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Abstract

Background: The cardiovascular (CV) safety of estrogen replacement therapy (ERT) in
perimenopausal women remains uncertain. Although exogenous estrogens increase HDL
cholesterol (HDL-C), estrogen-mediated effects on alternative metrics of HDL that may better
predict CV risk are unknown.

Objective: To determine the effects of transdermal ERT on HDL composition and cholesterol
efflux capacity (CEC), as well as the relationships between these metrics and CV risk factors.

Methods: Fasting plasma samples were analyzed from 101 healthy, perimenopausal women
randomized to receive either transdermal placebo or transdermal estradiol (100 pg/24 hr) with
intermittent micronized progesterone. At baseline and after 6 months of treatment, serum HDL
CEC, HDL particle concentration, HDL protein composition, insulin resistance and brachial artery
flow-mediated dilatation (FMD) were measured.
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Results: No difference between groups was found for change in plasma HDL-C (p=0.69).
Between-group differences were found for changes in serum HDL total CEC [median change from
baseline —5.4(-17.3,+8.4)% ERT group versus +5.8(—6.3,+16.9)% placebo group, p=0.01] and
ABCAI1-specific CEC [median change from baseline —5.3(-10.7,+6.7)% ERT group versus
+7.4(-1.5,+18.1)% placebo group, p=0.0002]. Relative to placebo, transdermal ERT led to
reductions in LDL-C (p<0.0001) and insulin resistance (p=0.0002). An inverse correlation was
found between changes in serum HDL total CEC and FMD (p=-0.26, p=0.004).

Conclusions: Natural menopause leads to an increase in serum HDL CEC, an effect that is
abrogated by transdermal ERT. However, transdermal ERT leads to favorable changes in major CV
risk factors.

Keywords
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Introduction

The impact of postmenopausal estrogen replacement therapy on cardiovascular (CV) health
remains an area of substantial controversy. Although epidemiologic data strongly suggested
that ERT confers cardiovascular protection (1), the Women’s Health Initiative cast doubt on
these protective effects and led to dramatic reductions in the prescription rates of ERT (2,3).
Subsequent data, however, have led to refinement of these findings and collectively indicate
that transdermal estradiol, delivered during an optimal window of time, may prove a safe
and even beneficial regimen with regard to CV health (4-6). Transdermal estradiol is
delivered directly to the systemic circulation and therefore circumvents the first-pass gut and
liver metabolism that oral estrogens undergo. Consequently, transdermal estradiol does not
induce hepatic production of proteins including serum amyloid A, C-reactive protein, and
coagulation factors, nor does it raise circulating triglyceride concentrations (7).

Notably, the absence of CV protection found in the WHI occurred despite the anticipated
increase in high-density lipoprotein cholesterol (HDL-C) (8), an effect long thought to
contribute to estrogen’s purported CV benefit. Nonetheless, abundant clinical data now
demonstrate that changes in HDL-C are not uniformly a reliable metric of changes in CVD
risk (9,10). Rather, research focus has shifted toward alternative HDL-based metrics that
measure HDL’s protein composition, functional capacities, or non-cholesterol lipid cargo in
an effort to identify alternative metrics with greater predictive utility (11,12). Measurement
of HDL cholesterol efflux capacity — the efficiency with which HDL particles are able to
efflux cholesterol from lipid-laden macrophages — captures a pivotal step in reverse
cholesterol transport, which is believed to be the most important cardioprotective function of
HDL particles (13). In both cross-sectional and longitudinal cohort studies, lower HDL
cholesterol efflux capacity (CEC) better predicted greater prevalent and incident CV events
than did HDL-C and, importantly, the relationship between HDL CEC and CVD risk was
independent of HDL-C (13-15) . In addition to HDL CEC, HDL protein composition and
HDL particle concentration and size have been studied as potential predictors of CVD risk in
populations including postmenopausal women (16-20). These alternative metrics promise
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enhanced utility for prediction of CV risk on an individual basis, and their measurement may
offer incremental insight into the CV effects of perimenopausal ERT.

Previously, in a longitudinal study of women transitioning through menopause, increases in
HDL CEC were observed (21). However, this study had no control group, and the
implications of this increase in efflux capacity for CVD risk prognostication remain
uncertain in the absence of additional, established CV endpoints in the study. Critically, an
inverse association between HDL CEC and CV risk has not been a universal finding (22—
24). Consequently, considerable uncertainty persists regarding both the CV safety of ERT
and the clinical utility of HDL-based metrics for assessing individual CVD risk.

The Perimenopausal Estrogen Replacement Therapy (PERT) study was a randomized,
double-blind, placebo-controlled trial designed to test the effects of transdermal estradiol on
depressive symptoms in women undergoing perimenopause and early menopause (25). In
addition, cardiometabolic endpoints were measured including flow-mediated dilatation of
the brachial artery, an index of vascular endothelial function; insulin resistance; and lipid
profiles. We used fasting plasma samples collected at baseline and after 6 months of
treatment for a subset of subjects enrolled in the PERT study and measured HDL particle
size and concentration, HDL protein composition, and serum HDL CEC. We predicted that
these analyses would lend insight into both the relative CV benefits of transdermal ERT and
the predictive utility of alternative HDL-based metrics for CVD risk.

Materials and Methods

Study design and subjects

Fasting plasma samples were analyzed from a subset of women enrolled in the PERT study,
a randomized, doubled-blind, placebo-controlled trial for which a detailed study design and
methods have been previously published (25,26). In brief, 172 healthy women in
perimenopause or early menopause were randomized to receive either transdermal placebo
or transdermal estradiol (100 mcg/day) with intermittent micronized progesterone (200 mg
PO for 12 days every 2-3 months) for a treatment duration of 1 year. Plasma samples were
collected 2—-3 months following progesterone exposure. Samples from 101 women (n=45 in
the ERT group and n=56 in the placebo group) were included in the current analyses and
were selected solely on the basis of availability of adequate plasma volumes at the baseline
and 6-month timepoints.

Sample collection and processing

Blood samples were collected into pre-chilled, purple-top EDTA tubes and placed in ice
cups for transport to the laboratory for processing. Samples were centrifuged at 4°C, and the
plasma was separated and aliquoted into cryo-tubes, which were kept on ice until transfer to
a —80°C freezer for long-term storage. Maximum total time from blood collection to freezer
storage was <60 minutes, and most samples were frozen <30 minutes after collection.
Frozen plasma aliquots were shipped to the University of Washington on dry ice without
prior freeze-thaw cycles and stored immediately at —80°C until HDL-based assays were
performed.
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Serum HDL CEC measurement

Serum HDL CEC was measured as previously described (27,28), employing the methods
developed by Rothblat and colleagues (13). Plasma was converted to serum, and
polyethylene glycol precipitation was used to deplete serum of apolipoprotein B (apoB)-
containing particles (serum HDL). Serum HDL was incubated for 4 hours with cells loaded
with radiolabeled [3H]-cholesterol. J774 cells were treated with an acyl-coenzyme
A:cholesterol acyltransferase inhibitor and stimulated with cAMP to measure serum HDL
total CEC (13). BHK-1 cells were transfected with a mifepristone-inducible human ABCA1
transporter to measure CEC specifically mediated by ABCA1 (ABCA1 CEC) (21,29).
Samples were measured in duplicate, with mean values presented. For each method of
determining CEC, all samples were assayed on the same day. The coefficient of variation for
total serum HDL CEC was 7.9% and for ABCA1 CEC 6.7%.

Quantification of HDL particle size and concentration

Calibrated ion mobility analysis (cIMA) was employed to measure total HDL particle
concentration and HDL subclasses based on particle size (17,28). As previously described,
this method detects 4 species of HDL particles: extra small (xs-HDL-Pima, average diameter
7.8 nm), small (s-HDL-Pima, average diameter 8.4 nm), medium (m-HDL-Pima, average
diameter 9.5 nm), and large (I-HDL-Pima, average diameter 10.8 nm). Total HDL particle
concentration (t-HDL-Pima) was determined as the sum of all 4 particle subclasses. The
average intra-assay coefficient of variation was 11.2% (6.7-18.2%), and average inter-assay
value was 11.1% (3.8-18.8%).

Quantification of HDL-associated proteins

HDL protein abundance was measured using a targeted proteomics strategy to measure 34
proteins as described previously (30).

Measurement of sphingosine-1-phosphate

Plasma concentrations of sphingosine-1-phosphate (S1P) were measured using butanol
extraction and liquid chromatography-tandem mass spectrometry, as previously described
with details including complete mass spectrometric methods (31,32). EDTA-anticoagulated
plasma (10 uL) and internal standard (5 UL, 3 uM C17 base D-erythro-sphingosine-1-
phosphate in ethanol, Avanti Polar Lipids; Alabaster, AL) were mixed on an orbital shaker
for 10 min at 1,400 rpm at 20°C. The sample was acidified with 30mM citric acid/40mM
NayHPO,4, pH 4.0 (50 pL) and extracted for 10 min at 1,400 rpm at 20°C with 125 pL water-
saturated butanol (Fisher Scientific; Waltham, MA). The butanol layer was isolated and
lyophilized in a centrifugal evaporator at 20°C. The residue was resuspended in HPLC
buffer and sonicated for 1 min at 20°C. Analytes in 10 pL sample were separated using
liquid chromatography (Shimadzu; Kyoto, Japan) and analyzed by tandem mass
spectrometry on a 4000 QTRAP mass spectrometer (AB Sciex; Toronto, Canada) in positive
ion mode. The between-day coefficient of variation was 7.7%.
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Measurement of cardiometabolic endpoints

Insulin resistance was quantified by HOMA-IR using the following formula: (fasting
glucose concentration (nmol/L) x fasting insulin concentration (mIU/L))/22.5. Baroreflex
sensitivity was measured through 5-minute recording of blood pressure and RR interval with
selection of sequences during which systolic blood pressure and RR interval exhibited
progressive increases or decreases over 3 consecutive pulses with a difference of at least 1.0
mmHg or 5.0 msec between successive pulses, respectively. The linear regression of RR
interval to systolic blood pressure for each sequence was determined, and baroreflex
sensitivity was quantified as the mean of the resultant slopes for all selected sequences for an
individual participant. Flow-mediated dilatation of the brachial artery was measured using
digital, gated ultrasound images and customized software (Vascular Analysis Tools, Medical
Imaging Applications, LLC; Coralville, 1A). Arterial diameter was defined as the distance
between the intima-lumen interfaces of the proximal and distal walls of the brachial artery,
with baseline arterial diameter calculated as the average distance captured from =10 images.
Maximum arterial diameter was determined during reactive hyperemia following 5 minutes
of forearm ischemia and calculated as the average measurement taken from 3 consecutive
images obtained during peak dilatation. Flow-mediated dilatation was calculated as the %
change in arterial diameter during reactive hyperemia relative to baseline diameter.

Statistical analyses

Results

The peak area value for each HDL protein was normalized to apolipoprotein A-I (apoA-1)
abundance, log-transformed, and standardized through Z-score calculation. For between-
group comparisons, the change in each variable was tested for normality using the D-
Agostino & Pearson omnibus test, and Student’s unpaired t-test or Mann Whitney test was
used as appropriate. For within-group comparisons, Student’s paired t-test or Wilcoxon
matched-pairs signed rank test was used as appropriate. Multistep linear regression was
employed to determine associations between changes in HDL-based metrics and endpoints
of CV risk. For each CV risk endpoint, independent variables included treatment group and
changes in plasma HDL-C concentration, plasma HDL total particle concentration, plasma
triglyceride concentration, and serum HDL total and ABCA1 CEC. The final regression
models were limited to significant independent variables, and standardized p-coefficients are
presented. Statistical significance was defined as a p-value threshold of <0.05 for all
endpoints except change in HDL protein abundance, for which a Bonferroni adjusted p-
value threshold of <0.0015 was employed to correct for multiple comparisons. All data are
shown as median (interquartile range). Statistical analyses were performed using SPSS 25
(IBM Corporation, Armonk, New York), and figures were created with GraphPad Prism 5
(GraphPad Inc., La Jolla, CA).

Study participants

Baseline characteristics of the PERT study participants have been previously published (25).
Similar to the overall cohort of women, participants in the subset included for the current
analyses were healthy, perimenopausal women with a median body mass index of 25.3
(22,29) kg/m2, median systolic blood pressure of 115.0 (103,120) mmHg, and normal
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insulin sensitivity [median HOMA-IR 2.4 (1.8,3.3)] (Table 1). None of the participants were
on antihypertensive or lipid-lowering therapy. Fasting insulin concentration was higher in
the group receiving ERT than in the placebo group at baseline, and no other baseline
parameters differed significantly between groups.

Transdermal ERT does not increase HDL-C concentration but reduces LDL-C
concentration in perimenopausal women

Participants in this cohort were normolipidemic with a baseline median total cholesterol
concentration of 209 (181,223) mg/dL, low-density lipoprotein cholesterol (LDL-C)
concentration of 118 (100,137) mg/dL, HDL-C concentration of 68 (58,81) mg/dL, and
triglyceride concentration of 70 (58,93) mg/dL. Fasting lipid profiles after 6 months of
treatment demonstrated a significant difference in the change in total cholesterol
concentration between the ERT and placebo groups from baseline [median change -13.0
(-24.5, +1.0) mg/dL in the ERT group versus +4.5 (-11.0, +16.8) mg/dL in the placebo
group, p=0.0001] (Figure 1A). Total cholesterol concentrations fell from 214 (178,226)
mg/dL at baseline to 196 (169,218) mg/dL in the ERT group (p<0.0001) but exhibited a
small, non-significant rise in the placebo group from 199 (181,221) mg/dL to 204 (177,235)
mg/dL (p=0.11). The change in plasma HDL-C concentration was negligible and did not
differ between the ERT and placebo groups [median change —2.0 (=6.5, +3.0) mg/dL in the
ERT group versus -1.0 (-5.8, +4.8) mg/dL in the placebo group, p=0.69] (Figure 1B). In
contrast, the change in LDL-C concentration over 6 months of treatment differed between
groups [median change -12.0 (-23.5, +1.0) mg/dL in the ERT group versus +3.5 (-7.8,
+15.8) mg/dL in the placebo group, p<0.0001] (Figure 1C, Supplemental Table 1). Further,
the decrement in LDL-C concentration evident within the ERT group achieved significance
[128 (102,139) mg/dL at baseline versus 112 (91,127) mg/dL at 6 months, p<0.0001].
Finally, no between-group difference in the change in fasting plasma triglyceride
concentration was found over the treatment period [median change +4.0 (-12.5, +24.0)
mg/dL in the ERT group versus +3.5 (=6.0, +14.0) mg/dL in the placebo group, p=0.93]
(Figure 1D).

Transdermal ERT abrogates perimenopause-associated increases in serum HDL total and

ABCA1 CEC

Despite the absence of change in HDL-C concentration in either group, changes in serum
HDL CEC differed between groups over 6 months of treatment (Table 2). Relative to the
placebo group, the ERT group exhibited a decrease in total serum HDL CEC [median %
change from baseline —5.4 (-17.3,+8.4)% in the ERT group versus +5.8 (-6.3,+16.9)% in
the placebo group, p=0.01] (Figure 2A). This between-group difference was similarly
evident and more pronounced for ABCA1-specific serum HDL CEC [median % change
from baseline —5.3 (-10.7,+6.7)% in the ERT group versus +7.4 (-1.5,+18.1)% in the
placebo group, p=0.0002] (Figure 2B). Further, the increase in ABCAL-specific CEC within
the placebo group achieved significance (p=0.04).
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Transdermal ERT leads to a shift toward larger HDL particle size but does not influence
HDL protein composition

During the 6-month treatment period, change in total HDL particle concentration was
similarly insignificant in both groups [median % change from baseline —-1.2 (-5.9, +3.3)% in
the ERT group versus —1.5 (8.4, +7.3)% in the placebo group, p=0.78] (Figure 3A).
However, differential changes in HDL particle subclasses were evident between groups, as
subjects in the placebo group exhibited enrichment in small HDL particles, whereas relative
depletion of small HDL particles was found in the ERT group [median % change from
baseline —8.1 (-21.1, +10.9)% in the ERT group versus +4.2 (=8.1, +25.7)% in the placebo
group, p=0.01] (Figure 3B). Further, reciprocal changes were found for the large HDL
particle subclass, as placebo treatment resulted in a decrease in large HDL particle
concentration relative to ERT [median % change from baseline +4.5 (=7.0, +19.3)% in the
ERT group versus -5.2 (-14.9, +12.3)% in the placebo group, p=0.02] (Figure 3C). In
contrast, change in the medium HDL subclass did not differ between groups [median %
change from baseline —3.6 (-=19.0, +14.1)% in the ERT group versus +1.9 (-11.0, +13.8)%
in the placebo group, p=0.42] (Figure 3D).

The relative abundance of 31 HDL -associated proteins was measured at baseline and after 6
months of treatment. Only change in apoliproprotein D (apoD) abundance differed between
groups using a p-value threshold of <0.05 for significance [median change +0.004 (-0.01,
+0.02) in the ERT group versus —0.003 (-0.02, +0.1) in the placebo group, p=0.049];
however, this between-group difference was no longer significant after correction for
multiple comparisons.

Transdermal ERT improves major CV risk factors

To better understand both the CV effects of transdermal ERT and the relevance of the HDL-
based metrics to CV risk, insulin resistance, baroreflex sensitivity, and flow-mediated
dilatation (FMD) of the brachial artery were measured at baseline and after 6 months of
treatment. A highly significant difference was found between groups for change in insulin
resistance as quantified by HOMA-IR [median change —0.6 (-1.0, —0.1) in the ERT group
versus +0.2 (-0.3, +0.9) in the placebo group, p=0.0002] (Figure 4A). Further, the decrease
in HOMA-IR observed within the ERT group achieved significance [2.8 (1.9,3.4) at baseline
versus 2.1 (1.6, 3.0) at 6 months, p=0.0008]. The increase in HOMA-IR among subjects in
the placebo group did not achieve significance [2.3 (1.8, 3.0) at baseline versus 2.5 (1.5,3.1),
p=0.10]. Change in baroreflex sensitivity did not differ significantly between groups
[median change +0.6 (-0.2, +1.0) in the ERT group versus 0 (-1.1, +1.1) in the placebo
group, p=0.14] (Figure 4B). However, an increase in baroreflex sensitivity was found among
subjects in the ERT group [4.7 (3.2, 6.2) at baseline versus 5.7 (4.1, 6.8) at 6 months,
p=0.008]. Change in brachial artery FMD was not different between groups (p=0.76) (Figure
4C). As an additional metric of endothelial cell function, plasma concentrations of
sphingosine-1-phosphate (S1P) were measured. Change in S1P from baseline to 6 months
was negligible and did not differ between groups [+0.1 (=0.1, +0.2) uM in the ERT group
versus 0 (-0.1, +0.1) in the placebo group, p=0.56). A significant, positive correlation was
found between changes in brachial artery FMD and plasma S1P concentration (r=0.23,
p=0.03).
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Change in total serum HDL CEC exhibits an inverse correlation with change in brachial

artery FMD

In order to gain additional insight into the predictive relevance of alternative HDL-based
metrics for CVD risk, associations between HDL-based metrics and established endpoints of
CVD risk were determined using multiple linear regression analyses. Change in HOMA-IR
did not correlate with changes in any of the HDL-based metrics but showed a significant
correlation with treatment group (f=0.26, p=0.006). Change in baroreflex sensitivity
similarly did not correlate with change in any HDL-based metric. Notably, however, a
negative correlation was found between change in brachial artery FMD and change in total
serum HDL CEC (p=-0.26, p=0.004).

Discussion

We show that transdermal estradiol delivered during perimenopause does not affect plasma
HDL-C concentration but reduces total and ABCA1-specific serum HDL cholesterol efflux
capacity and leads to a shift toward larger HDL particle size. Whereas lower HDL CEC has
been associated with increased CVD risk in other studies, transdermal estradiol in our study
also led to significant decreases in LDL-C and insulin resistance and a nonsignificant
increase in baroreflex sensitivity. These findings are consistent with those observed in the
full study sample (26) and indicate that transdermal estradiol overall may be beneficial with
regard to CVD risk. Moreover, change in brachial artery FMD, an index of vascular
endothelial function that is predictive of cardiovascular events (33), exhibited a negative
correlation with change in total serum HDL CEC. These data suggest that an increase in
HDL CEC may not be a reliable index of attenuated CV risk in perimenopausal women.

In contrast to oral exogenous estrogens, which increase plasma HDL-C concentration,
transdermal estradiol has been shown to confer negligible effect on HDL-C concentration
(8,34,35). Our data are consistent with these previous findings, as HDL-C concentration
remained similar to baseline in both the transdermal estradiol and placebo groups. Despite
this absence of change in HDL-C, significant differences between groups were evident for
both serum HDL total and ABCAL CEC, indicating a dissociation between HDL-C and
HDL CEC. We previously observed a similar dissociation between HDL-C and HDL CEC
in response to changes in sex steroid exposure in men, as medical castration led to an
increase in HDL-C concentration without attendant change in HDL CEC (28). Similar to our
current findings, a prior, observational study showed that natural menopause was
characterized by increases in both HDL total and ABCA1 CEC in the absence of change in
HDL-C (21). These findings collectively indicate that change in HDL-C concentration due
to differential sex steroid exposure is not a reliable index for inferring changes in HDL
function. Importantly, HDL CEC is only one index of HDL function, and additional work is
needed to establish how differential sex steroid exposure, including the menopausal
transition, affects other HDL-mediated functions, including regulation of endothelial and
immune cell activity as well as antioxidant and anti-thrombotic functions (12).

The basis of the observed changes in HDL CEC is unknown but may be explained, in part,
by changes in the size distribution of HDL particles. HDL particle size has been established
as a key determinant of HDL CEC, as small HDL particles have been shown to efflux
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cholesterol more efficiently and preferentially through the ABCA1-mediated pathway
(36,37). Therefore, the shift toward smaller HDL particle size evident in the placebo group
may underlie the increases in serum HDL total and ABCA1 CEC relative to the ERT group.
It is also possible that the increased ABCA1-specific CEC of serum HDL is mediated by
increased levels of pre-p1 HDL, which is known to be a major acceptor of cholesterol
(38,39). It has been shown that increased levels of pre-p1 HDL may associate with
dyslipidemia, and, in at least one study, higher level of pre-p1 HDL was associated with
increased risk of CVD (40,41). Recent studies also have suggested that in addition to apoA-
I-containing particles, other proteins present in serum HDL (i.e. apoB-depleted serum) may
mediate cholesterol efflux. Plasminogen, for example, has been shown to efficiently mediate
ABCAL1-specific cholesterol efflux from ABCA1 expressing BHK cells (42). ABCA1-
specific cholesterol efflux may be further modulated by Lp(a) (43). Thus, both HDL
remodeling and change in HDL particle distribution, as well as changes in other serum
mediators of efflux, may underlie the observed changes in ABCAL1-specific serum HDL
CEC.

Prior studies of hormone replacement therapy utilizing conjugated equine estrogens (CEE)
similarly have demonstrated increases in large HDL particles (44,45). The specific
mechanisms underlying this HDL particle remodeling are unclear but may implicate, in part,
the differential changes in insulin resistance observed in the ERT and placebo groups.
Insulin resistance can promote smaller HDL size through multiple mechanisms, including
increased lipid exchange with triglyceride-rich lipoproteins and accelerated HDL particle
metabolism through increased hepatic triglyceride lipase activity (46). An increase in plasma
triglyceride concentration might be expected in association with these changes but was not
observed in the current study. However, although fasting triglyceride concentrations were
similar between groups and unchanged from baseline, exaggerated postprandial triglyceride
excursions have been observed in peri- and postmenopausal women and may be attenuated
by ERT (47,48). The ERT-mediated increase in large HDL particles also may be attributable
to estrogen-induced suppression of scavenger receptor, class B, type I (SR-BI) expression in
liver (49), but suppression of hepatic SR-BI expression was demonstrated in rodents
administered pharmacologic doses of ethinyl estradiol (50) and has not been shown for
physiologic replacement of 17p-estradiol. Therefore, enhanced understanding of the
observed changes in HDL particle size requires further study, ideally with dynamic
measurement of lipids in the postprandial state rather than exclusive focus on fasting
measurements.

Notably, the relative decreases in serum HDL total and ABCA CEC evident in the ERT
group were accompanied by improvement in key CVD risk factors, including insulin
resistance and plasma LDL-C concentration. Whereas an LDL-C lowering effect has been
found reproducibly with both oral and estradiol replacement regimens (7), the respective
effects of these ERT formulations on systemic insulin sensitivity have been inconsistent with
studies variably showing either neutral or beneficial effects of transdermal ERT (51-54). In
the present study, the directional change in baroreflex sensitivity also favored the ERT
group, although this finding did not achieve statistical significance. Further, a negative
association was found between total serum HDL CEC and brachial artery FMD. Thus, these
findings collectively suggest that the increase in HDL CEC that occurs during the
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menopausal transition may occur in the context of worsening of other CVD risk factors. This
unexpected relationship between HDL CEC and CVD risk is not unprecedented; a prior
study, for example, observed a positive association between higher HDL CEC and incident
CV events (55), increased HDL CEC after HDL-raising therapy was not associated with
clinical benefit (56,57), and HDL CEC was not found to associate with CV events among
patients with chronic kidney disease undergoing hemodialysis (22). A larger study
specifically designed to address the effects of transdermal ERT on cardiovascular outcomes
will be necessary to conclusively answer these questions.

Our study has several key limitations. Most importantly, measurements of lipids and HDL-
based metrics were made solely in the fasted state and do not capture dynamic, postprandial
changes in lipoprotein remodeling that play a critical role in atherogenesis. Participants in
the ERT group also received micronized progesterone, so the extent to which progesterone
treatment contributed to study results cannot be determined. However, in contrast to
medroxyprogesterone acetate, which clearly has been shown to counter ERT-mediated
effects on HDL (49,58), micronized progesterone appears to exert neutral effects on HDL
and other lipoproteins (6,35). Plasma samples further were collected 2—-3 months after the
most recent progesterone exposure in an effort to minimize the impact of progesterone-
mediated effects. Nonetheless, as transdermal estradiol is commonly prescribed in
conjunction with micronized progesterone, the study results are clinically relevant despite
the inability to definitively identify the respective effects of estradiol and progesterone
exposure. Participants in this study were healthy women, and changes in HDL particle size
and function - both during the natural menopausal transition and in response to ERT - may
vary considerably in women with underlying cardiometabolic disorders (45,49). Additional
work is also necessary to delineate the interactions between the menopausal transition and
clinical variables including age, race/ethnicity, and dietary habits on HDL composition and
function. Importantly, our analyses examined changes in study endpoints after only 6 months
of treatment with placebo or ERT. This short time frame may account for some of our
negative findings, including absence of change in brachial artery FMD. Notably, in the
parent study, brachial artery FMD was shown to decline in age-dependent fashion over 1
year of follow-up among women receiving placebo, whereas no decline in FMD was found
among women receiving ERT irrespective of age (26). Our study entailed secondary
analyses of samples collected during a previously conducted randomized controlled study.
Finally, our analyses may be limited by multiple comparisons with statistical correction
applied only to the HDL protein composition data.

Conclusions

In summary, our study corroborates previous findings of an increase in serum HDL CEC
during the menopausal transition and, further, demonstrates that this increase in CEC is
abrogated by ERT in concert with a shift toward larger HDL particle size. Notably, this
relative decrease in efflux capacity conferred by ERT was accompanied by significant
improvements in well-established CVD risk factors. Therefore, our findings suggest
cardiometabolic benefit from transdermal ERT in perimenopausal women and highlight the
need to assess the predictive utility of HDL CEC as a metric of CVD risk specifically in this
population.
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Highlights
. The cardiovascular effects of hormone replacement therapy are uncertain.
. The impact of transdermal estradiol on alternative HDL-based metrics is
unknown.
. Transdermal estradiol reduced HDL cholesterol efflux capacity.
. Transdermal estradiol also led to a shift toward increased HDL particle size.
. Transdermal estradiol improved major cardiovascular risk factors including
LDL-C.
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Figure 1.

Subjects who received ERT showed a decrease in plasma total cholesterol concentration
relative to those who received placebo (A). No between-group difference was found for
change in plasma HDL-C concentration (B). Relative to placebo, ERT led to a decrease in
plasma LDL-C concentration (C). No difference was found between groups for change in
plasma triglyceride concentration (D). ERT=estrogen replacement therapy; HDL-C=high-
density lipoprotein cholesterol; LDL-C=low-density lipoprotein cholesterol
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B. Change in serum HDL ABCA1 cholesterol efflux capacity
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Figure 2.

Relative to placebo, ERT led to reductions in serum HDL total (A) and ABCAL (B)
cholesterol efflux capacity.
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Figure 3.
Changes in total HDL particle concentration were comparable in the ERT and placebo

groups (A). Subjects in the ERT group demonstrated a decrease in small HDL particles
relative to subjects in the placebo group (B). No difference in change in medium HDL

particle concentration was evident between groups (C), but an increase in large HDL particle
concentration was seen in the ERT group relative to the placebo group (D).
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Figure 4.
Relative to the placebo group, the ERT group exhibited significant decreases in LDL-C

concentration (A) and insulin resistance (B) but an increase in baroreflex sensitivity (C).
LDL-C=low-density lipoprotein cholesterol; HOMA-IR=homeostasis model of assessment
of insulin resistance
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Baseline characteristics of study subjects

Table 1.

Characteristic Estrogen Replacement | Placebo P-value
n 45 56

Age (years) 51.1 (48,53) 50.7 (48,53) 0.99
Body mass index (kg/m?) 25.7 (22,29) 25.3(23,29) 0.63
Estradiol concentration (pg/mL) 79.7 (57,133) 88.7 (60,116) 0.86
Fasting glucose concentration (mg/dL) 88.0 (82,96) 85.5(81,92) 0.41
Fasting insulin concentration (mIU/L) 12.7 (9,15) 10.6 (8,14) 0.04
Insulin resistance (HOMA-IR) 2.8(1.9,3.4) 2.3(1.8,3.0) 0.05
Systolic blood pressure (mmHg) 116 (107,121) 115 (101,120) 0.19
Diastolic blood pressure (mmHg) 71 (66,76) 71 (66,76) 0.89
Waist circumference (cm) 87.0 (79,95) 87.0 (79,93) 0.67
Total cholesterol (mg/dL) 214 (178,226) 199 (181,221) 0.35
HDL cholesterol (mg/dL) 63 (56,82) 70 (58,79.5) 0.62
LDL cholesterol (mg/dL) 128 (102,139) 111 (97,129) 0.24
Triglycerides (mg/dL) 73 (56,97) 69 (58,93) 0.41

Baseline characteristics for study subjects included in the current analyses. Data are shown as median (interquartile range).
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Table 2.

Serum HDL cholesterol efflux capacity and HDL particle concentration as baseline and 6 months

Estrogen Replacement Placebo
HDL-based Metric Baseline 6 months Baseline 6 months
Serum HDL total cholesterol efflux capacity (%) 12.0(10.4,14.3) | 11.4(10.4,13.7) | 11.3(9.9,12.9) 11.9 (10.9,12.6)
Serum HDL ABCAL cholesterol efflux capacity (%) | 12.2 (10.8,13.6) | 11.7 (102,13.3) 11.0(9.5,12.9) 12.4 (10.8,13.6) *
Total HDL particle concentration (umol/L) 23.2(20.4,26.8) | 23.0(21.0,26.2) | 22.6 (19.9,25.9) | 22.8(19.8,25.2)
Small HDL particle concentration (umol/L) 4.5(3.2,5.5) 4.2 (3.0,5.8) 3.9(2.9,5.0) 3.9(3.25.3)
Medium HDL particle concentration (pmol/L) 8.4 (7.6,10.8) 8.1(7.2,10.7) 8.3(6.9,9.4) 8.4 (7.1,9.7)
Large HDL particle concentration (umol/L) 6.1 (4.5,10.3) 7.1(5.0,9.9) 7.9 (5.5,10.5) 7.3(4.9,9.5)

Page 21

Serum HDL total and ABCAL1 cholesterol efflux capacity and HDL total particle concentration and size distribution at baseline and after 6 months
of treatment. Data are shown as median (interquartile range).

p<0.05 for within-group change
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