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Abstract

Background—The menopausal transition (perimenopause) is associated with an increased risk
of major depression, characterized by anxiety and anhedonia phenotypes. Greater estradiol (E2)
variability predicts the development of perimenopausal depression, especially within the context
of stressful life events (SLES). While transdermal E2 (TE2) reduces perimenopausal depressive
symptoms, the mechanisms underlying TE2 efficacy and predictors of TE2 treatment response
remain unknown. This study aimed at determining relationships between E2 fluctuations, mood
symptoms, and physiologic stress-reactivity (cortisol and interleukin-6) and whether differences in
mood-sensitivity to E2 fluctuations predict mood responses to TE2 treatment.

Methods—This randomized, double-blind, placebo-controlled trial investigated medically
healthy women (46—60 years) in the early or late menopause transition. Baseline E2-sensitivity
strength was calculated from eight weekly individual correlations between week-to-week E2
change and index week anxiety (State-Trait Anxiety Inventory) and anhedonia (Snaith-Hamilton
Pleasure Scale). Women then received eight weeks of TE2 or transdermal placebo.

Results—Analyses included 73 women (active TE2 n=35). Greater baseline E2 fluctuations
predicted greater anhedonia (p=.002), particularly in women with more SLEs. Greater E2
fluctuations also predicted higher cortisol (p=.012) and blunted interleukin-6 (p=.02) stress-
responses. Controlling for baseline symptoms, TE2 was associated with lower post-treatment
anxiety (p<.001) and anhedonia (p<.001) versus placebo. However, the efficacy of TE2 for anxiety
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(p=.007) and also for somatic complaints (p=.05) was strongest in women with greater baseline E2
sensitivity strength.

Conclusions—TE2 treatment reduced perimenopausal anxiety and anhedonia. The ability of
baseline mood-sensitivity to E2 fluctuations to predict greater TE2 efficacy has implications for
individualized treatment of perimenopausal anxiety disorders.
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Introduction

The menopausal transition (perimenopause) is characterized by dynamic variability in
estradiol (E2), frequent stressful life events (SLES), and increased risk of major depression
(Maki et al., 2019; O’Connor et al., 2009). Perimenopausal depression typically presents
with an anxious and anhedonic phenotype. Although most perimenopausal women will be
exposed to erratic E2 fluctuations, only a minority (albeit sizeable) will develop impairing
affective symptoms. In perimenopause, there is up to a 3-fold increase in risk to develop
depressive symptoms compared to pre- and postmenopausal stages (Maki, 2019), and almost
half of all women are affected by some level of anxiety symptoms (Andersen et al., 2004;
Avis et al., 2001). In a national diverse sample of aging women followed longitudinally,

low social support, perceived stress, and the presence of distressing life events increased

the odds for having a CES-D score of 16 or higher (indicative of major depression). Ethnic
differences in risk for perimenopausal depression and anxiety were also noted in that study
as Hispanic women had higher odds of developing depression than White women, even after
controlling for social support, perceived stress and stressful life events (Bromberger, 2004).

While the causes of perimenopausal affective illness rename unknown, a recent study
(Gordon et al., 2020), showed that the within-person correlation between weekly urinary
estrone-3-glucuronide (E1G) and depressive symptoms varied between women and that the
strength of the correlation (i.e., hormone sensitivity strength) predicted the development

of clinically significant depressive symptoms. Understanding predictors of susceptibility to
hormone sensitivity and their implications for treatment will advance precision medicine for
reproductive mood disorders.

Rates of distress are increased during perimenopause, when compared to pre- or
postmenopausal stages (Bromberger et al., 2001). Our prior work suggests that recent
SLEs amplify mood sensitivity to ovarian hormone change since we showed that greater
week-to-week changes in E2 or E1G (e.g., greater variability) was most likely to predict
the emergence of depressive symptomatology in perimenopausal women with more recent
SLEs (Gordon et al., 2015, 2016, 2018). The possibility exists that greater sensitivity to E2
fluctuations serves as a diathesis in a stress pathway to perimenopausal psychopathology.
Life stress and depression outside the perimenopause are associated with dysregulation in
the hypothalamic-pituitary-adrenal (HPA) axis and a pro-inflammatory state (Burke et al.,
2005; Raison et al., 2005; Slavich & Irwin, 2014). E2 modulates both the HPA axis and
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pro-inflammatory mediators (Klein & Flanagan, 2016; Vamvakopoulos & Chrousos, 1993),
making these candidate biomarkers that may contribute to the association of E2 fluctuations
with depression in the context of SLEs.

Regardless of the mechanisms linking E2 fluctuations to perimenopausal depression, prior
controlled trials have shown that transdermal E2 (TE2) reduces depressive symptoms

in perimenopausal women with depression (De Novaes Soares et al., 2001; Gordon &
Girdler, 2014; Schmidt et al., 2000) and prevents the emergence of depressive episodes in
perimenopausal women, with the prophylactic antidepressant benefit particularly evident in
women with more SLEs (Gordon et al., 2018). However, the mechanisms contributing to
the antidepressant effects of TE2 in perimenopausal women remain unknown, as does the
predictive ability of a hormone sensitive phenotype for TE2 treatment efficacy.

The primary objectives of this research were to determine, in perimenopausal women,
whether E2 fluctuations predict: 1) symptoms of anxiety and anhedonia; 2) HPA axis and
pro-inflammatory cytokine stress responses; and 3) whether sensitivity to E2 fluctuations
(hormone sensitivity strength) predicts the response of anxiety and anhedonia symptoms to
TE2.

Methods and Materials

Trial design

Participants

This study was designed to test, in perimenopausal women, the effects of endogenous E2
fluctuations and TE2 administration on 1) anxiety and anhedonia symptoms and 2) HPA-
axis stress reactivity (secondary outcome), and to examine whether recent SLEs moderated
these relationships. These pre-defined study aims (NCT03003949) are extended in this
report by the inclusion of pro-inflammatory mediators (cytokine and acute-phase protein)
and a refinement of the E2 fluctuation aim by characterizing individual differences in the
degree of sensitivity to E2 fluctuation (Gordon et al., 2020).

A randomized, double-blind, placebo-controlled design was employed, with parallel
allocation to either a TE2 arm (0.1 mg E2/24 hours) or a transdermal placebo arm. The
study consisted of: 1) a screening and enrollment period; 2) an 8-week baseline period, after
which women were randomized using a 1:1 allocation to the active or placebo arm; and

3) an 8-week post-randomization period. Over the two adjacent 8-week intervals, subjects
provided weekly blood samples for E2 and completed questionnaires assessing anxiety and
anhedonia. At weeks 0, 8, and 16, women were exposed to a psychosocial stress protocol
(see supplementary Figure 1).

Between January 2017 and March 2020, 73 medically healthy women aged 46—60 meeting
STRAW+10 reproductive staging criteria for early (STRAW -2), late menopause transition
(STRAW -1) or were within the first 12 months post of amenorrhea (STRAW +1a) (Harlow
et al., 2012) were recruited through advertisements, university email announcements, and
flyers. The last participant was enrolled in March 2020, after which the study was terminated
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prematurely due to COVID-19 restrictions on clinical research. All data were collected at the
University of North Carolina (UNC) at Chapel Hill School of Medicine.

Participants were screened for inclusion and exclusion criteria via telephone (see
Supplement for criteria). If eligible, enrollment commenced and participants provided
written informed consent. The Structured Clinical Interview (SCID-RV) for DSM-5
disorders (First et al., 2015) and the Life Experiences Survey (LES) for SLEs in the
preceding six months were administered. All participants underwent medical screening,
including vitals and history, a gynecological exam, and a screening mammogram.
Participants received $700 for completion of the protocol. The UNC Biomedical
Institutional Review Board approved the study (IRB 16-1731). This research was conducted
in accordance with the Helsinki Declaration.

Study Design

Weekly during the 16-week protocol, staff visited the participant’s home to administer
questionnaires for anxiety and anhedonia symptoms and to draw a serum sample for E2
(Supplement for details).

At weeks 0, 8, and 16, women underwent a laboratory session during which the Trier Social
Stress Test (TSST) was administered. Participants’ sessions were scheduled at the same time
of the day to control for circadian effects. The TSST at week 0 was performed to address the
novelty effect upon first exposure (Allen et al., 2014), thereby eliminating habituation to the
TSST as a confound in comparing week 8 and week 16 stress reactivity. The TSST included
a 5-minute simulated job interview (week 0 TSST) or talk about a specific topic like climate
change (week 8 and 16 TSST) and a 5-minute serial subtraction task (Kirschbaum et al.,
1993; varied at each TSST) and was performed in front of a non-responsive, two-member
committee. After establishing an intravenous line in an arm vein, subjects rested quietly

for 30 minutes before the TSST. Following the rest, venous blood was drawn for baseline
samples, and at 10-, 20-, 30-, and 45- minutes post-TSST for stress samples. Plasma was
subsequently frozen at —80°C.

Intervention

Following the 8-week baseline, women randomized to active treatment (n= 35) applied

a weekly TE2 patch (Alvogen) [0.1mg E2/24 hours for 8 weeks]. After the 8-week post-
randomization period, and after all research-related evaluations were completed, women
took oral micronized progesterone to prevent endometrial hyperplasia (200mg/day of
Prometrium for 12 days). Women randomized to placebo (n=38) followed the same regimen
using placebo patches similar in appearance and took placebo capsules (Capsugel Orange,
Size AA, DB Capsules). Patches were dispensed in a blinded fashion in individually
wrapped packages without manufacturer branding. Pills were dispensed in blinded capsules.

To monitor adherence, study personnel confirmed patch use at each weekly visit.
Participants were given written instructions with a picture showing how and where to place
the patches on their lower abdomen or upper buttocks. Participants recorded dates of patch
placement and removal, and returned all used and unused patches at the week 16 laboratory
session. At each visit, side effects and adverse events were monitored (see Supplement).
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Randomization

The study biostatistician created the randomization scheme and assigned participants to
interventions. The Investigational Drug Services of UNC managed the randomization and
blinded dispensing of patches and capsules. The first and second authors performed analyses
and were unblinded after study discontinuation. Neither had contact with participants, nor
access to identifiable information. All outcome assessors remained blinded throughout the
protocol.

Measures and Outcomes

E2 fluctuation was measured using the mean absolute successive difference (MASD),
calculated as the mean of the absolute E2 change (the absolute difference between weeks,
absdiff) from each week to the next:

Equation for MASD: Mean of ((absdiff= week 2-week 1 E2 levels), (absdiff= week 3 - week
2 E2 levels), etc., through to (absdiff= week 8 — week 7 E2 levels)). Thus, values from the
stylized Figure 1 for calculating the MASD would be: Mean ((50), (25), (25), (75), (50),

(25) (75)).

As such, and in comparison to the often used standard deviation (SD) to assess variability
over time, the MASD takes into account the temporal order of E2 assessments and that

a large change in E2 from one week to the next might have a stronger mood impact

than the same magnitude increase across several weeks. This is accomplished by including
week-to-week E2 differences into models, and not simply the overall SD across all weeks
(Ebner-Priemer et al., 2007, 2009).

Following existing methods for measuring E2 hormone sensitivity strength (Gordon et al.,
2020; Andersen et al., 2022), for each baseline week, we calculated the correlation between
the change in E2 from last week (with the direction of change), and the absolute change in
E2 from last week (directionless) with mood (anxiety and anhedonia) at the index week (see
Figure 1).

Four correlation coefficients were examined. The correlation between 1) directional E2
change and anxiety, 2) absolute E2 change and anxiety, 3) directional E2 change and
anhedonia, and 4) absolute E2 change and anhedonia. The strength of the directional

E2 change-mood correlation and the absolute E2 change-mood correlation for anxiety
and anhedonia were calculated separately. For each mood measure, the largest magnitude
correlation was chosen. The EZ2-sensitivity strengths were defined as the absolute value of
a person’s largest E2 change anxiety and anhedonia correlation. Thus, a participant with an
E2-change anhedonia correlation of —.5 and an absolute E2-change anhedonia correlation
of .7 would have an anhedonia sensitivity strength of .7. The E2-sensitivity strengths
describe an individual’s maximum anxiety and anhedonia sensitivity to weekly changes
in E2 (ranging from 0 to 1).

Cortisol and IL-6 reactivity were operationalized as Area Under the Curve with respect to
ground (AUC), calculated using a trapezoid integration formula (Pruessner et al., 2003).

Psychoneuroendocrinology. Author manuscript; available in PMC 2023 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lozza-Fiacco et al.

Page 6

Recent stressful life events (SLEs; previous 6 months) were assessed using the Life
Experiences Survey (LES) (Sarason et al., 1978), a 30-item self-report measure. Weekly
self-reported anxiety symptoms (state version of the State Trait Anxiety Inventory; STAI,
Spielberger et al., 1970) and anhedonia symptoms (Snaith-Hamilton Pleasure Scale;
SHAPS, Snaith et al., 1995) were assessed. The Greene Climacteric scale, administered

at enrollment, week 8 and week 16, assessed the degree to which respondents reported
bother from vasomotor symptoms, general somatic symptoms, depression symptoms, loss
of sexual interest, and anxiety symptoms (Greene, 2008). (see Supplement for scale details,
calculations, and psychometrics).

For E2 concentrations, samples from home visits were immediately transported to our
laboratory, where blood clotted at room temperature, was centrifuged, aliquoted, and

the serum stored at —80°C. E2 was analyzed by liquid chromatography-tandem mass
spectrometry (LC-MS/MS) (Quest Diagnostics Nichols Institute San Juan Capistrano, CA).
Intra-assay coefficients of variation (CV) for E2 were < 3.41% and inter-assay CV’s <
4.06%. The lower limit of quantitation (LOD) was 2 pg/ml and levels below LOD were set
at half the detection limit (Nave et al., 2018).

All laboratory-derived hormones and pro-inflammatory mediators were assessed from the
baseline, pre-stress plasma sample and from the post-TSST samples capturing marker-
specific stress reactivity (Brydon et al., 2004; Goodman et al., 2017; Slavish et al.,

2015; Steptoe et al., 2001): cortisol (minutes 10, 20, 30, 45), pro-inflammatory cytokine
Interleukin-6 (IL-6; minutes 30 and 45), and the systemic inflammatory marker, acute-phase
C-reactive protein (CRP; baseline).

Plasma cortisol concentrations were analyzed using commercially available
radioimmunoassay kits (MP Biomedicals, Orangeburg, NY). Cortisol assay sensitivity was
at 0.07 ug/dL, with intra- and inter-assay CV’s of 4.7% and 7.6% respectively. IL-6 and CRP
concentrations were determined using commercially available high-sensitivity (hs) ELISA
assay kits (R&D Systems, Minneapolis and MP Biomedicals, Ohio). IL-6 assay sensitivity
was .039 pg/ml with a standard range of .156 to 10 pg/ml and intra- and inter-assay
variations of 7.8% and 7.2%, respectively. hsCRP assay sensitivity was 0.1 mg/l with an
upper detection limit of 10 mg/l and an intra- and inter-assay variation of <7.5% and <4.1%.

Sample size

Despite the premature termination of the study, power analyses (sensitivity analyses in
G*Power, Faul et al., 2007) confirmed that power was maintained to detect 1) small-to-
medium effects of continuous predictors of anxiety and anhedonia and 2) medium-to-large
effects of dichotomous predictors (i.e., randomization). Sensitivity analyses were based on
intraclass correlation (ICC) for repeated outcome measures and a design corrected sample
size (Snijders & Bosker, 2011).

Statistical analyses

Pre-Randomization Associations.—The effect of E2 variability (MASD) on
continuous outcomes was assessed using repeated measures ANCOVA (proc mixed),
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controlling for time of day in stress-reactivity models (i.e,. Steptoe et al., 2007; Stetler

& Miller, 2011), and age and BMI in models testing effects on IL-6 and hsCRP (Mclnnis
et al., 2014; Steptoe et al., 2007). The interaction of these associations with the number of
recent SLEs was tested as moderator.

Effect of E2 Treatment.—Consistent with intent-to-treat analyses, all randomized
participants were included in analyses. To examine the effect of treatment on continuous
outcomes, repeated measures regressions (for mixed models) were conducted with eight
repeated measures of anxiety and anhedonia (post-randomization weeks 9-16) and two
repeated measures for stress reactivity (week 8 and week 16) nested within women. For
multi-level regression models, a first-order autoregressive covariance structure was specified
for within-person error. The Kenward—Roger method computed degrees of freedom. Applied
multi-level regression models did not delete missing data listwise, therefore, all available
data were used. We tested whether any of these associations interacted with baseline
E2-sensitivity strength. All models testing for a treatment effect controlled for baseline
anxiety and depression levels and the change in vasomotor symptom bother from baseline to
post-randomization using the Greene Climacteric Scale subscale scores. Data were analyzed
using SAS (SAS Institute Inc; Cary, NC.). Two-sided p-values at <.05 defined statistical
significance.

Participant characteristics

Supplementary figure 3 depicts the CONSORT diagram. Seventy-three women were
included in this RCT. Table 1 summarizes key sample characteristics. Women randomized
to E2 and placebo demonstrated comparable demographics and anxiety and anhedonia
symptoms at baseline. They also demonstrated comparable self-reported smoking, alcohol,
caffeine and herbal supplement use, parity and number of children at home, and sleep. (See
Supplemental Table 1)

Baseline E2 Fluctuation predicts Anxiety, Anhedonia, and Stress Reactivity

Anxiety and Anhedonia.

The magnitude of E2 fluctuations across the baseline phase predicted anhedonia symptoms
(B=.019, SEM=.006, p=.002) such that greater fluctuations predicted greater symptom
severity. The same direction of association was found for E2 fluctuations across the baseline
phase predicting anxiety symptoms (p=.017, SEM=.01, p=.08), although this effect was

not statistically significant. Moreover, E2 fluctuations interacted with the number of recent
stressful life events to predict anhedonia assessed over 8 weeks, such that the relationship
between E2 fluctuations and anhedonia symptom severity was greater at two or more
stressful life events than at zero or one event (f= .09, SEM=.012, p<.001).

Stress Reactivity.

Baseline E2 fluctuations (MASD) predicted TSST cortisol AUC (p=0.17, SEM=0.067,
p=.012). Specifically, greater E2 fluctuations over the baseline phase predicted a greater
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cortisol AUC (Figure 2). Additionally, baseline E2 fluctuations predicted TSST IL-6 AUC
(p=—0.147, SEM=.06, p=.02), such that greater E2 fluctuations predicted a lower IL-6 AUC
(Figure 3). E2 fluctuations did not predict resting state CRP (£>.05). Recent SLEs did not
moderate any baseline stress reactivity relationship (all p>.05).

Main Effects of E2 Treatment

Mean E2 concentration (pg/ml) increased from baseline to post-randomization in those on
active treatment (mean=72.39, SD=54.25 vs. mean=143.62, SD=70.12, t=7.92, p<.001),
but not in those on placebo (mean=87.09, SD=64.95 vs. mean=74.15, SD=58.85, t=—1.66,
p=.105; supplementary Figure 3).

Anxiety and Anhedonia.

Despite comparable baseline levels of anxiety and anhedonia, those randomized to active E2
had lower post-treatment anxiety (f= —2.61, SEM=.78, p<.001) and anhedonia (f=-2.38,
SEM=.57, p<.001) symptoms than those randomized to placebo, after controlling for
baseline anxiety and depression.

Stress Reactivity.

No effects of treatment were observed for CRP, cortisol or IL-6 stress reactivity (all ps>.05).

Interaction Effects Involving E2-sensitivity Strength and TE2 Treatment

E2-Anxiety Sensitivity.

E2 treatment and baseline E2-anxiety sensitivity strength interacted to predict post-
randomization anxiety (STAI: p=—18.50, SEM=3.56, p=.001; Greene: p=-3.94, SEM=1.91,
p=.04). Specifically, a beneficial effect of TE2 was seen among women with high baseline
E2-sensitivity, but not among women with low E2-sensitivity (Figure 4). Similarly, for
somatic symptoms, post-hoc analyses showed a beneficial effect of TE2 treatment among
women with high baseline E2-sensitivity but not among women with low E2-sensitivity
(p=—2.76, SEM=1.44, p=.05; see Figure 5).

Treatment did not interact with baseline E2-anxiety sensitivity to predict menopausal
symptom bother (vasomotor symptoms, depressive symptoms, loss of sexual interest), or
stress reactivity (all p>.05).

E2-Anhedonia Sensitivity.

Treatment did not interact with baseline E2-anhedonia sensitivity to predict either post-
randomization anhedonia, somatic symptoms, menopausal symptom bother, or stress
reactivity (all p>.05).1

1pueto slight, although non-significant differences in distribution of STRAW stages between treatment groups, all analyses on
treatment effects were repeated controlling for STRAW stage, without resulting in any significant changes in results.
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Discussion

We found that perimenopausal women with greater week-to-week E2 fluctuations exhibited
greater anhedonia symptom severity, particularly in those who were exposed to more

recent stressful life events (SLESs). Older studies assessed E2 infrequently and found no
indication for a relationship between E2 variability and mood (Avis, 2001; Bromberger,
2011; Woods, 2008). However, more recent studies, using more frequent E2 assessment
with either yearly assessment over eight years (Freeman, 2006), four assessments over 13
months (Gordon 2016a), or weekly assessments over four weeks (Gordon 2016b) showed
that greater variability in E2 over time (indexed by the E2 standard deviation around

a woman’s mean E2 concentrations) predicted greater depression symptomatology. Our
findings similarly indicate that greater weekly E2 fluctuations over 8 weeks predicts greater
anhedonia symptoms.

We also documented, for the first time, that greater E2 fluctuations in perimenopausal
women predicted greater cortisol reactivity along with blunted IL-6 reactivity to a
laboratory psychosocial stressor. These results extend our prior research by showing

that specific symptoms of anxiety and anhedonia, transdiagnostic characteristics of many
psychopathologies, are sensitive to moderation by E2 fluctuation and SLEs. These findings
suggest the possibility that stress system dysregulation might be one underlying pathway of
risk linking E2 variability, exposure to SLEs, and perimenopausal affective symptomatology.

Estradiol influences auto-regulatory feedback mechanisms of the HPA-axis and, as an
immunomodulator, regulates the production of pro-inflammatory cytokines (Ghisletti et

al., 2005; Oyola & Handa, 2017). Though there is evidence for E2’s anti-inflammatory
effects (Ghisletti et al., 2005), dynamic fluctuations of E2 in perimenopause may interfere
with normal feedback regulatory control of both the HPA-axis and immune system stress
reactivity. Exaggerated cortisol reactivity, which has been documented in depression (Burke
et al., 2005; Stetler & Miller, 2011), was associated with greater E2 variability in the present
study and provides a biologically plausible explanation for the blunted IL-6 reactivity (also
associated with greater E2 variability). An inverse relationship between cortisol and IL-6
stress reactivity has been previously documented (Kunz-Ebrecht et al., 2003). Whether
dysregulation in cortisol and/or pro-inflammatory cytokine reactivity to stress is involved

in (partially mediates) the relationship between E2 variability and anxiety and anhedonia
symptom severity in perimenopausal women awaits investigation in studies designed to test
mediational models.

Our research is novel in its emphasis on individual differences in mood susceptibility to E2
fluctuations. Although studies have shown that women with a history of perimenopausal,
postpartum, or premenstrual depression, are differentially sensitive to affective impairment
associated with ovarian hormone changes (Bloch et al., 2000; Schmidt et al., 2015, 2017),
there remains substantial variance within these broader diagnostic categories in terms of
both affective phenotype and degree of sensitivity to hormone change. Consistent with other
controlled research documenting the antidepressant effects of TE2 (De Novaes Soares et al.,
2001; Gordon & Girdler, 2014b; Klein & Flanagan, 2016), we found that TE2 treatment
was associated with lower post-treatment anxiety and anhedonia symptomatology, even after
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controlling for baseline symptoms and change in vasomotor symptom bother. However,

for the first time, we demonstrate that individual differences in the degree of baseline
anxiety symptom sensitivity to E2 fluctuations predicts TE2 beneficial treatment effects for
anxiety. In contrast, a relationship between baseline anhedonia symptom sensitivity to E2
fluctuations was not predictive of TE2 treatment outcomes, the reason for which remains
elusive.

Although the ability of baseline hormone sensitivity to predict TE2 treatment outcomes

for anxiety could not be accounted for by any effect of TE2 on cortisol or IL-6 stress
reactivity, this does not negate the possibility that dysregulation in HPA or inflammatory
responses to stress play a role in the relationship between baseline E2 variability and
affective perimenopausal symptoms (Gordon et al., 2015, 2016). Our finding that TE2

was effective at increasing E2 concentrations and in ameliorating anxiety and anhedonia
symptoms, but was not effective in decreasing E2 variability (Supplemental results),
suggests that TE2 beneficially modulates affective symptoms through other central and/or
behavioral mechanisms that may be insensitive to E2 fluctuations. We observed that TE2
reductions in somatic symptom bother may contribute to the beneficial effects of TE2 on
anxiety, particularly for women with high baseline E2-anxiety sensitivity. Symptoms such as
dizziness, body aches, or tingling in extremities are associated with perimenopause, but also
resemble somatic anxiety symptoms (Terauchi et al., 2013). This might explain our parallel
findings that TE2, and higher baseline E2-anxiety sensitivity strength, predicted both lower
anxiety symptoms and lower somatic symptom bother post-treatment. In contrast, those
with higher baseline E2-anxiety sensitivity strength treated with placebo exhibited higher
post-randomization anxiety symptoms and greater somatic symptom bother. However, these
analyses were performed post-hoc and should be interpreted accordingly.

Our findings must be tempered in light of the study’s limitations. We did not use a

global depression measure to assess changes in depressive symptom severity that could

be compared to established clinical thresholds. Additionally, treatment groups differed
non-significantly in their baseline STRAW stage, though when analyses testing treatment
effects were repeated controlling for STRAW stage, results remained unchanged. This

study did assess cortisol stress reactivity, but not cortisol daily rhythms. This limits the
interpretation of the results to dysregulations under acute stress, while it remains unclear
whether E2 fluctuations lead to broader HPA-axis and circadian dysregulation. The absence
of measuring Sex Hormone Binding Globulin (SHBG) might be viewed as a limitation since
it influences the bioavailability of E2, which is not reflected by measuring circulating blood
concentrations exclusively. It is also possible that attitudes towards aging and menopause
can influence a woman’s perception of mood and somatic symptoms (Ayers et al., 2010),
and should be considered in future studies assessing mood and somatic symptoms in
perimenopausal women. Finally, this study was originally designed to test whether stress-
system dysregulation mediates the link between E2 variability and depressive symptom
severity, though COVID-19-related early termination of the study prevented our ability to do
S0.

In conclusion, this is the first study to show that E2 fluctuations during the menopause
transition predict dysregulation in cortisol and pro-inflammatory cytokine stress reactivity.
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This study confirms the beneficial effect of TE2 treatment, relative to placebo, for
perimenopausal affective symptoms, particularly anxiety and anhedonia. This study also
advances that evidence by showing that baseline individual differences in anxiety-sensitivity
to E2 fluctuations predict the beneficial response of anxiety symptoms to TE2 treatment.
Our results further suggest that these beneficial effects of TE2 for anxiety in hormone
sensitive women may be related to the corresponding reductions in somatic symptom bother.
Although these results await replication in a larger sample, this research provides the first
evidence that clinical assessment of anxiety sensitivity to hormonal change, in combination
with somatic symptom complaints, may guide precision medicine for the treatment or
prevention of perimenopausal anxiety disorders.
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Figurel.
Stylistic figure depicting the calculation of the correlations between the change in E2 from

the past week based on two methods: 1) including the direction of change and 2) using the
absolute change in E2 from the past week (directionless) with mood (anxiety and anhedonia)
at the index week. In the figure, there is a 50pg/ml decrease in E2 from week 1 to week 2. In
one calculation: , the value =50 (with direction) is correlated with the anxiety value at week
2. In the other calculation, the value 50 (without direction) is correlated with the anxiety
value at week 2. Both calculations were used for every index week, resulting in two overall
correlation coefficients for anxiety for every participant (one including the direction and one
without the direction). The same procedure was employed for calculating the correlations
between changes in E2 and changes in anhedonia symptoms.
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Figure 2.
Model-based estimates of the relationship between baseline E2 variability (mean absolute

squared difference, MASD) and cortisol Area Under the curve (AUC) in response to the
Trier Social Stress Test.
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Figure 3.
Model-based estimates of the relationship between baseline E2 variability (mean absolute

difference, MASD) and Interleukin 6 (IL-6) Area Under the curve (AUC) in response to the
Trier Social Stress Test.
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Figure 4.
Model-based estimates of the relationship between baseline E2-anxiety sensitivity

strength and post-randomization anxiety scores (State-Trait-Anxiety Inventory) among each
treatment group.
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Figureb.
Model-based estimates of the relationship between baseline E2-anxiety sensitivity strength

and post-randomization somatic symptoms scores (Greene Climacteric Scale) among each
treatment group.
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Table 1.

Page 20

All Subjects (n=73)

Active Subjects (n=35)

Placebo Subjects (n=38)

Age, mean (SD), y
BMI, mean (SD)

Baseline SHAPS, mean (SD)2

Baseline STAI, mean (SD)3

Baseline E2-SHAPS sensitivity strength, mean (SD)
Baseline E2-STAI sensitivity strength, mean (SD)
STRAW+10 Stage, n (%)

Early perimenopause (STRAW-2)

Late perimenopause (STRAW-1)

Within the first 12 months post of amenorrhea (STRAW +1a)
Partial hysterectomy/ablation

Race, No. (%)

African American/Black

Caucasian/White

Asian

Multiracial

Ethnicity, No. (%)

Hispanic/Latinx

Not Hispanic/Latinx

Education, No. (%)

High school diploma

Some college/associate degree/trade school
4-year college degree

Post-graduate degree

Household Income, No. (%), USD

Below $39,999

$40,000-$79,999

$80,000-$99,999

$100,000-$159,999

Above $160,000

Income not reported

Current depression No. (%)

Past depression No. (%)

Current anxiety disorder No. (%)

493 (2.8)
27.69 (6.7)
20.83 (5.78)

32.62 (9.03)

0.36 (0.26)
0.35 (0.25)

23 (32)
33 (45)
2(3)
17 (23)

13 (18)
57 (78)
2(3)
1(1)

4(5)
69 (95)

2(3)

17 (23)
30 (41)
24 (33)

3(4)
23(31)
10 (14)
22 (30)
13 (18)

2(3)
8(11)
18 (25)
16 (21)

487 (2.9)
28.17 (8.4)
19.62 (5.62)

30.89 (7.83)

0.41 (0.27)
0.36 (0.25)

14 (40)
12 (34)
0(0)
9 (26)

8 (23)
24 (68)
2(6)
1(3)

1(3)
34 (97)

2(6)

7 (20)
13 (37)
13 (37)

3(9)
11 (31)
3(9)
10 (28)
6 (17)
2 (6)
4(12)
9(26)
8(22)

49.9 (2.6)
27.25 (4.5)
21.95 (5.77)

34.21 (9.84)

0.32 (0.24)
0.33 (0.26)

9 (24)
19 (50)
2(5)
8 (21)

5 (13)
33 (87)
0 (0)
0(0)

3(8)
35 (92)

0 (0)
10 (26)
17 (45)
11 (29)

0 (0)
12 (32)
7(18)
12 (32)
7(18)

0 (0)
4(11)
9 (24)
8 (21)

2The coding was performed as suggested by Franken et al. (2007, 44), allowing an overall score ranging from 14-56. Coding
according to the original publication (19, possible range of 1-14) resulted in a sample mean score of .37 (range: 0-6), with scores >2

indicating clinically significant anhedonia.

3scores >42 indicate clinically significant anxiety (Spielberger et al., 1970).

Psychoneuroendocrinology. Author manuscript; available in PMC 2023 January 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Lozza-Fiacco et al.

Page 21

All Subjects (n=73)  Active Subjects (n=35)

Placebo Subjects (n=38)

Past anxiety disorder No. (%) 6 (8) 2 (6)
Total # recent stressful life events, mean (SD) 1.81 (1.53) 1.69 (1.40)

4(11)
1.92 (1.68)

Psychoneuroendocrinology. Author manuscript; available in PMC 2023 January 01.



	Abstract
	Introduction
	Methods and Materials
	Trial design
	Participants
	Study Design
	Intervention
	Randomization
	Measures and Outcomes
	Sample size
	Statistical analyses
	Pre-Randomization Associations.
	Effect of E2 Treatment.


	Results
	Participant characteristics
	Anxiety and Anhedonia.
	Stress Reactivity.
	Main Effects of E2 Treatment

	E2 Levels.
	Anxiety and Anhedonia.
	Stress Reactivity.
	Interaction Effects Involving E2-sensitivity Strength and TE2 Treatment

	E2-Anxiety Sensitivity.
	E2-Anhedonia Sensitivity.

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Table 1.

