Downloaded by Univ Of Western Ontario from www.liebertpub.com at 07/25/20. For personal use only.

JOURNAL OF WOMEN’S HEALTH
Volume 00, Number 00, 2020

© Mary Ann Liebert, Inc.

DOI: 10.1089/jwh.2019.8238

Effects of Estradiol Dose and Serum Estradiol Levels
on Metabolic Measures in Early and Late Postmenopausal
Women in the REPLENISH Trial

Intira Sriprasert, MD, PhD,"? Howard N. Hodis, MD,'®# Brian Bernick, MD
Sebastian Mirkin, MD° and Wendy J. Mack, PhD™*

Abstract

Background: To identify the association of estradiol (E2) dose and serum E2 levels with metabolic measures in
early (<6 years) compared with late (=10 years) postmenopausal women from the REPLENISH trial.
Material and Methods: This is a post hoc analysis of a multicenter randomized clinical trial in the United
States. Four doses of TX-001HR, an oral combination of E2 and progesterone (P4), and placebo were tested.
This analysis included a total of 1,216 early and 297 late postmenopausal women. Linear mixed-effects models
tested the association of E2 dose and serum E2 levels with changes in metabolic parameters; total cholesterol
(TC), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), triglyceride
(TG), and glucose (GLUC) levels from six visits over 12 months, adjusted for the serum P4 level.

Results: A higher E2 dose was significantly associated with lower TC (p=0.02) and LDL-C (p=0.002) and
higher HDL-C (p=0.04) levels in early, but not late, postmenopause. With longer time since menopause, the
inverse association of E2 dose with TC and LDL-C and positive association with HDL-C were attenuated
(interaction p <0.05). Higher serum E2 levels were significantly associated with lower TC (p=0.004), LDL-C
(p=0.0001), and fasting blood GLUC (p=0.003) and higher TG (p=0.002) levels in early postmenopause.
Conclusion: E2 dose differentially affects metabolic measures among early compared with late postmenopausal
women. No significant main effect of the serum P4 level was found. As the metabolic parameters studied are
risk factors for cardiovascular events, these results support the timing hypothesis of E2 therapy and its car-
diovascular benefits.
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Introduction vascular risk factors; HT increased lean body mass (fat-free

body mass) and high-density lipoprotein cholesterol (HDL-C)

THE LEADING CAUSE OF DEATH among postmenopausal
women is cardiovascular disease (CVD)."? Hormone
therapy (HT) has been shown to reduce CVD and mortality
among postmenopausal women without prior CVD when
initiated at a younger age or closer to menopause.™* In ad-
dition to the direct effect of estrogen on vascular endothelium
and vascular smooth muscle, the protective effect of estrogen
on CVD is mediated through metabolic, inflammatory, and
thrombotic processes.5 Pooled data from 107 trials, with
33,315 participants, showed an HT effect on several cardio-

and decreased abdominal obesity, insulin resistance, fasting
glucose (GLUC), new-onset diabetes, total cholesterol (TC),
low-density lipoprotein cholesterol (LDL-C), blood pressure,
and procoagulant factors.® The aforementioned favorable
effects may explain the protective effects of HT on athero-
sclerosis and CVD.

Estrogen alone and estrogen plus progestin affect changes
in lipid and carbohydrate metabolism. Conjugated equine
estrogen (CEE) therapy significantly reduced LDL-C and
increased HDL-C compared with placebo over a 3-month
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follow-up period, and the effect was dose dependent.” The
Postmenopausal Estrogen/Progestin Intervention (PEPI) trial
tested the effect of 4 different HT regimens on CVD risk
factors during a period of 3 years. CEE alone, CEE plus
sequential medroxyprogesterone acetate (MPA), CEE plus
continuous MPA, and CEE plus progesterone (P4) signifi-
cantly reduced LDL-C, GLUC, and insulin and increased
HDL-C and triglyceride (TG) levels.® The HT effect on
metabolic measures is dose dependent, as shown in a meta-
analysis of 28 randomized clinical trials, with a significantly
stronger effect of conventional-dose HT (0.625mg CEE
and equivalent doses of other formulations) compared with
low-dose HT (0.3 mg CEE and equivalent doses of other
formulations).9

As the beneficial E2 effect on atherosclerosis is mediated
through metabolic measures and E2 has a differential effect on
atherosclerosis according to the time since menopause when it
is initiated,'®"® we hypothesized that E2 has a differential
effect on metabolic measures according to time since meno-
pause. We tested the effects of E2 dose and E2 levels on
several metabolic measures by time since menopause in a post
hoc analysis of data from the REPLENISH trial.'*

Materials and Methods
REPLENISH study

The REPLENISH trial was a phase 3, randomized, double-
blinded, placebo-controlled multicenter trial (80 sites in the
United States) testing a new formulation of HT, TX-001HR
(TherapeuticsMD, Inc., Boca Raton, FL), E2 and bioidentical
P4 combined in a single gelatin capsule. TX-001HR is mo-
lecularly identical to endogenous E2 and P4 with bioavail-
ability similar to E2 tablets and micronized P4 capsules
administered together.'”> The purpose of the REPLENISH
trial was to determine the efficacy of TX-001HR on reduction
of vasomotor symptoms (VMS) compared with placebo and
endometrial safety. The trial was registered with Clinical-
Trials.gov as NCT01942668 and conducted from August
2013 to October 2016.

Eligible participants were healthy postmenopausal women
(defined as 212 months of spontaneous amenorrhea or =6
months of spontaneous amenorrhea with follicular stimulat-
ing hormone (FSH) >40 mIU/mL or 26 weeks postsurgical
bilateral oophorectomy), aged 40-65 years, with a uterus,
who were seeking treatment for VMS with serum E2<50
pg/mL, with body—mass index <34 kg/m?, using <2 antihy-
pertensive drugs, and with a negative screening mammo-
gram, normal breast examination, and endometrial biopsy.
Exclusion criteria were contraindications to HT, heavy
smokers, history of endometrial hyperplasia or undiagnosed
vaginal bleeding, history of cancer, or clinically significant
physical or mental illness.

The primary REPLENISH study randomly assigned 1,845
eligible participants to 1 of 5 intervention groups of daily
E2/P4 (1/100 mg, 0.5/100 mg, 0.5/50 mg, and 0.25/50 mg) or
placebo. Randomization at each study site used a reproduc-
ible, computer-generated, block randomization schedule.
Study participants and staff were blinded to the assigned
intervention throughout the study. Participants were followed
for 6 postrandomization visits (at 1, 2, 3, 6, 9, and 12 months
or early termination) when specified safety outcomes were
evaluated.'*'*'®

SRIPRASERT ET AL.

The analysis reported here included REPLENISH partic-
ipants who were in early (<6 years since menopause) or late
(=10 years since menopause) postmenopause with available
data on the received E2 dose, serum E2 levels, and metabolic
measures at baseline with at least one follow-up visit. The cut
points for early and late postmenopause used in this study
were derived from prior nonhuman primate'® and human
studies," indicating a differential effect of HT on CVD
among women (<6 years since menopause and 210 years
since menopause). Participants who were 6-9 years since
menopause were not included in the analysis to allow for two
distinct groups for comparison.

Metabolic measures, estradiol doses, estradiol levels,
and progesterone levels

At least 8-hour fasting blood samples were collected and
measured for TC, LDL-C, HDL-C, TG, and GLUC at base-
line and 3, 6, 9, and 12 months. Serum E2 levels were cen-
trally measured at screening and at postrandomization
months 1, 3, 6, 9, and 12 with a single gas chromatography-
Tandem Mass Spectrometry (GC-MS/MS) method that was
validated for human serum in the range of 2-500 pg/mL; the
interassay coefficient of variation was <8.5% (Ventiv Health
Clinical Lab, Inc., Princeton, NJ). Serum P4 levels were
measured at screening and at months 1, 3, and 12 with an
liquid chromatography-Mass Spectrometry (LC-MS/MS)
assay that was validated for human serum in the range of
0.05-50ng/mL; the interassay coefficient of variation was
<5.5% (Ventiv Health Clinical Lab, Inc.).

Statistical methods

Baseline characteristics were reported separately for
each time-since-menopause stratum (early and late post-
menopause). Continuous variables were compared between
time-since-menopause strata using two-sample ¢ tests. The
comparisons of mean continuous variables among E2 doses
(1, 0.5, 0.25, and Omg) were performed with analysis of
variance. Categorical variables were compared between
time-since-menopause strata and across different E2 doses
with chi-square tests. Pearson correlation was used to eval-
uate the correlation between E2 dose and mean E2 levels.

On-trial levels of metabolic measures were compared
between time-since-menopause strata and across different
E2 doses using linear mixed-effects models. Per-participant
changes from baseline in metabolic measures over 12 months
were analyzed as repeated measures dependent variables; E2
dose and E2 levels were included as main independent var-
iables, along with time since randomization (number of
months from randomization as a time variable in the mixed
model). Random effects were specified for participant-
specific intercepts (baseline values of metabolic measures).
An interaction between E2 dose or E2 levels and time-since-
menopause strata tested whether the association of E2 dose
and E2 levels with the change in metabolic measures from
baseline was modified by time since menopause. Analyses
were adjusted for baseline metabolic levels, age, and mean
on-trial serum P4 levels. The effect of the serum P4 level on
changes in metabolic measures was also evaluated. Use
of lipid-lowering medication was also tested as a possible
confounder and effect modifier.
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Model-based estimates (and standard errors [SEs]) of the
changes in metabolic measures were calculated per 0.25-mg
increase in E2 dose and per 1-pg/mL increase in serum E2
levels separately for early and late postmenopause. All ana-
lyses used SAS (version 9.4; Cary, NC); a two-sided p-value
<0.05 was considered as statistically significant.

Results
Baseline characteristics

A total of 1,216 early (<6 years since menopause) and 297
late (=10 years since menopause) postmenopausal women
were included in the analysis. Mean age (standard deviation
[SD]) was 53.2 (3.7) years versus 58.4 (4.1) years. Mean time
since menopause (SD) was 2.4 (1.7) years versus 14.1 (3.9)
years in early and late postmenopause, respectively. At
baseline, late postmenopausal women had higher systolic
blood pressure (p=0.001) and lower serum E2 levels
(p=0.002) than early postmenopausal women (Table 1).
Baseline demographic characteristics across randomized E2
dose groups were similar.

On-trial levels of hormones

Early postmenopausal women had significantly higher
mean (SE) on-trial E2 levels [27.4 (0.8) pg/mL] com-
pared with late postmenopausal women [22.9 (1.1) pg/mL,
p=0.001] despite similar compliance (76.2% in early ver-
sus 75.4% in late postmenopause, p=0.72). On-trial El
(p=0.83) and P4 levels (p=0.65) were similar between
early and late postmenopausal women. Metabolic measures
were similar between early and late postmenopausal women
(data not shown).

Correlation between E2 dose and E2 levels

In the total cohort, E2 dose and mean E2 levels were signifi-
cantly correlated (r=0.44, p<0.001). Late postmenopausal
women (r=0.52) had a stronger correlation between E2 dose and
mean E2 levels than early postmenopausal women (r=0.43).
Mean E2 levels increased with higher E2 doses; however, the
range of E2 levels substantially overlapped among E2 doses.

Association of E2 dose and E2 levels
with metabolic measures

E2 dose analysis. Higher randomized E2 dose was sig-
nificantly associated with lower TC (p=0.02), lower LDL-C
(p=0.002), and higher HDL-C (p=0.04) among early post-
menopausal women, but not among late postmenopausal wo-
men. The association of E2 dose with all metabolic measures
was significantly different between early and late postmeno-
pausal women (p interaction <0.03). With longer time since
menopause, the inverse associations of E2 dose with TC, LDL-
C, and GLUC and the positive association of E2 dose with
HDL-C and TG were attenuated (Table 2; Fig. 1).

E2 level analysis. Higher serum E2 levels were signifi-
cantly associated with lower TC (p=0.004), lower LDL-C
(p=0.0001), lower GLUC (p=0.003), and higher TG
(p=0.002) levels among early postmenopausal women. The
direction and magnitude of change in all measures with in-
creasing E2 levels for both early and late postmenopausal
women were similar (p interaction >0.05) (Table 2; Fig. 2).

P4 analysis. No significant main effect of the serum P4
level on any metabolic measure was found. The serum
P4 level did not alter the association of E2 dose and serum E2
levels with any metabolic measure (p>0.05).

TABLE 1. BASELINE CHARACTERISTICS BY POSTMENOPAUSAL STRATA;
EARLY (<6 YEARS SINCE MENOPAUSE) AND LATE (210 YEARS SINCE MENOPAUSE) POSTMENOPAUSE

Early postmenopause

Late postmenopause

Age, years

Years since menopause
Body—mass index (kg/m?)

Weight (kg)

Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)

Race
White

African American

Other

Estradiol (pg/mL)

Estrone (pg/mL)

Progesterone (pg/mL)

TC (mg/dL)
HDL-C (mg/dL)
LDL-C (mg/dL)
TG (mg/dL)

GLUC (mg/dL)

N=1.216 N=297 p
53.2 (3.7) 58.4 (4.1) <0.0001
2.4 (1.7) 14.1 (3.9) <0.0001

26.8 (4.0) 26.7 (4.2) 0.90

72.3 (12.0) 71.4 (12.6) 0.25
120.8 (11.9) 1233 (11.3) 0.001

76.9 (8.0) 77.6 (7.6) 0.14

806 (66.45) 185 (62.71) 0.19

377 (31.08) 107 (36.27)

30 (2.47) 3 (2.02)

6.64 (7.24) 5.28 (3.34) 0.002
23.47 (12.09) 23.24 (11.84) 0.77
59.94 (94.45) 54.13 (15.45) 0.29

207.90 (35.95) 208.50 (36.27) 0.79
63.43 (15.90) 61.88 (15.81) 0.13
126.00 (33.02) 127.40 (31.60) 0.51
105.90 (50.10) 110.10 (45.58) 0.19
87.70 (9.31) 87.99 (8.47) 0.63

Continuous variables reported as mean (standard deviation), p-value from the #-test. Categorical variable reported as frequency (percent),

p-value from the chi-square test.

GLUC, glucose; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol; TC, total cholesterol; TG,

triglyceride.
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TABLE 2. ESTIMATED CHANGES FROM BASELINE OF METABOLIC MEASURES PER 0.25-MG INCREASE
OF E2 DOSE AND 1-PG/ML SERUM INCREASE OF E2 LEVELS BY POSTMENOPAUSAL STRATA
Early postmenopause Late postmenopause Interaction
Estimate (95% CI) p Estimate (95% CI) p p

TC (mg/dL)

E2 dose -1.34 (—2.45 to —0.24) 0.02 —0.26 (=2.50 to 1.98) 0.82 0.03

E2 level —-0.05 (—=0.08 to —0.02) 0.004 —0.05 (—=0.16 to 0.06) 0.39 0.43
HDL-C (mg/dL)

E2 dose 0.39 (0.01 to 0.77) 0.04 0.04 (—=0.72 to 0.80) 0.92 0.001

E2 level 0.001 (—=0.01 to 0.01) 0.84 0.02 (—=0.02 to 0.05) 0.34 0.74
LDL-C (mg/dL)

E2 dose -1.49 (-2.41 to —0.56) 0.002 —0.37 (—2.24 to 1.49) 0.70 0.01

E2 level —-0.05 (—=0.08 to —0.03) 0.0001 —0.09 (—=0.18 to 0.003) 0.06 0.06
TG (mg/dL)

E2 dose 0.78 (-1.11 to 2.67) 0.42 3.67 (—=0.16 to 7.49) 0.06 0.003

E2 level 0.09 (0.04 to 0.15) 0.002 0.08 (—=0.11 to 0.27) 0.42 0.11
GLUC (mg/dL)

E2 dose -0.48 (=0.97 to 0.003) 0.05 —0.84 (—1.83 to 0.15) 0.10 0.001

E2 level -0.02 (—=0.04 to —0.01) 0.003 —0.02 (—=0.07 to 0.03) 0.34 0.88

Estimates are from the mixed-effects model adjusted for baseline measure and P4 level. Interaction p-value tests interaction between E2

dose or E2 level and time since menopause (years).

Use of lipid-lowering medication. Current use of lipid-
lowering medication was tested as a possible confounder
of the associations of E2 dose, E2 levels, and P4 levels with
metabolic measures. Use of lipid medication did not con-
found any association of interest. In addition, we stratified the
analysis based on current use versus nonuse of lipid-lowering
medication; the associations of E2 dose and E2 levels with
metabolic measures were not different.

Discussion

This study showed that there were significant associations
of E2 dose and levels with lipid and glucose levels among
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FIG. 1. Estimated changes from baseline of metabolic
measures per 0.25-mg increase in estradiol dose by post-
menopausal strata. Estimates are from linear mixed-effects
models adjusted for baseline measure and P4 level. Inter-
action p-value tests interaction between E2 dose and time
since menopause (years). *Significant change from baseline
(p<0.04). **Significant different between early and late
postmenopause (p<0.03). GLUC, glucose; HDL-C, high-
density lipoprotein cholesterol; LDL-C, low-density lipo-
protein cholesterol; TC, total cholesterol; TG, triglyceride.

early postmenopausal women, and the effect of E2 dose was
not apparent in late postmenopausal women 10 years or more
since menopause. The E2 dose effect on lipid levels found in
this study is consistent with the dose-dependent E2 effect on
changes in lipid levels reported from a meta-analysis com-
paring the effect of conventional-dose HT (0.625 mg CEE
and equivalent doses of other formulations) with low-dose
HT (£0.3mg CEE and equivalent doses of other formula-
tions) on CHD risk factors among 3,360 women.” Although
when compared with placebo, low-dose HT significantly
decreased TC and LDL-C levels, the effect of low-dose HT
on lipid level reduction was not as strong as conventional-
dose HT, which showed the lowest TC and LDL-C levels
when compared with low-dose HT and placebo.’

The E2 dose was positively associated with the HDL-C
level, but inversely associated with TC and LDL-C levels
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FIG. 2. Estimated changes from baseline of metabolic
measures per 1-pg/mL increase in estradiol levels by post-
menopausal strata. Estimates are from linear mixed-effects
models adjusted for baseline measure and P4 level. Inter-
action p-value tests interaction between E2 levels and time
since menopause (years). *Significant change from baseline
(»<0.004).
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among early postmenopausal women. With increasing E2
dose, the decreased TC, LDL-C, and GLUC levels and in-
creased HDL-C and TG levels from baseline statistically
significantly differed between early and late postmenopausal
women (interaction p <0.03). The more favorable effect of
E2 dose on TC, LDL-C, HDL-C, TG, and GLUC among early
postmenopausal women may explain, in part, the beneficial
E2 effect on atherosclerosis in early, but not late, postmen-
opausal women as reported in the Early versus Late Inter-
vention Trial with Estradiol (ELITE),13 a randomized,
double-blinded placebo-controlled trial that showed a dif-
ferential effect of E2 on atherosclerosis progression between
early and late postmenopausal women.

On examining associations of E2 levels with metabolic
variables, TC, LDL-C, and GLUC were decreased and HDL-
C and TG levels were increased with higher E2 levels; esti-
mates of associations were of similar magnitude among both
early and late postmenopausal women. The statistically sig-
nificant change among early, but not late, postmenopausal
women may be due to the larger sample size of the early
postmenopausal group yielding higher power of statistical
results. However, on examining associations of the E2 dose
with metabolic variables, associations were of smaller mag-
nitude in early compared with late postmenopausal women,
with significant tests of interaction. These associations with
E2 dose provide support for the conclusion that the effects of
E2 dose (but not E2 level) on these metabolic variables differ
by time of initiation of HT relative to menopause.

Associations of higher E2 dose and E2 levels with a fa-
vorable lipid profile and lowered GLUC level found in this
study were consistent with the meta-analysis that HT had
favorable metabolic effects when compared with placebo.® In
addition, HT has been shown to significantly decrease the
incidence of diabetes by 12%—35%.2°"2* A pooled analysis
demonstrated that HT decreased new-onset diabetes by 30%
(hazard ratio=0.7; 95% confidence interval 0.6-0.9) com-
pared with placebo.® Our analysis showed significant GLUC
reduction with higher E2 dose and E2 levels among early, but
not late, postmenopausal women.

We were not able to identify explanatory factors related
to these different results between E2 dose and E2 levels in the
REPLENISH data. Time-since-menopause strata, current
smoking, race, weight, body-mass index, and use of lipid-
lowering medication were equally distributed among all E2
doses. An analysis restricted to women who were treated
(excluding women who received placebo) showed similar
results to the analysis among the total sample. The different
effects of E2 dose and E2 levels on metabolic factors in this
study may be due to differences in pharmacokinetics of E2
between early and late postmenopausal women. The change
in lipid levels from statin therapy differs by age in both men
and women, although the precise mechanism is unknown.*?
This different association of E2 dose and E2 levels with
metabolic factors requires further exploration; future studies
will evaluate determinants of attained E2 levels in response
to HT.

Serum P4 showed no significant effect on metabolic
measures, nor did it have a confounding effect of E2 dose and
E2 levels on any metabolic measure. A pooled analysis of 248
prospective studies showed that progestin had some opposing
effect on estrogen-induced reduction of TC and LDL-C; in
addition, progestin attenuated the estrogen effect on in-

creased HDL-C and TG levels among postmenopausal
women.>* Although progestin may attenuate the estrogen
effect on certain lipid levels, previous studies showed that P4
had no significant effect. In the PEPI trial, CEE plus P4 in-
creased HDL-C similarly to CEE alone, which was signifi-
cantly higher than CEE plus MPA. There was no significant
difference of LDL-C and TG levels between CEE alone, CEE
plus P4, and CEE plus MPA ®

Among early postmenopausal women, the higher E2 dose
and E2 levels were associated with a more desirable meta-
bolic profile. With a higher E2 dose, changes in lipid and
glucose levels were attenuated with longer time since men-
opause. As E2 was reported to significantly reduce athero-
sclerosis progression compared with placebo among early
postmenopausal women,'*?° findings from this study suggest
that the protective E2 effect on atherosclerosis in early
postmenopause may be explained, in part, through the E2
effect on changes in lipid and glucose levels. According to
the HT timing hypothesis, women benefit more from HT
when it is initiated closer to menopause; this study supports
the idea that the benefit could be due to favorable changes in
lipid and glucose levels, especially LDL-C and HDL-C.

Although the findings from this study support the HT
timing hypothesis, further study is needed to explain bio-
logical mechanisms that may underlie the differential ef-
fects of E2 dose and E2 levels on metabolic measures in early
and late postmenopausal women. Metabolism of exogenous
E2 occurs mainly in the liver through cytochrome P450,
which is also involved in lipid metabolism.?® Metabolism of
E2 through several types of E2 receptors in the liver is
complex and needs further investigation.”” We propose that
the differential effect between early and late postmeno-
pausal women may be due to reduced E2 responsiveness
resulting from reduced E2 receptor number and/or function
with aging.?®

The strengths of this analysis include use of data from a
randomized, placebo-controlled clinical trial with balanced
baseline characteristics among 4 different randomized doses
of E2. This is the first study to explore the effects of different
doses of combined oral E2 and P4 regimens on metabolic
factors according to time since menopause. The analysis
using repeated measures over a 12-month follow-up period
reduces the variability of measures, reducing measurement
errors. Results from this study may be generalizable to
healthy White or African American postmenopausal women
using HT who are within 6 years since menopause or
>10 years since menopause and with body—mass index
<34 kg/m”. Limitations included a limited sample size in the
late postmenopausal group, which could limit the statistical
power to detect associations, and lack of other CVD-related
metabolic measures such as apolipoprotein particles, insulin,
and homeostasis model assessment of insulin resistance
score. The generalization of results may be limited to healthy
postmenopausal women as we excluded participants with
high risk for CVD. Late postmenopausal women in this study
were relatively young (<60 years old) when randomized to
HT, suggesting premature and early menopause in the study
sample that may not be generalizable to the majority of wo-
men who experience natural menopause. However, with
similar age among early and late postmenopausal women,
these data allow for a stronger test of the hypothesis of time
since menopause with less confounding by age.
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Conclusions

This study showed that there were significant associations
of both E2 dose and serum E2 levels with lipid and glucose
levels among early postmenopausal women. The effect of the
E2 dose was not apparent in late postmenopausal women
with 10 or more years since menopause. The differential ef-
fects of E2 dose on metabolic measures among early com-
pared with late postmenopausal women support the timing
hypothesis of E2 therapy and its cardiovascular benefits.
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