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Summary

Objectives—Obesity and genetic variation in aromatase and type 1 17-p hydroxysteroid
dehydrogenase (HSD) could influence the E2 trajectory of decline during the menopause
transition.

Design and participants—E?2 trajectories during the menopause transition (phenotype) were
identified using 5934 data points acquired annually from 681 women in Study of Women’s Health
across the Nation (SWAN), a multiethnic study of the mid-life. E2 trajectories were related to
CYPI19and type | 17-BHSD single-nucleotide polymorphisms (SNPs) and obesity.

Results—ogE2 trajectories began to decline precipitously 2 years before the final menstrual
period (FMP). The trajectory of the jogE2 decline varied with genotypes and obesity. ogE2 rates of
decline were greater in nonobese women than in obese women, P < 0.05. Women with the
CYP19rs936306 CT variant had |ogE2 rate of decline that was 54% as rapid as the rate of decline
of women with the 77 variant, < 0.05. |o4E2 rate of decline in women with the CYP19rs749292
GG variant was two-thirds the rate of |,5E2 decline in women with the AG variant, P<

0.05. jpgRates of E2 decline with 17-BHSD SNPs (2830, rs592389, and rs615942) varied
according to genotype within obesity groups. Within each obesity group, |ogE?2 rate of decline was
greater in heterozygous variants and much less in homozygotes (£ < 0.05). Obese women with
selected CYPI19and 17-8 HSD gene variants had remarkably different E2 trajectories around the
FMP, resulting in different postmenopausal E2 levels. The rate of the E2 decline and the
subsequent postmenopausal E2 levels may be relevant to oestrogen-sensitive chronic diseases
including cancers.

Introduction

While endogenous estradiol (E2) levels contribute to health and disease, E2 rates of decline
during the menopause and subsequent E2 postmenopausal levels also influence disease
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states.! E2 decline is the penultimate event of the menopause transition.28 It is now
recognized that there are minimal changes in endogenous follicular phase E2 levels until
about 2 years prior to the final menstrual period (FMP).48 and that this rapid decline is not
predicated on the age of FMP.? Factors that influence the E2 rate of decline and the ensuing
postmenopausal E2 level are poorly elucidated.

Investigators hypothesized that E2 levels were sustained until just before the FMP because
of increased ovarian aromatase activity in the late menopause transition® which may, in
part, be genetically related.11-13 Two genes considered include the aromatase gene (CYP19),
controlling the rates of conversion of androgens (testosterone or androstenedione) to their
parallel oestrogens (estradiol or estrone), and the type 1 17-p hydroxysteroid dehydrogenase
(Z7HSD) gene that encodes the bidirectional enzyme converting estrone (E1) to E2 (Fig.
1)14.15 Earlier, we have previously reported that two CYP19single-nucleotide
polymorphisms (SNPs) were associated with variation in the endogenous serum
testosterone-to-estradiol ratio, suggesting a functional role.16 Additionally, E1 can be
converted to the more biologically active E2 by type 1 17HSD. The gradient in this
bidirectional enzyme action is thought to favour the conversion of E1 to E2, so greater E1
levels in obese women could result in increased circulating E2. Moreover, the relative
bidirectionality of type 1 17HSD depends on intracellular redox potentiall” that is thought to
be altered in obesity. Therefore, genetic variation in type 1 17HSD enzyme may alter the
rate of conversion, particularly in the obese.18

Using E2 trajectories around the FMP as the phenotype, we evaluated the relation of
aromatase (CYP19) and type 1 17-BHSD SNPs to the rates of change around the FMP. We
hypothesized different rates of E2 decline in CYP 19 variants (15936306 and rs749292) or
type 1 17-BHSD variants (152830, 592389 or rs615942). Further, we hypothesized that
relationships between the type 1 17-BHSD genotypes and the phenotype differed in obese vs
nonobese women.

Methods and procedures

Sample population

The sample was 681 women with genotyping and a natural FMP from the Study of
Women’s Health Across the Nation (SWAN), a multisite, community-based longitudinal
study of women at mid-life.19 At the 1996/7 SWAN baseline, enrollees were aged 42-52
years and pre-or early perimenopausal. Enrollees had an intact uterus and =1 ovary, were not
pregnant or lactating and were not using exogenous reproductive hormones. Each of the
seven study sites enrolled Caucasian women plus women of one other racial/ethnic group,
including African-American (Boston, Detroit area, Chicago and Pittsburgh), Japanese (Los
Angeles), Chinese (Oakland, California) and Hispanic (New Jersey) women.

In 2001/2, 1988 women were eligible for the SWAN Genetics Study, and 88% provided
blood or saliva.2%:21 Further, 1538 women agreed to lymphocytes immortalization who
subsequently became the source of extracted DNA. The DNA was genotyped for 26 SNPs
associated with genes for oestrogen receptors or sex steroid metabolism pathway enzymes.19
Details about specimen collection and processing, SNP selection and genotyping have been
reported.?! Genotyping was undertaken using a TagMan (Roche Molecular Systems, Inc.,
Pleasanton, CA, USA) system with ABI 7900HT sequence detection technology.

Data from 681 women (with an FMP and 5934 annual hormone data points) were included
of whom 198 (29%) were African-American, 327 (48%) were Caucasian, 77 (11%) were
Chinese, and 79 (12%) were Japanese. Data were excluded from analyses for 598 women
with genotype data but exogenous hormone use and 259 women without a natural FMP. The
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University of Michigan Institutional Review Board approved the protocol, and written
informed consent was obtained from participants.

Hormone analyses

Fasting blood samples were collected at annually during days 2-5 of the menstrual cycle
follicular phase and assayed for serum hormones. If phlebotomy could not be linked to
menses, specimens were collected approximately 1 year apart. Aliquoted specimens were
stored at —80 degrees Centigrade without thaw until assay. Serum E2 concentrations were
measured in duplicate with a modified, offline ACS-180 (E2-6) immunoassay. Inter- and
intra-assay coefficients of variation averaged 10.6% and 6.4%, respectively, over the assay
range. The lower limit of detection was 1 pg/ml. Assay cross-reactivity was 0.75% for
estrone, 0.28% for estriol and 0.00% for norethinedrone.??

Other measures

The FMP was defined following 12 months of amenorrhoea without alternative
physiological explanations. A natural FMP was unobscured by hysterectomy, oophorectomy
or exogenous hormone use with verification by medical record abstraction or visualizing
packaging.

Annual measures of height (cm) and weight (kg) were used to calculate body mass index
(BMI). Obesity was defined as a BMI > 30 kg/m2. Women reported their smoking behaviour
and self-identified their race/ethnicity.

Data analyses

The data were examined for outliers and log-transformed to satisfy statistical assumptions of
constant variance and normality in modelling. Frequencies and means were used to describe
the SNPs, race/ethnic group, baseline smoking status, circulating E2 levels, age and BMI.
Analysis of variance (ANOVA), contingency table analyses and analysis of covariance were
used to compare characteristics of participants according to body size and estimate the group
means for E2 across the transition period.

The assumption of Hardy—-Weinberg equilibrium was tested using chi-square analyses; the
likelihood of equality of allele frequencies across groups was evaluated with a test of equal
proportions.

Analyses for E2 rates of change

logE2 rate of decline around the FMP was estimated using splines and nonparametric
stochastic mixed modelling.8:23 logE2 rates of decline and accelerations were estimated as
the first- and second-order derivatives of differential equations associated with the cubic
spline function; curvature was approximated by integrating both rate of decline and
acceleration/deceleration.8 Data from fitted models were organized into epochs by setting
nodes for use in piecewise linear mixed modelling to describe the |o5E2 decline slope by
genotype.2* Nodes were estimated at 2 years prior to the FMP, at the FMP and at 2 years
after the FMP after which a new steady state was achieved. We expressed the regression
betas of slopes as a proportion of the genotype with the fastest rate of decline. We used
bootstrapping of 100 samples to build the 95% confidence bands for asymmetrical curves
and their derivatives,25:26

Relating genotype to phenotype

Multiple variable regression modelling was used to relate |o4E2 rate of decline to BMI and
the genotypes. We used orthogonal contrasts to test whether |,4E2 slopes were significantly

Clin Endocrinol (Oxf). Author manuscript; available in PMC 2012 May 21.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sowers et al.

Results

Page 4

different according to genotype. Interaction terms for time-to-FMP X obesity and time-to-
FMP x genotype were included in models for each of the five SNPs. Additionally, models
for the type 1 178 HSD genotypes included a BMI x genotype interaction term.

Statistical analyses were conducted using SAS™ (version 9.1; SAS Institute, Cary, NC,
USA) SAS macro language, R™ (R Project, version 1.9.1, Free Software Foundation,
Boston, MA, USA) and Matlab™ 7.0 (The MathWorks, Inc., Natick, MA, USA).

At baseline, the mean (£SD) age of women was 47.0 + 2.6 years. The mean (£SD) baseline
E2 level was 55.7 * 44.6 pg/ml. One-third of women were classified as obese (BMI > 30.0
kg/m?2). The mean (+SD) age of FMP was 50.2 + 2.2 years.

The phenotype was the precipitous change in the |ogE2 trajectory during the menopause
transition. The rate of |,gE2 decline accelerated 2 years before the FMP and reached the
maximum rate of change at the FMP (Fig. 2). Then, E2 began to decelerate and reached a
new equilibrium about 2 years after the FMP. The rate of E2 decline was 50% greater in
nonobese women compared to obese women (P < 0.001) (Fig. 2).

Aromatase SNPs

CYP19 rs749292 AG variant was associated with the greatest rate of E2 decline (Table 1);
the rate of E2 decline with the GG variant of 75749292 (B = —0.0337) was 67% of that of the
AG variant (P< 0.0001). The rate of E2 decline with the CT variant (CYP19 rs936306) was
54% (B = —0.0318) of the 77 variant decline (f = —0.0591, £< 0.0001). These relationships
were similar in obese vs nonobese women (data not shown).

The type 1 178HSD SNPs and obesity

The mean rate of E2 decline in obese women was at least 50% less than the E2 rate of
decline of nonobese women within the three type 1 17HSD variants (Tables 2, 3 and 4). The
rate of E2 decline in obese homozygous women was markedly less than the rate of decline
in nonobese homozygous women.

In Table 2 showing type 1 17HSD rs592389, heterozygous (AC) obese women had a mean
rate of E2 decline (B = —0.0446) that was 47% of the rate of E2 decline in nonobese women
(B =-0.0937; P<0.02). The rate of |ogE2 decline in nonobese women with the AA or CC
genotypes was 60% or 63%, respectively, of the rate of |ogE2 decline in the nonobese
women with the AC genotype. However, among the homozygous (AA and CC) obese
women, the rate of |o4E2 decline was only 8% and 11% of the decline observed in the
nonobese AC referent group.

Table 3 with fype 1 17HSD rs615942 reveals that the rate of E2 declined 49% (B = —0.0426)
in obese women less than in the nonobese women (B = —0.0866; £ < 0.02). In nonobese
women, the rate of |ogE2 decline in the GG and 77 homozygotes was 71% and 63% of the
decline observed in the heterozygous (G7) referent group (B = —0.0866). The women who
were both obese and homozygous had much slower rates of decline (21% for GG and 13%
for TT) compared to nonobese heterozygotes.

Table 4 indicates that the rate of |ogE2 decline was markedly greater in the nonobese women
than in the obese women within each of the type 1 17HSD rs2830 genotypes. The rate

of |ogE2 decline in the obese heterozygous women was 50% of the rate in the nonobese
heterozygous women. In the nonobese women, the rates of decline in the two homozygous
groups were about 50% of those seen in the heterozygous referent group. In the obese group,
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the rates of decline in the two homozygous groups were <10% of the decline in the referent
nonobese heterozygous (AG) group.

Postmenopausal estradiol levels

Obesity and genotypes influenced resulting E2 levels at 2 years post-FMP. Women with
slower E2 rates of decline had higher levels of endogenous E2 2 years following the FMP
than did women with more rapid rates of decline. There was almost a 34—46% difference in
postmenopausal E2 level according to obese vsnonobese and #ype 1 17HSD status.

Discussion

The rate of E2 decline around the FMP may contribute to the endocrine environment for
subsequently occurring health-related conditions, including bone status and E2-sensitive
cancers. Yet, there has been little study of the rates of E2 change around the FMP, and to our
knowledge, this is the first report describing rates of change as a phenotype for genetic
studies. We found obese women with selected CYP19 and 17HSD variants had modest E2
declines in the 4-year period around the FMP compared to more dramatic E2 declines in
nonobese women and other selected CYP19 and 17HSD variants. Subsequently, women
with slower rates of E2 decline had higher endogenous E2 following the FMP than women
with more rapid rates of decline. The impact of variations in E2 decline at the FMP, and the
ensuing E2 levels, awaits evaluation but may have immediate implications for presentation
of hot flashes,27:28 hone loss at the menopause? or risk of developing endometrial and breast
cancer.13:29

Heterozygotes associated with type 1 17HSD SNPs had markedly different rates of E2
menopausal decline than did homozygotes. These findings are most consistent with the
concept of overdominance in which apparent heterosis reflects superior biochemical,
physiological, or evolutionary fitness of heterozygous genotypes over homozygous
genotypes at a single locus.39 Overdominance can result from allele-specific gene
expression and epigenetic regulation, as reported in circadian-mediated metabolic
pathways.3! Further, our findings may result from epistasis, a model of genetic action in
which there is an interaction between genotypes at two different gene loci accounting for
modes of underdominance or overdominance.32-34 The selective advantages of over and
underdominance has been well-documented in sickle cell anaemia, a condition determined
by a single polymorphism that also confers some resistance to malaria. Because of selective
pressures, homozygotes have little or no protection from malaria and a propensity to sickle
cell anaemia whereas heterozygotes enjoy a partial resistance to both malaria and sickle cell
anaemia. It would be useful to confirm the model of genetic action given the range of
physiological actions associated with estradiol and consider how differences in the rate of
decline in the 4-year period around the menopause transition might be permissive for the
differential expression of pathologies or targeting of interventions.3°

Obesity was prominently associated with the rate of E2 decline during the menopause
transition. The mean rates of E2 decline in the obese were half those observed in the
nonobese women. Slower rates of loss during the transition resulted in higher circulating E2
levels among obese women in the early postmenopause. It remains to be determined whether
the attenuated decline in E2 around the FMP leading to greater E2 levels in the early
postmenopause is important for the slower rate of bone loss among the obese in the
menopause transition! or the patterns of hot flash presentation with obesity.2’

The interaction between type 1 B17HSD genotypes and obesity could be present because
circulating androstenedione is converted to E1 by aromatase in adipose tissue, and in turn,
E1 is then reduced to E2 by type 1 17HSD.18 The gradient in this bidirectional enzyme
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action is thought to favour the conversion of E1 to E2. Thus, greater E1 levels in obese
postmenopausal women with increased fat mass and increased aromatase would be expected
to result in higher circulating E2 in the obese compared to the nonobese.

We selected two aromatase variants for study because we had previously determined that
baseline endogenous estradiol-to-testosterone (T) ratio was different in these two variants.16
We had reported that the 77 genotype vs other genotypes of the CYP19 rs936306
polymorphism was associated with a significant difference in the T:E2 ratio (lower T and
higher E2 levels), especially in African-American women.1? That these SNPs were also
related to rate of decline, E2 decline adds credibility to a possible functional role.

This report includes notable strengths and limitations. These analyses included SNPs
associated with genes that encode the enzymes that are biologically related to the process of
interest, the rate of E2 decline around the FMP. The availability of data from a large number
of women, followed through and observed natural menopause, provides a unique phenotype,
the rate of E2 decline. The data analysis was designed to assess the rate of E2 decline using
frequently acquired data across the menopause transition period. These findings are more
likely to be generalizable to populations of women because the data were acquired from
community rather than clinical samples of women. However, although the findings are
intriguing, the five SNPs being evaluated represent a small number of possible variants;
other variants and other genes might influence the rate of change in E2 levels,29 including
other 17HSD genes!* as well as obesity genes. Until additional variants and genes are
evaluated and their influence on the rate of E2 more fully elucidated, their role as
intervention or therapeutic targets awaits further definition.

In summary, obesity and variation in five SNPs associated with the aromatase and type 1
B17HSD genes were related to the rate of jog E2 decline in the critical transition period
around the FMP. The rate of E2 decline in obese women was half that of nonobese women.
With the three 17HSD variants, the interaction with body size suggested that the association
with the rate of decline was determined by both body size and the gene that encodes the
enzyme with bidirectional conversion of E1 and E2. The findings that type 1 317HSD
heterozygotes had markedly different rates of E2 menopausal decline than did homozygotes
are most congruent with heterosis and overdominance genetic modes of action. To our
knowledge, this represents the first opportunity to examine variables affecting the rates of
E2 loss during the menopause transition. It is important to identify the factors and their
genetic modes of action that influence rates of E2 decline as these contribute to subsequent
circulating E2 levels in the postmenopause and, by extension, may contribute to health- and
disease-related processes of the postmenopause, including bone loss and the development of
oestrogen-related cancers.
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Fig. 1.

The aromatase enzyme converts androstenedione to estrone (E1) and testosterone to
estradiol (E2). Estrone (E1) and E2 conversion by the type 1 17p-hydroxysteroid
dehydrogenase enzyme is bidirectional.
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Fig. 2.
The modelled population mean change in jogE2 (with 95% confidence bands) around the
FMP in nonobese women (BMI<30, dashed lines) and obese women (BMI1>30, solid lines).
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Table 1

logEStradiol (E2) rates of change in the time from 2 years before final menstrual period (FMP) to FMP, by
CYP19rs749292 and CYP19rs9363062

Genotype Number of women  Genotype slopes (B, pg/ml)  Slope asa proportion of the fastest rate of decline (%)

CYP19rs749292

AA 143 -0.0482 96

AG 328 -0.0501 100 (referent)

GG 200 _00337* 67
CYP19rs9363062

cc 356 —-0.0543 92

CT 230 -0.0318~ 54

TT 89 -0.0591 100 (referent)

Genotype slope is statistically different than other genotype slopes, £< 0.05.
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Table 2

logEStradiol (E2) rates of change as slopes according to obesity classification (BMI<30 vs BMI>30) and type 1
17p hydroxysteroid dehydrogenase (17 HSD) rs592389 genotypes

Type 1l 17p HSD rs592389

Number of women  Slopes (B, pg/ml) Slopeasa proportion of thefastest rate  Slope asa proportion of therate of

of decline (%) decline within obesity group (%)

BMI < 30 kg/m?

AA 99 ~0.0562% 60 60

AC 222 -0.09377%7 100 (referent) 100 (referent)

cc 129 ~0.0589* 63 6%
BMI = 30 kg/m?

AA 41 -0.0072 8 16

AC 92 —0.04467 47 100 (referent)

cC 87 -0.0099 11 22

*
Within genotype, BMI<30 group declines faster than BMI1>30, < 0.01.

fGenone slope is significantly different than other genotype slopes within the obesity group.
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Table 3

logEStradiol (E2) rates of change as slopes according to obesity classification (BMI<30 vs BMI>30) and type 1
17p hydroxysteroid dehydrogenase (17 HSD) rs615942 genotypes

Type 1 17B HSD rs615942

Slope asa proportion of thefastest rate  Slope asa proportion of therate of
Number of women  Slopes (B, pg/ml)  of decline (%) decline within obesity group (%)

BMI < 30 kg/m?

GG 129 ~0.0619 " 71 71
TG 219 -0.0866 7 100 (referent) 100 (referent)
TT 106 ~0.0549 63 63

BMI = 30 kg/m?

GG 65 —0.01797 21 42
TG 98 —0.04267" 49 100 (referent)
TT 59 -0.0109 13 26

*
Within genotype, BMI<30 group declines faster than BM1>30, < 0.01.

fGenotype slope is significantly different than other genotype slopes within the obesity group.
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Table 4

logEStradiol (E2) rates of change as slopes according to obesity classification (BMI<30 vs BMI>30) and type 1
17p hydroxysteroid dehydrogenase (17p HSD) rs2830 genotypes

Typel 17 HSD rs2830

Slope asa proportion of thefastest rate  Slope asa proportion of therate of
Number of women  Slopes (B, pg/ml)  of decline (%) decline within obesity group (%)

BMI < 30 kg/m?

AA 132 ~0.0568 56 56
AG 220 -0.10137 100 (referent) 100 (referent)

BMI = 30 kg/m?

AA 87 -0.0062 6 12
AG 93 ~0.05077 50 100 (referent)
GG 40 -0.0046 5 9

*
Within genotype, BMI<30 group declines faster than BMI1>30, < 0.01.

fGenone slope is significantly different than other genotype slopes within the obesity group.
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