to men, explaining the better outcomes in women [17].
A 3% increase in RVEF is considered clinically important in PAH, suggesting that the effect estimate seen here
between CYPIBI genotype and RVEF (a 2.0% increase with each allele) in cardiovascular disease-free
individuals could signify relevant genotype—phenotype differences in disease states, especially in rare and extreme
phenotypes such as in PAH [33-35]. In men, the per-risk allele increases in mass (approximately 1 g) and
RVEDV (approximately 6 mL) with androgen receptor genotypes are on par with the magnitude of associations
between diabetes mellitus and LV mass in MESA and clinically relevant volumetric changes in PAH, respectively
[35, 36]. Since our study was conducted in a cohort free from cardiovascular disease, the genetic determinants of
RV structure and function identified here have the potential to play a role in the pathogenesis of RV failure
irrespective of cause, although these observations should be confirmed in a diseased cohort.

There were significant associations between CYP1B1 genotype and RVEF in haplotype analysis for African-
American and white subjects, and genotype-phenotype relationships appeared strongest among African-
American women. Systemic vascular disease and left heart failure are known to occur more commonly in
African-American compared with white subjects even after controlling for socioeconomic factors, and sex
hormone levels vary according to race/ethnicity with higher levels of E2 and androgens in African-American
men and women compared with white men and women [37]. Observational studies have shown that the
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TABLE 4 Association of urine oestrogen metabolites and RV measures in women, stratified by race for RVEF

RV measure Race/ethnicity Ln(2-hydroxyestrone) Ln(1éa-hydroxysterone) Ln(2-0H/16-0HE,)
B SE p-value B SE p-value B SE p-value

RVEF White 1.5 0.5 <0.01 1.3 0.4 <0.01 0.1 0.5 0.95
African-American 0.3 0.5 0.63 -0.3 0.6 0.61 0.5 0.7 0.43
Hispanic -0.2 0.5 0.67 -1.2 0.6 0.04 0.8 0.6 0.16
Chinese-American 0.3 0.6 0.60 0.4 0.7 0.63 0.3 0.7 0.66
RV mass -0.2 0.1 0.16 -0.1 0.1 0.33 -0.0 0.1 0.92
RVEDV -0.2 0.6 0.69 0.7 0.6 0.27 -0.8 0.7 0.24

All adjusted for age, race/ethnicity (if no metabolitexrace interaction), height, weight, waist circumference, smoking (pack-years and smoking
status), diabetes mellitus, impaired glucose tolerance, systemic hypertension, urine creatinine level, total cholesterol and high-density
lipoprotein levels, education level, hormone therapy and respective left ventricle parameter. RVEF: right ventricular ejection fraction; RVEDV:
right ventricular end-diastolic volume; 2-OHE: 2-hydroxyestradiol; 160-OHE;: 16a-hydroxyestrone.

female predominance is even more pronounced in African-American compared with white subjects with
PAH [18, 19]. Outcomes appear to be poorer in African-American subjects, and we have shown that they
respond less well to endothelin receptor antagonism than white subjects with PAH and that there are
baseline differences in RV structure in function that vary by race/ethnicity in health [16, 20, 22]. Whether
race/ethnicity-driven differences in sex hormones may be contributing to these epidemiologic observations is
not known. Our findings, which directly relate CYP1B1 genotype to RVEF especially in African-American
women and show race-based differences in the associations between E2 metabolites and RV function that
persist after adjustment for potential confounders such as body size and education, support this concept.

Alterations in E2 metabolism may influence RV structure and function because metabolites appear to have
different biochemical effects. Changes in 2-OHE wversus 16-OHE; have been linked to phenotypic
expression in cardiovascular disease, pulmonary vascular disease, and cancer [4, 6]. These metabolites have
direct and variable mitogenic effects on cardiac cells, but correlations with human ventricular function
have not been previously described [38]. The “2-“ and “16-“ compounds (but not the ratio) had similar
relationships with RV measures and did not modify the relationship between CYP1BI genotype and RV
phenotype and there were discordant associations between 2-OHE and 16-OHE1 and RVEF depending on
race/ethnicity. Activity and by-products of the cytochrome P450 subfamilies and E2 metabolite balance
can be altered acutely during hypoxia, inflammation, with the onset of vascular diseases such as
pre-eclampsia and even with dietary changes [39, 40]. This suggests that the impact of these metabolites
on the cardiopulmonary unit is complex and may vary depending on a given woman’s race/ethnicity, age,
hormonal milieu (endogenous and exogenous) and disease course. As this was a hypothesis-driven
candidate gene study, we did not include additional cytochrome mono-oxygenases in our genotype
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FIGURE 3 Natural log-transformed testosterone parameter estimates with 95% confidence intervals for right
ventricular ejection fraction stratified by androgen receptor genotype for rs1337080 in white men. Models were
adjusted for age, height, weight, study site, top three principal components (bottom panel) and left ventricular
ejection fraction (top panel). RVEF: right ventricular ejection fraction; LVEF: left ventricular ejection fraction.
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analysis (or other potentially important receptors, such as the G protein-coupled receptor for oestrogen,
GPR30) or measure additional metabolite compounds and thus possible relationships between these
enzyme products and the RV phenotype are unknown.

The role of androgens in cardiovascular health is controversial because of mixed results with testosterone
supplementation in human studies and variable effects in animal models [41]. Our findings in men
suggest that circulating testosterone levels could worsen RV function, but that this may be dependent on
androgen receptor genotype. Androgen receptors are present in human cardiac myocytes, stimulating
hypertrophy with testosterone binding, and higher levels of testosterone are associated with increased
fibrosis in the RV under load stress [42, 43]. Testosterone levels have been shown to directly regulate
transcription of the androgen receptor during LV hypertrophy in human hearts and androgen receptor
expression is associated with metastasis and disease recurrence in carcinoma, but to our knowledge this is
the first study linking androgen receptor genotype to RV phenotype [10, 44, 45]. Androgen-receptor
interactions may lead to changes in RV morphology via both genomic and non-genomic effects that
depend on the androgen, hormone concentration, receptor density of the substrate as well as sex and race
of the individual. It has been demonstrated that active sex steroid metabolism occurs in the LV via CYP
mono-oxygenases; while this has not been examined in RV tissue, the RV preferentially expresses some of
these enzymes, lending support to our observations [10, 11].

Limitations of a cross-sectional, observational study apply here. SNPs representing genetic variation are
fixed, and precede both sex hormone metabolism and signalling and RV morphologic changes, fulfilling at
least the “temporal” criterion for causality. Smaller subsets had available genotyping and E2 metabolite
data as compared to the total MESA-RV cohort; baseline characteristics were similar between the
MESA-RV cohort with complete RV measures and covariate data (n=4019) and the subset with biological
samples available (n=2761) (data not shown). Results were also unchanged when the small number of
pre-menopausal women (3%) were excluded. Ideally 24-h urine collection instead of spot sampling and
liquid or gas chromatography-mass spectrometry measurement would have been performed, although the
E2 metabolite assay has been employed successfully in other large cohorts, in PAH, and has been validated
against mass spectrometry [4, 46, 47]. We failed to show that a shift in E2 metabolite levels mediates the
CYP1BI1-genotype relationship. This may be due to the assay used (although reproducibility was excellent),
lack of measurement of other potentially important metabolites (e.g. products of the 4-hydroxylation
pathway), limitations in power as significant interactions necessitated race/ethnicity-stratified analyses, or
the inclusion of healthy middle-aged participants.

As this is a population-based cohort, we can only generate hypotheses about the role of the pathways
implicated here in RV dysfunction. No large, multi-ethnic studies of robust genotype-phenotype
characterisation exist in right heart failure, however, and are only now being established in PAH. There are
also no currently available disease-free cohorts with MRI-based measurements of RV structure and
function in which we could attempt to replicate our findings. Our study meets several tenets proposed by
the National Cancer Institute-National Human Genome Research Institute Working Group on Replication
in Gene Association Studies when validation cohorts do not exist [48]. First, pulmonary vascular disease
and population-based registries have suggested race- and sex-biases in disease prevalence and outcomes,
and numerous preclinical and clinical observations have implicated sex hormone pathways in disease
pathogenesis, lending biological insight to our a priori hypotheses [19]. Second, the fact that the genetic
variant in CYP1BI observed here (in a healthy, largely post-menopausal population) is tightly linked to
the SNP described by AustiN et al [4] in heritable PAH is noteworthy, as are the demonstrated
relationships with serum and urine biomarkers. While we did not find genotype-phenotype associations
between other sex hormone signalling and synthesis genes such as oestrogen receptor 1 and 2 and
aromatase, there is considerable cross-talk between all of these pathways and this is not to say that these
are not relevant in the disease state. Our findings support continued query of the role of E2 metabolism
and androgen signalling in determining RV function in women and men respectively with pulmonary
hypertension and RV failure [16, 20].

Conclusions

Sex-based differences in right heart function may be explained by alterations in E2 metabolism in women
and testosterone-androgen receptor interactions in men in health, and race appears to be an important
modifier of some of these relationships.
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