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Abstract Endothelial function declines progressively
across stages of the menopause transition; however,
the mechanisms contributing to this decline are un-
known. We hypothesized that differences in endothelial
function among pre-, peri, and postmenopausal women
are related to differences in estradiol and oxidative
stress. Brachial artery flow-mediated dilation (FMD)
was measured in 87 healthy women categorized by
menopause stage (24 premenopausal, 17 early and 21
late perimenopausal, and 25 postmenopausal) before
and after 3 days of ovarian hormone suppression (go-
nadotropin releasing hormone antagonist [GnRH,])
alone, and an additional 3 days of GnRH,,, with
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concurrent transdermal estradiol or placebo add-back
treatment. In 82 women, FMD during acute vitamin C
(antioxidant) infusion was measured before and after
GnRH,,; + add-back. Before GnRH,,;, FMD was dif-
ferent among groups (p < 0.005; reduced across stages
of menopause). Vitamin C increased FMD in late peri-
and post- (p < 0.005) but not pre- or early perimeno-
pausal women (p > 0.54). After GnRH,,,, alone, FMD
decreased in pre- and peri- (p < 0.01), but not postmen-
opausal women, and was restored to premenopausal
levels by estradiol add-back in the pre- and perimeno-
pausal groups. Vitamin C improved FMD in pre-, peri-,
and postmenopausal women on GnRH,, + placebo.
There was no effect of vitamin C on FMD in women
on GnRH,,, + estradiol. These observations support the
concept that the decline in endothelial function across
the menopause transition is related to the loss of ovarian
estradiol. The decline in estradiol may alter redox bal-
ance, thereby increasing oxidative stress and impairing
endothelial function.

Keywords Aging - Menopause - Sex hormones -
Women - Vascular biology

Introduction

Endothelial dysfunction, characterized by reduced
endothelial-dependent vasodilation, is a significant pre-
dictor of cardiovascular events in postmenopausal wom-
en (Rossi et al. 2008). Because the vascular endothelium
plays a key role in the maintenance of vascular health,
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the loss of normal endothelial function is believed to be
a critical step in the initiation and progression of athero-
sclerosis (Lakatta and Levy 2003). We previously dem-
onstrated that endothelial dysfunction is apparent in the
carly stages of menopause (perimenopause) and, based
on cross-sectional comparisons, worsens with the loss of
ovarian function and duration of menopause (Moreau
et al. 2012a). Because stage of menopause and chrono-
logical age are strongly correlated, it is difficult to isolate
the effects of changes in the hormone milieu on the
vascular endothelium from the aging process in cross-
sectional study designs. Whether the decline in endo-
thelial function during the menopause transition is initi-
ated by changes in ovarian function and sex hormone
levels is not clear. Moreover, the mechanisms underly-
ing the impairment in endothelial function across the
menopause transition are also unknown. If changes in
ovarian function and sex hormone levels trigger the
decline in endothelial function, understanding the bio-
logical mechanisms would be important for developing
interventions to preserve the endothelium and maintain
vascular health during the menopause transition.

Oxidative stress, which represents the imbalance be-
tween the production and destruction of reactive oxygen
species (ROS), contributes to endothelial dysfunction in
postmenopausal women (Moreau et al. 2013a). Elevated
ROS can impair endothelial function by suppressing
nitric oxide (NO) synthesis and scavenging NO, thereby
reducing the bioavailability of NO (O’Donnell and Free-
man 2001; Kojda and Harrison 1999). Estradiol has
direct antioxidant effects and is thought to play an
inhibitory role in the production and/or scavenging of
ROS (Keaney et al. 1994; Sudoh et al. 2001; Lam et al.
2006). However, whether oxidative stress is mechanis-
tically linked with endothelial dysfunction across the
menopause transition and whether this is related to
changes in estradiol levels is unknown.

Accordingly, in the present study, we tested the hy-
pothesis that the impairment in endothelial function
among women of varying menopausal status is associ-
ated with differences in sex hormones and, specifically,
estradiol levels. To test this hypothesis, endothelial
function was measured via brachial artery flow-
mediated dilation (FMD) before and after 3 days of
ovarian hormone suppression (gonadotropin-releasing
hormone antagonist [GnRH,,]) in pre-, peri-, and post-
menopausal women. Brachial artery FMD is a well-
established measure of conduit artery endothelium-
dependent vasodilation. We hypothesized FMD would
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decrease following GnRH,,,, in premenopausal and peri-
menopausal but would not change in postmenopausal
women. Next, to isolate the role of estradiol, FMD was
measured after an additional 3 days of GnRH,, in
women randomized to also receive placebo or estradiol
treatment. We hypothesized that, when compared to
placebo, estradiol would reverse the effect of GnRH,,,
on FMD in pre- and perimenopausal women and in-
crease FMD in postmenopausal women.

Additionally, we tested the hypothesis that the im-
pairment in endothelial function in response to the sup-
pression of ovarian estradiol is related to increased
oxidative stress. FMD was measured during control
(saline) conditions and during acute antioxidant treat-
ment (vitamin C infusion) before and after GnRH,,
with concurrent placebo or estradiol treatment.

Methods

The study took place at the Colorado Clinical and
Translational Sciences Institute Clinical and Transla-
tional Research Center (CCTSI CTRC). All procedures
were reviewed and approved by the Colorado Multiple
Institutional Review Board (COMIRB). All women
gave their written informed consent to participate. This
study was registered using the clinicaltrials.gov
identifier NCT00608062. The authors had full access
to all the data in the study and take responsibility for its
integrity and the data analysis.

Population

The present study included healthy women aged 18-75
years who were categorized according to the Stages of
Reproductive Aging Workshop (STRAW) criteria
(Soules et al. 2001) and as described previously
(Moreau et al. 2012a). Postmenopausal women had
gone through menopause naturally. Inclusion criteria
were fasted glucose < 126 mg/dL, resting blood pressure
< 140/90 mmHg, sedentary or recreationally active (< 3
days/week vigorous exercise), nonsmokers, and healthy
as determined by medical history, physical examination,
standard blood chemistries (chemistry panel, CBC, and
thyroid stimulating hormone), and ECG at rest and
during incremental treadmill exercise. Additionally, par-
ticipants had not used oral contraceptives or hormone
therapy for at least 6 months, were not taking medica-
tions that influence cardiovascular function (i.e.,
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antihypertensive, lipid lowering medications), and had
not used vitamin supplements or anti-inflammatory
medications for at least 4 weeks prior to the vascular
visit.

Study design

The participants underwent baseline (i.e., pre-interven-
tion) measurement of endothelial function (described
below) during days 7-10 after the onset of menses
(i.e., mid-follicular phase) in premenopausal and, when
possible, perimenopausal women so that vascular com-
parisons between premenopausal and perimenopausal
would be at a similar cycle stage. Some perimenopausal
women were tested regardless of menstrual cycle phase
because menses did not occur after 2 months. Partici-
pants then underwent a 6-day ovarian hormone suppres-
sion intervention that was composed of two phases:
phase [-—3 days of ovarian suppression alone, and phase
II—3 days of ovarian suppression plus randomization to
either estradiol or placebo add-back treatment. Vascular
assessments were repeated after phase I and phase II.
For phase I, the women were categorized into 4 groups:
premenopausal, early perimenopausal, late perimeno-
pausal, and postmenopausal. For phase II, the women
were categorized into 3 groups: premenopausal, peri-
menopausal, and postmenopausal.

Phase I: ovarian hormone suppression alone Follow-

ing baseline testing, all women were administered a
subcutaneous injection of a gonadotropin-releasing hor-
mone antagonist (GnRH,,; Ganirelix acetate, Antagon,
Organon Pharmaceuticals, USA) dosed at 0.5 mg. This
was followed by daily subcutaneous injections of
GnRH,,, dosed at 0.25 mg/day. Ganirelix competes
with natural GnRH for binding to membrane receptors
on pituitary cells, and induces a rapid, reversible sup-
pression of luteinizing hormone (LH) and follicle-
stimulating hormone (FSH). The onset of LH suppres-
sion is ~ 1-2 h with the 0.5 mg dose; serum estradiol
levels are reduced within 2448 h and are maintained
using the 0.25 mg dose (Oberyé et al. 1999). On day 3,
blood samples were obtained and blood pressure and
brachial artery FMD were reassessed at the same time of
day as the baseline assessment.

Phase II: sex hormone add-back intervention To isolate
the effects of the loss of estradiol from the suppression
of all ovarian hormones, women continued GnRH,,;

(0.25 mg/day) treatment for three additional days and
were randomly assigned to concurrent transdermal pla-
cebo or estradiol dosed at 0.075 mg/day. Blood samples
were obtained, and blood pressure, heart rate, and bra-
chial artery FMD were reassessed on the last day, at the
same time of day as the baseline and phase I assess-
ments. The dose of estradiol was chosen so that estradiol
concentrations would increase to levels typically ob-
served in the mid to late follicular phase of the menstrual
cycle (~ 367-551 pmol/L). Participants, as well as the
investigators involved in the acquisition and/or analysis
of data, were blinded to estradiol and placebo treatment
status.

Measurements

Participant characteristics Screening blood pressure
was measured in triplicate in the seated position with a
semi-automated device (Dinamap, Johnson & Johnson)
over the brachial artery as previously described (Tanaka
et al. 2000). Total (percent of total mass) body fat was
determined using dual-energy x-ray absorptiometry
(Hologic Discovery). Peak oxygen consumption, a mea-
sure of peak aerobic power, was determined using an
incremental treadmill protocol as described previously
(Tanaka et al. 1997). Leisure time physical activity was
determined by the Modifiable Activity Questionnaire
(Pereira et al. 1997). Dietary composition and caloric
intake were determined from 3-day food record and
were analyzed by the CCTSI CTRC Bionutrition Core
as described previously (Stevenson et al. 1995).

Blood sampling Fasted plasma concentrations of glu-
cose, insulin, total (Roche Diagnostic Systems, India-
napolis, IN) and high-density-lipoprotein (HDL-C,
Diagnostic Chemicals, Ltd, Oxford CT) cholesterol
were determined using enzymatic/colorimetric methods,
and low-density-lipoprotein cholesterol (LDL-C) was
determined using the Friedewald equation (Friedewald
et al. 1972). Serum concentrations of FSH, estradiol,
progesterone, and sex hormone-binding globulin were
measured using chemiluminescense (Beckman Coul-
ter). Estrone was measured by radioimmunoassay and
total testosterone by a 1-step competitive assay
(Beckman Coulter). Norepinephrine was measured
using HPLC from serum with EGTA/glutathione pre-
servative added, and plasma endothelin-1 and interleu-
kin (IL)-6 were measured using an enzyme-linked im-
munoassay (Davy et al. 1995; Goddard and Webb
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2000). Oxidized LDL, an indirect measure of oxidative
stress, was determined with ELISA plate assays (Alpco
Diagnostics, Windham, NH). Total antioxidant status
(TAS), a measure of the overall antioxidant defenses,
was determined on serum samples using the Randox
Laboratories enzymatic kit (Oceanside, CA), and plas-
ma total glutathione was quantified using highly specific
liquid chromatography tandem mass spectrometry (LC-
MS/MS) assay (Beehler et al. 1989). High-sensitivity C-
reactive protein (hs-CRP) was measured using
immunoturbidimetric method. All assays were per-
formed by the CCTSI-CTRC Core laboratory, with the
exception of total glutathione, which was performed by
the University of Colorado Clinical Research & Devel-
opment Service Center, Quantitative Mass Spectrome-
try Laboratory.

Endothelial function The women were studied in the
supine position following an overnight fast with prop-
er hydration (water only) and abstinence from exer-
cise for at least 20 h on the days of the main experi-
mental vascular measurements. To control for poten-
tial diet effects on vascular function, participants con-
sumed standardized meals for 2 days before each
vascular visit. The diets were constructed by the
CTRC Bionutrition Core based on dietary composi-
tion and caloric intake from 3-day food records. Prior
to starting the vascular measures, an intravenous cath-
eter was placed into an antecubital vein for saline and
vitamin C infusion and blood sampling (described
below).  Brachial artery FMD was determined fol-
lowing 5 min of forearm cuff occlusion with duplex
ultrasonography (GE Vivid I) using a multi-frequency
linear-array transducer as previously described
(Celermajer et al. 1992; Eskurza et al. 2004a;
Moreau et al. 2012b). The dilation of the brachial
artery in response to the stimulus of forearm ischemia
is dependent on the release of vasodilators, predomi-
nantly NO, from the vascular endothelium (Doshi
et al. 2001). Vascular endothelium-independent dila-
tion was determined in a subsample of women (N =
45) by measuring brachial artery dilation in response
to sublingual nitroglycerine (glyceryl trinitrate
[GTN], 0.4 mg) continuously for 10 min. All images
were coded by number and masked for group assign-
ment and condition. Images were considered valid if
clear vascular boundaries were able to be identified;
those without clear boundaries were not included in
the analyses. All procedures conformed strictly with
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published guidelines for assessing FMD in human
subjects (Corretti et al. 2002).

Oxidative stress-mediated suppression of endothelial
function The contribution of oxidative stress to endothe-
lial dysfunction was determined using a well-described
experimental model using vitamin C to temporarily and
reversibly reduce ROS (Hornig et al. 1998; Eskurza
et al. 2004b; Moreau et al. 2005, 2006, 2007). Briefly,
after 20 min of intravenous normal saline infusion
(control) and after 20 min of intravenous vitamin C
(ascorbic acid) infusion, supine blood pressure and heart
rate were measured in triplicate, followed by brachial
artery FMD and GTN-mediated vasodilation. The con-
centration of the vitamin C solution was 0.06 g ascorbic
acid per kg fat-free mass per 100 mL normal saline. A
bolus of 100 mL ascorbic acid solution was given at 5
mL/min over 20 min followed by a constant infusion at
1.7 mL/min until vascular testing was completed. Total
ascorbic acid dose did not exceed 7.5 g. This dose of
vitamin C improves carotid artery compliance, femoral
artery blood flow, and brachial artery FMD in estrogen-
deficient postmenopausal women (Moreau et al. 2005,
2007, 2013a), and restores brachial artery FMD in
healthy older men (Eskurza et al. 2004a). The difference
in FMD following vitamin C vs. saline was taken as a
measure of tonic suppression of FMD by ROS. Blood
sampling for sex hormones, metabolic risk factors, and
other blood markers occurred after the 20-min bolus
saline infusion. Only blood sampling for sex hormones,
TAS, IL-6, CRP, ET-1, and norepinephrine was repeat-
ed after the GnRH,,, intervention.

Statistical analysis

All data elements were examined using descriptive sta-
tistics and graphical summaries; skewed distributions
were improved by transformation. Analyses were con-
ducted using either SPSS software version 26 (IBM
Corp.) or SAS software version 9.4 M5 (SAS Institute
Inc., Cary, NC, USA). An ANOVA was used to assess
the main effect of menopause stage in baseline partici-
pant characteristics. To determine the effects of
GnRH,,, alone (i.e., phase I), a mixed ANOVA with
menopause stage (premenopausal, early and late peri-
menopausal, and postmenopausal) as a between-subject
factor, and before vs. after GnRH,,,; alone as the within-
subject factor, was used to determine the effects of
GnRH,,,; on brachial artery FMD measured during the
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control condition (saline). Blood and hemodynamic pa-
rameters were examined in a similar fashion. When the
overall F statistic was significant (p < 0.05), paired
Student’s ¢ tests for within-group contrasts and indepen-
dent Student’s ¢ tests for between-group contrasts were
performed to identify significant differences among the
mean values. In secondary analyses, the change in FMD
with GnRH,,; was adjusted for age using ANCOVA.

To determine the effects of GnRH,,,; plus add-back
treatment of either placebo or estradiol. (i.e., phase II),
repeated measurements of FMD were modeled using a
general linear mixed model with maximum likelihood
estimation. This approach is conceptually identical to
repeated measures analysis of variance but has the ad-
vantage of using all available data; estimates are unbi-
ased under the assumption that missing data are missing
at random. An unstructured covariance structure
allowing for heterogeneity in the parameter estimates
for each level of menopause stage (premenopausal,
perimenopausal, and postmenopausal) was chosen for
the model based on using Akaike’s information criterion
(AIC) to compare various covariance structures. The
study was not powered to detect differences among the
two perimenopausal groups; therefore, the early and late
perimenopausal groups were collapsed into one group
(i.e., perimenopausal). A cell means model was used to
estimate the mean FMD level for each combination of
treatment, menopause stage, and study phase (baseline,
phase I, and phase II). Linear contrasts were then con-
structed to estimate all effects of interest, such as the
within-group effects of differences in treatment or the
between-group differences. This approach was used
when analyzing differences between the placebo and
estradiol add-back groups and for analyzing group dif-
ferences between the vitamin C and saline conditions.
Standard statistical conventions of performing 2-sided
tests and p values < 0.05 designating statistically signif-
icant results were used. Data are reported as means + SD
unless otherwise specified.

Results

A total of 155 women consented to participate. During
screening, 33 women did not qualify (12 premenopaus-
al, 11 early- and 3 late- perimenopausal, and 7 postmen-
opausal). Thirty-one withdrew from participation: 23
before baseline testing and randomization; 7 after base-
line testing, but before ovarian suppression intervention

and randomization; and one after beginning the ovarian
suppression intervention; 91 completed phases I and II.
Four participants did not have usable FMD data due to
poor image quality or technical issues with image ac-
quisition; results for the remaining 87 women are pre-
sented below.

The clinical characteristics of the women who partic-
ipated in phase I are presented in Table 1. Clinical
characteristics of participants by menopause stage and
group randomization (i.e., placebo or estradiol) are pre-
sented in the on-line data supplement in Table S1. There
was a significant effect of menopause stage on total
body fat content, total cholesterol, peak aerobic power,
oxidized LDL, and glutathione (all p < 0.05); these
parameters were not different at baseline in women
randomized to placebo vs. estradiol treatment. In the
subset of women who had dietary records (N = 64),
there were no differences in caloric intake, macronutri-
ents, or selected antioxidants (i.e., vitamins C and E)
among the groups (all p > 0.22; data not shown). There
were significant main effects of menopause stage on
baseline FSH, estradiol, estrone, progesterone, and tes-
tosterone (Table 2, all p < 0.05); these effects were not
different at baseline in women randomized to placebo or
estradiol treatment (see on-line data supplement
Table S2).

Effects of GnRH,,,; alone and with concurrent placebo
or estradiol add-back treatment on reproductive
hormones and other blood parameters

Following GnRH,,; alone, serum FSH decreased in
early and late perimenopausal and postmenopausal
women; estradiol and estrone decreased in premeno-
pausal and late perimenopausal women, and progester-
one decreased in late perimenopausal and postmeno-
pausal women (see on-line data supplement Table S2,
all p < 0.025).

Following the GnRH,, plus add-back the decrease in
FSH persisted in perimenopausal and postmenopausal
women, regardless of add-back group, and decreased
further in the postmenopausal treated with GnRH,,
with concurrent estradiol (all p < 0.005; Table 2). Sim-
ilarly, the decrease in estradiol persisted, and testoster-
one also decreased in premenopausal women treated
with placebo add-back (p < 0.05), whereas only estrone
decreased in perimenopausal women. Estradiol add-
back treatment increased estradiol and estrone in pre-
menopausal and perimenopausal women (p < 0.01) to
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Table 1 Baseline characteristics of premenopausal (pre), early and late perimenopausal (peri), and postmenopausal (post) women

Parameter Pre Early peri Late peri Post p value
n 24 17 21 25
Ethnicity 0.709

Hispanic or Latino 4 (16.7) 2 (11.1) 2(9.5) 4 (16.0)

Not Hispanic or Latino 19 (79.2) 15 (83.3) 19 (90.5) 20 (80.0)

Unknown 1(4.2) 0 (0.0) 0 (0.0) 1(4.0)
Race 0.524

Asian 3(12.5) 1(5.6) 0 (0.0) 1(4.0)

African American 1(4.2) 1(5.6) 1(4.8) 0 (0.0)

White 17 (70.8) 15 (83.3) 18 (85.7) 22 (88.0)

More than one race 3(12.5) 0(0.0) 2(9.5) 2 (8.0)
Age, years 33+£7 49+3 50+4 58+6 <0.001
Body mass, kg 65.5+13.3 66.5+64 68.0+12.8 70.1 £12.0 0.59
BMI 24.1+53 25.0+2.7 244 +43 26.6 4.4 0.21
Total body fat, % 307 35+5 36+7 39+4 <0.001
Systolic BP, mmHg 109 +£7 113+12 115+ 13 119+ 14 0.063
Diastolic BP, mmHg 71+£6 72+7 71+8 74+9 0.53
Total cholesterol, mmol/L 39+0.8 43+0.7 43+09 47+09 0.006
LDL cholesterol, mmol/L 23+0.6 25+0.7 26+0.8 29+09 0.058
Glucose, mmol/L 47+0.5 48+04 45+0.5 48+0.7 0.21
Insulin, pmol/L?* 36 (18-60) 28(21-56) 30 (18-60) 30 (24-66) 0.71
Oxidized LDL, U/L 437 +£15.7 41.8+11.4 50.5+17.0 53.4+173 0.033
Glutathione, uM 51+24 56+24 58+1.0 46+2.1 0.029
TAS, mmol/L 1.40 +£0.19 1.34+0.15 1.31+0.13 1.30+0.15 0.16
CRP, mg/dL? 0.7 (0.3-0.7) 0.9 (0.5-1.9) 0.9 (0.5-1.7) 1.1 (0.5-1.4) 0.54
IL-6, pg/mL* 0.70 (0.56-1.29) 0.70 (0.58-1.23) 0.93 (0.62-1.40) 0.92 (0.62-1.24) 0.80
Endothelin-1, pg/mL°® 52+1.2 6.0£1.2 62+1.7 6312 0.15
Norepinephrine, pg/mL? 168 (106-225) 245 (211-291) 227 (159-272) 231 (147-317) 0.21
LTPA® 17.2+11.8 17.3+12.8 15.1+11.7 149 +18.1 091
VOspcak, ml/kg/min 33.1+6.0 27.6+4.4 273+54 244 +34 <0.001

Values are mean + SD, unless otherwise indicated. * Values are median (interquartile range). b5 =86; °n =84. BMI, body mass index; BP,
blood pressure; LDL, low-density lipoprotein; 7AS, total antioxidant status; CRP, C-reactive protein; /L-6, interleukin-6; LTPA, leisure time

physical activity; VO2peak, peak aerobic power

where it was no longer different from baseline levels (p
> 0.40); estradiol levels were increased above baseline
levels in postmenopausal women (p < 0.005).

There were no significant effects of GnRH,,, alone or
with add-back treatment on TAS, inflammatory markers
ET-1, or norepinephrine (Table 3).

Effects of GnRH,,, alone and with concurrent placebo
or estradiol add-back treatment on brachial artery FMD

At baseline, brachial artery FMD was different across

the stages of the menopause transition (Fig. la, p <
0.005), and GTN-mediated vasodilation tended to be
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different across menopause stages (Fig. 1b, p = 0.08).
Following GnRH,,; alone, brachial artery FMD de-
creased from baseline by ~ 24% in both premenopausal
and early perimenopausal women (Fig. 1a, p < 0.005), ~
11% in late perimenopausal women (p = 0.001), and ~
9% in postmenopausal women (p = 0.015). The change
in FMD in premenopausal women was significantly
different from late perimenopausal and postmenopausal
women (Fig. 2, p < 0.01), and significantly different
between early perimenopausal and postmenopausal
women (p < 0.05). The effect of menopause stage
remained after adjusting for age (p = 0.012). After 3
days of GnRH,,;, FMD was no longer different between
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Table 3 Blood parameters at baseline and after gonadotropin releasing hormone antagonist alone and with concurrent placebo or estradiol

add-back treatment in premenopausal (Pre), perimenopausal (Peri), and postmenopausal (Post) women

Placebo Estradiol
Parameters Pre Peri Post Pre Peri Post
n 12 21 13 12 17 12
TAS, nmol/L
Baseline 1.440.2 1.340.1 1.340.2 1.44+0.2 1.340.2 1.340.2
GnRH, 1.5+0.1 1.340.1 1.440.3 1.4+0.2 1.340.2 1.340.1
GnRH,,+Add-back 1.440.1 1.340.1 1.340.2 1.440.1 1.340.1 1.340.2
IL-6, pg/mL?*
Baseline 0.7(0.6-1.3) 0.8(0.6-1.3) 0.8(0.6-1.2) 0.8(0.5-1.3) 0.8(0.5-1.3) 0.9(0.6-1.8)
GnRH,,, 0.9(0.6-1.1) 1.1(0.6-1.3) 1.0(0.8-1.6) 0.7(0.5-1.1) 1.1(0.8-1.5) 0.9(0.7-1.8)
GnRH,,+Add-back 0.8(0.6-1.4) 1.0(0.7-1.1) 1.1(0.8-1.5) 0.9(0.7-1.9) 1.1(0.7-1.4) 1.2(0.8-2.1)
CRP, mg/L*
Baseline 0.7(0.3-3.7) 0.9(0.5-1.9) 1.1(0.8-1.4) 0.7(0.3-2.3) 0.9(0.5-1.5) 1.1(0.3-3.9)
GnRH, 0.8(0.4-4.2) 0.9(0.5-1.6) 1.3(0.7-2.1) 1.2(0.5-2.2) 0.9(0.6-2.2) 1.4(0.3-3.8)
GnRH,,+Add-back 0.7(0.3-3.3) 1.0(0.5-1.4) 1.1(0.7-2.2) 1.1(0.3-2.6) 0.9(0.6-1.8) 1.5(0.5-4.0)
ET-1, pg/mL °
Baseline # 5.2+0.9 6.2+1.6 6.4+1.1 52415 5.9+1.3 6.2+1.4
GnRH, 5.5+0.9 5.940.9 6.5+0.9 5.5+1.7 6.0+1.8 6.5£2.1
GnRH,,+Add-back 5.0+0.7 5.7¢1.9 6.4+0.9 6.0+1.1 5.9+1.6 6.0+1.8

Norepinephrine, pg/mL*
Baseline #
GnRH,
GnRH,,,+Add-back

184(101-217)
156(103-252)
158(111-229)

247(164-295)
233(159-341)
217(152-282)

242(228-331)
217(180-282)
221(162-303)

161(108-230)
144(116-164)
146(118-214)

227(168-280)
235(183-282)
231(168-295)

231(127-349)
380(156-362)
204(168-280)

Values are mean + SD, unless otherwise indicated. * Values are median (interquartile range). ° n=84 # P < 0.05 main effect of menopause
stage. GnRHant gonadotropin releasing hormone antagonist; TAS total antioxidant status; /L-6 interluekin-6; CRPC-reactive protein; £T-/

endothelin-1

early perimenopausal women and postmenopausal
women. There was a significant main effect of GnRH,,,
on GTN-mediated vasodilation (N = 45, Fig. 1b; p <
0.005), but the effect was not different by menopause
stage.

The decrease in brachial artery FMD following
GnRH,,,; alone was restored to baseline (pre-GnRH,,,)
following GnRH,,,; with add-back of estradiol in pre-
menopausal women (Fig. 3). In perimenopausal and
postmenopausal women, FMD was increased above
baseline levels (both p < 0.001) with estradiol add-back,
such that they were no longer different from premeno-
pausal baseline levels (both p > 0.10). Brachial artery
FMD was decreased from baseline in GnRH,,; with
placebo add-back in all menopausal stages. There were
no effects of GnRH,,,; alone or with add-back treatments
on brachial artery diameter, blood pressure, or heart rate

@ Springer

(see on-line data supplement in Tables S3 and S4).
There was no effect of estradiol add-back treatment on
GTN-mediated vasodilation (data not shown), possibly
due to small sample sizes in (5-7/group).

Vitamin C effects on brachial artery FMD

at baseline, following GnRH,,; alone

and with concurrent placebo or estradiol add-back
treatment

At baseline, FMD during vitamin C infusion was
completed in 82 women (22 premenopausal, 16 ear-
ly perimenopausal, 21 late perimenopausal, and 23
postmenopausal). Vitamin C infusion increased bra-
chial artery FMD in late perimenopausal and post-
menopausal women (both p < 0.01), but had no
effect in premenopausal or early perimenopausal



GeroScience (2020) 42:1699-1714

1707

a) 12 -
I Bascline
[ GnRHant
10 1
S 81 *
(TR *
E\ t t *.
£ 6 T .
<
s
S 41
o
m
2 4
0 - " -
Pre Early Peri  Late Peri Post

Fig. 1 Ovarian hormone suppression decreased endothelial func-
tion in premenopausal and perimenopausal women. a Brachial
artery FMD and b nitroglycerine (GTN)-mediated vasodilation
before (black bars) and following GnRH antagonist (GnRHant)
treatment (gray bars). Data are means + SE. *p < 0.01 vs. premen-
opausal women under the same condition; Tp < 0.05 vs. baseline
condition early perimenopausal; *p < 0.01 vs. baseline condition

women (both p > 0.50; Fig. 4). Brachial artery FMD
during the vitamin C infusion remained lower in
postmenopausal compared to premenopausal women
but group differences between premenopausal and
late perimenopausal women and among the perimen-
opausal and postmenopausal groups were no longer
significant. Basal brachial artery diameter increased
during the vitamin C infusion in all groups (data not
shown), but there were no differences in diameters
among the groups. There was a significant effect of
vitamin C on brachial artery vasodilation to GTN (p
= 0.004) that did not differ by menopause stage.

In women randomized to GnRH,,, with concurrent
placebo treatment, the vitamin C infusion reversed the
effect of the GnRH,,, and increased brachial artery
FMD back to baseline (saline control) level in

Change in Brachial Artery FMD (%)

3 Pre Early Peri  Late Peri Post
Fig. 2 The change in endothelial function (brachial artery FMD)
following GnRH antagonist treatment was dependent on meno-
pausal state. Data are means + SE. "p < 0.01 vs. premenopausal
women; p < 0.05 vs. early perimenopausal women

(=2
-

30 1

20

Brachial Artery GTN (%)

0 -

Pre Early Peri  Late Peri Post

of the same group. In the subsample of women (N = 45; Pre,
premenopausal, N = 15; Early Peri, early perimenopausal, N = §;
Late Peri, late perimenopausal, N = 9; Post, postmenopausal, N =
23) who had GTN-mediated dilation performed, there was a
significant main effect of time with all groups decreasing after
GnRH,,; p < 0.005)

premenopausal women, and increased FMD above
baseline level in perimenopausal and postmenopausal
women (Fig. Sa—c). There was no effect of the vitamin C
infusion on FMD in women treated with GnRH,,,; plus
estradiol regardless of menopause stage (all p > 0.12).

Discussion

In the present study, we extended our previous cross-
sectional work to determine the underlying mechanisms
for the progressive reduction in endothelial function in
healthy women across the stages of the menopause
transition. Using an ovarian hormone suppression mod-
el, we showed that brachial artery FMD (macrovascular
endothelial function) decreases with short-term
GnRH,,, treatment to suppress ovarian function. More-
over, we showed that the effect of GnRH,,, treatment
was reversed with estradiol add-back, suggesting the
decline in endothelial function across the menopause
transition is related to changes in estradiol levels. Final-
ly, the decline in endothelial function with the change in
estradiol appears to be driven by increased oxidative
stress, as indicated by an increase in brachial artery
FMD with acute antioxidant (vitamin C) treatment in
late perimenopausal and postmenopausal women, and
in women treated with GnRH,,,,. Collectively, these
findings provide proof-of-concept evidence for the de-
cline in estradiol as a triggering event that leads to
increased oxidative stress and subsequent endothelial
dysfunction in women.

@ Springer
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Fig. 3 Estradiol add-back treatment reversed the impairment in
endothelial function with ovarian suppression alone in premeno-
pausal women and increased endothelial function in perimeno-
pausal and postmenopausal women to normal premenopausal
levels. Brachial artery FMD before and following GnRH antago-
nist (GnRH,,,() alone and with placebo or estradiol add-back

Ovarian hormone regulation of endothelial function

Our previous cross-sectional work demonstrated that
vascular endothelial function measured by brachial ar-
tery FMD progressively deteriorated across stages of the
menopausal transition (Moreau et al. 2012a). The late
perimenopausal transition appeared to be the most crit-
ical time period for adverse changes in the vasculature,

12 1

-
o

Brachial Artery FMD (%)
(2]

Late Peri Post

Pre Early Peri

Fig.4 Acute antioxidant vitamin C infusion increased endothelial
function in late perimenopausal and postmenopausal women.
Baseline a brachial artery FMD and b nitroglycerine (GTN)-
mediated vasodilation before (black bars) and following acute
vitamin C infusion (hatched bars). Data are means + SE (V = 82;
Pre, premenopausal, N = 22; Early Peri, early perimenopausal, N =

@ Springer

PRE PERI
Estradiol

POST

treatment. Data are means + SE. "p < 0.01 vs. baseline of the same
group; Tp < 0.05 vs. GnRH antagonist alone condition of the same
group; *p < 0.01 vs. bascline condition of the same group; 'p <
0.001 vs. placebo add-back condition of the same group

consistent with previous observations (Wildman et al.
2008; Matthews et al. 2009; Santoro and Sutton-Tyrrell
2011). Indeed, although endothelial function was im-
paired in early perimenopausal compared to premeno-
pausal women, the level of impairment in late perimen-
opausal women was twice that of age-matched early
perimenopausal women (Moreau et al. 2012a). We
speculated that this apparent “acceleration” in vascular

Brachial Artery GTN (%)

Late Peri Post

Pre Early Peri

16; Late Peri, late perimenopausal, N = 21; Post, postmenopausal,
N = 23). "p < 0.01 vs. premenopausal women under the same
condition; 'p < 0.05 vs. baseline condition early perimenopausal;
9 <0.01 vs. baseline condition of the same group. For GTN, there
was a significant main effect of the time (N = 39; Pre = 11, Early
Peri = 7, Late Peri = 11, Post = 10; p = 0.004)
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Fig. 5 Acute vitamin C treatment reversed the effect of ovarian
suppression in placebo-treated women but had no effect in
estradiol-treated women. Brachial artery FMD during saline (solid
bars) and vitamin C infusion (hatched bars) before (black bars) and
following GnRH antagonist (gray bars) plus placebo or estradiol

aging was related to the reduction in estradiol level in
the late perimenopausal transition. However, causality is
difficult to determine because it is nearly impossible to
uncouple the tight association between menopause and
aging in cross-sectional comparisons of women in dif-
ferent stages of menopause, or even in a prospective
study design. Thus, in the present study, we employed
an innovative pharmacological ovarian suppression in-
tervention that has previously been used to distinguish
the independent effects of changes in ovarian hormones
from other factors (e.g., increased adiposity and blood
pressure) that may influence vascular aging, (Shea et al.
2015; Gavin et al. 2018a, b; Melanson et al. 2018) to
better understand how changes in ovarian hormones,
and specifically estradiol, influence the decline in endo-
thelial function across stages of the menopause
transition.

In the present study, we found that suppressing ovar-
ian hormones for 3 days with a GnRH,,, decreased
endothelial function, and that the effect was independent
of age and dependent on menopausal state, with greater
decreases in brachial artery FMD in premenopausal and
early perimenopausal women than in late perimeno-
pausal and postmenopausal women. This finding sug-
gests that changes in ovarian hormones contribute to the
decline in endothelial function with the menopause tran-
sition in healthy women. We also observed decreases in
GTN-mediated vasodilation, suggesting that ovarian
hormones may also regulate vascular smooth muscle
cell function.

Our finding that GnRH,, with estradiol add-back
treatment completely reversed the impairment of
GnRH,,, alone on brachial artery FMD in premenopaus-
al women was consistent with previous observations
demonstrating greater brachial artery FMD in

Perimenopausal

1709
c) 14

Estradiol Placebo Estradiol
Postmenopausal

treatment in a premenopausal, b perimenopausal, and ¢ postmen-
opausal women. Data are means + SE. “p < 0.01 vs. baseline saline
of the same group; 'p < 0.05 vs. GnRH antagonist plus add-back
saline of the same group

premenopausal women treated with GnRH,,,, with es-
tradiol compared with GnRH,,,; alone (Meendering et al.
2008; Miner et al. 2011). Our study extends these ob-
servations by demonstrating that estradiol add-back in-
creased FMD in perimenopausal and postmenopausal
women to the normal premenopausal level. Collective-
ly, these observations support the idea that estrogen
protects vascular endothelial function against vascular
aging in women, and that the loss of estrogen during the
menopause transition may initiate endothelial dysfunc-
tion in women.

Oxidative stress and endothelial dysfunction
across stages of the menopause transition

One of the key mechanisms underlying endothelial
dysfunction in various populations (e.g., aging, dia-
betes, hypertension, cardiovascular disease) is oxida-
tive stress (Eskurza et al. 2004a; Donato et al. 2007;
Heitzer et al. 2001; Taddei et al. 2001), which is an
imbalance between the production of ROS and the
ability of antioxidants to detoxify ROS (Harman
2006). Excessive ROS production impairs endotheli-
al function by suppressing NO synthesis and by in-
creasing oxidative breakdown of NO, decreasing its
overall bioavailability (O’Donnell and Freeman
2001; Kojda and Harrison 1999). Preclinical studies
demonstrate that ovariectomized animals have ele-
vated levels of ROS compared to intact animals,
and treating ovariectomized animals with estradiol
prevents the development of ROS and preserves en-
dothelial function, presumably by protecting NO
from ROS scavenging (Keaney et al. 1994; Sudoh
et al. 2001). Thus, oxidative scavenging of NO due to
a decline in circulating estrogen concentrations could

@ Springer
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explain the impaired endothelial function with the
menopause transition in women. The findings from
the present study are consistent with this idea. First,
at baseline (i.e., pre- gonadal suppression interven-
tion), brachial artery FMD increased during the sys-
temic infusion of the antioxidant vitamin C in late
perimenopausal and postmenopausal women, but
there was no effect in premenopausal and early peri-
menopausal women, possibly because circulating es-
trogen levels provided protection against oxidative
stress. Additionally, the vitamin C infusion rescued
the decrease in FMD in premenopausal and perimen-
opausal women treated with GnRH,,; plus placebo
add-back, and improved FMD in postmenopausal
placebo add-back, but had no effect on FMD in
women treated with GnRH,,; plus estradiol add-back.
These findings are consistent with a previous obser-
vation by Virdis et al., who demonstrated that a local
infusion of vitamin C into the brachial artery reversed
the impaired resistance vessel endothelial function
following oophorectomy in premenopausal women
(Virdis et al. 2000). These authors also found no
effect of the vitamin C infusion on resistance vessel
endothelial function in the women before oophorec-
tomy, in healthy controls, or in oophorectomized
women treated with estradiol for 3 months (Virdis
et al. 2000). Collectively, these observations are con-
sistent with the idea that declining estradiol levels
with the menopausal transition results in oxidative
stress that tonically suppresses endothelial function.
Interestingly, the vitamin C infusion decreased GTN-
mediated vasodilation in all menopause stage groups
for reasons that are unclear. Some ROS play impor-
tant roles in cell signaling, and vitamin C may stim-
ulate ROS production depending on the cellular state
(Podmore et al. 1998; Clempus and Griendling
2006). Thus, the acute decrease in GTN-mediated
dilation with vitamin C could reflect a disruption of
cell signaling of key ROS important for vasodilation,
particularly in vascular smooth cells that appear not
to be impaired.

The mechanisms by which estradiol protects the vas-
cular endothelium against oxidative stress are unclear.
Estradiol has well-described antioxidant properties and
acts through both direct and indirect, and enzymatic and
non-enzymatic mechanisms. Estradiol has a phenol-
hydroxyl ring that donates hydrogen, enabling estrogen
to scavenge major sources of vascular ROS production
including nicotinamide adenine dinucleotide phosphate

@ Springer

(NADPH) oxidase, oxidized LDL, and hydrogen perox-
ide (Keaney et al. 1994; Wagner et al. 2001; Song et al.
2009; Stirone et al. 2005; Lu et al. 2007; Xu et al. 2004).
Estradiol also increases mitochondrial antioxidant de-
fenses and other intracellular antioxidants (Stirone et al.
2005; Bellanti et al. 2013). Thus, the decline in estradiol
with the menopause transition may shift the redox bal-
ance to a state of oxidative stress. In this regard, previ-
ous observations reported elevated plasma and protein
levels of oxidized LDL and other lipoperoxides, and
lower levels of the antioxidants superoxide dismutase
(SOD) and catalase in perimenopausal and postmeno-
pausal women (Moreau et al. 2005; Bellanti et al. 2013;
Sanchez-Rodriguez et al. 2012; Zitnanova et al. 2011).
In the present study, oxidized LDL was elevated in late
perimenopausal and postmenopausal women, and the
antioxidant glutathione was reduced in postmenopausal
women. Glutathione is a major intracellular antioxidant
that facilitates the detoxification of hydrogen and lipid
peroxides, superoxide, and peroxynitrate (Ashfaq et al.
2008). Additionally, TAS, a measure of the cumulative
effect of all the chain-breaking antioxidants (e.g., -
tocopheral, ascorbic acid, thiols, uric acid) in plasma,
tended to be reduced across menopause stages. Collec-
tively, these observations support the idea that redox
balance shifts during the late perimenopausal and early
postmenopausal periods, possibly due to changes in
estradiol levels.

Other possible contributing mechanisms to the endo-
thelial dysfunction across the stages of the menopause
transition in healthy women include inflammation, and/
or the modulation by vasoconstrictor hormones (e.g.,
endothelin-1, norepinephrine, angiotensin II) and local
factors (Arenas et al. 2006; Moreau et al. 2013b; Kaplon
etal. 2011). It is important to note that all of these factors
also contribute to, and are modulated by oxidative
stress. In the present study, although plasma norepi-
nephrine and endothelin-1 were elevated across the
stages of the menopause transition, there were no sig-
nificant changes in norepinephrine, endothelin-1, or
inflammatory markers with gonadal suppression.

Experimental considerations and limitations

The findings in the present study can only be generalized to
healthy, non-smoking sedentary women without evidence
of clinical disease. We acknowledge that studying endothe-
lial function after short-term manipulations of ovarian hor-
mones does not recapitulate the chronic changes that occur
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over the menopause transition. We also recognize that we
were not able to separate the long-term effects of meno-
pause from those of chronological aging in this study.
However, because many physiological changes (i.e., body
composition) concurrent with the menopause transition
could exaggerate the effects of declining ovarian hormones
on vascular function, a short-term ovarian suppression in-
tervention provides a controlled environment to permit
causal inferences about the modulatory influence that ovar-
ian hormones may have on endothelial function in women
(Stachenfeld and Taylor 2014). We also did not examine
the independent effects of other ovarian hormones (e.g.,
FSH, progesterone, testosterone) that change with meno-
pause; however, previous studies using gonadal suppression
have shown that neither progesterone nor testosterone ap-
pear to contribute to endothelial function (Meendering et al.
2008; Miner et al. 2011). In premenopausal women, ad-
ministration of either medroxyprogesterone acetate or mi-
cronized progesterone alone or combined with estradiol
abolished the beneficial effect of estradiol on brachial artery
FMD (Meendering et al. 2008; Miner et al. 2011), and there
were no differences reported in cutaneous microvascular
vasodilation between GnRH,,,, with and without testoster-
one (Wenner et al. 2013). Nonetheless, whether progester-
one, testosterone, and/or FSH contribute to the decline in
endothelial function during the menopause transition needs
further investigation. We also could not address whether
estradiol regulated vascular smooth muscle cell function
due to small sample sizes (i.e., 5—7/grp) in the placebo
and estradiol add-back groups.

Endothelial function was measured using brachial ar-
tery FMD, a well-established measure of macrovascular,
conduit artery endothelial-dependent dilation, rather than
the gold standard of coronary epicardial vasoreactivity, a
more invasive and expensive procedure that is limited to
individuals undergoing coronary angiography (Flammer
et al. 2012). We also recognize that we did not measure
nitrites/nitrates in the blood to get a measure of circulating
NO to corroborate our FMD findings. Despite the disad-
vantages of the FMD procedure being that it is technically
challenging to perform and requires standardization, the
advantages of using brachial artery FMD are that it is
non-invasive, easy to access, correlates with coronary
endothelial function, and predicts CVD risk (Flammer
et al. 2012). Moreover, we standardized our protocol and
adhered to evidence-based recommendations for the as-
sessment of FMD in humans (Thijssen et al. 2019).
Whether our findings are applicable to other measures
of endothelial function, particularly at the microvascular

level (e.g., venous occlusion plethysmography, EndoPat),
warrants further investigation.

We did not measure the direct effect of the ovarian
suppression intervention or vitamin C on ROS. Howev-
er, vitamin C infusion is a commonly used experimental
model to determine the tonic suppression of ROS on
endothelial function in human studies (Moreau et al.
2013a; Donato et al. 2007; Taddei et al. 2001; Virdis
et al. 2000), and blood concentrations do not necessarily
reflect differences at the local vascular level or vascular
responsiveness to these factors. We also cannot rule out
the possibility that the vasoactive factors mentioned
above (i.e., norepinephrine, endothelin-1, inflammatory
cytokines) were modulated at the local level with the
ovarian suppression. Estradiol concentrations did not
significantly decrease in early perimenopausal women
with the GnRH,,,, treatment, although we cannot rule
out decreases in estrogen production in other tissues
(e.g., adipose tissue). Additionally, it is possible that
the immunoassay measurement of estradiol used in the
present study lacked the sensitivity and precision to
accurately measure estradiol and that a more sensitive
and specific assay such as LC-MS/MS may have detect-
ed significant changes in estradiol. Finally, it is impor-
tant to note that the findings from this study do not
support vitamin C supplementation for the maintenance
of endothelial function, but rather to help identify pos-
sible mechanistic pathways and potential therapeutic
targets for future research and prevention strategies.

Conclusion

The present study provided novel evidence for the inde-
pendent effect of changes in ovarian hormones, specif-
ically estradiol, as the initiating event for the decline in
endothelial function with the menopause transition in
healthy women. Additionally, our data suggest that the
decline in estradiol causes a shift in redox balance that
results in increased vascular oxidative stress, which
impairs endothelial function. Future investigations
should examine whether maintaining estradiol concen-
tration and/or implementing lifestyle or other preventive
strategies that mitigate oxidative stress during the peri-
menopausal years is effective in preserving or attenuat-
ing the decline in endothelial function in women.
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