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Abstract

Recent data show shifts in genetic and environmental influences on emotional eating across the
menstrual cycle, with significant shared environmental influences during pre-ovulation, and
primarily genetic effects during post-ovulation. Factors driving differential effects are unknown,
although increased estradiol during pre-ovulation and increased progesterone during post-
ovulation are thought to play a role. We indirectly investigated this possibility by examining
whether overall levels of estradiol and progesterone differentially impact genetic and
environmental risk for emotional eating in adult female twins (N = 571) drawn from the MSU
Twin Registry. Emotional eating, estradiol levels, and progesterone levels were assessed daily and
then averaged to create aggregate measures for analysis. As predicted, shared environmental
influences were significantly greater in twins with high estradiol levels, whereas additive genetic
effects increased substantially across low versus high progesterone groups. Results highlight
significant and differential effects of ovarian hormones on etiologic risk for emotional eating in
adulthood.
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Previous studies have provided suggestive evidence for ovarian hormone effects on genetic
risk for disordered eating. The earliest studies showed that the heritability of overall
disordered eating (e.g., measures tapping weight preoccupation, body dissatisfaction, binge
eating, and compensatory behavior) and individual eating disorder symptoms (e.g., binge
eating only) increased dramatically across puberty in girls, from accounting for essentially
0% of the variance in pre-pubertal female twins to over 50% in post-pubertal female twins
(Klump, Burt, McGue, & lacono, 2007; Klump, McGue, & lacono, 2003). This same
pubertal effect was not observed in boys, highlighting potential sex-specific effects of
puberty on genetic risk (Culbert, Burt, McGue, lacono, & Klump, 2009; Klump et al., 2012).

Theories regarding potential mechanisms of effects focused on ovarian hormone activation
during puberty in girls, most notably estrogen. Estrogen increases linearly throughout
puberty and is known to directly regulate gene transcription in several neurotransmitter
systems that are disrupted in eating disorders (e.g., serotonin, dopamine; Becker, 2009;
Craft, 2008; Hildebrandt, Alfano, Tricamo, & Pfaff, 2010; Ostlund, Keller, & Hurd, 2003).
One small twin study provided preliminary support for an effect of estrogen on genetic risk,
as the degree of genetic influence on overall disordered eating symptoms, body
dissatisfaction, weight preoccupation, and binge eating was significantly greater in twins
with higher versus lower estradiol levels during puberty (Klump, Keel, Sisk, & Burt, 2010).
Although sample sizes were small in this pilot study, the effects of estrogen were found to be
independent of age, body mass index (BMI), and the physical changes of puberty, suggesting
specific effects of estrogen on genetic risk for a range of disordered eating symptoms.

To date, there have been no follow-up studies of the effects of estrogen on genetic risk
during puberty, although large-scale replications are currently underway (Klump et al.,
NIMH RO1MH092377). Nonetheless, the initial findings described above sparked interest in
using alternative designs and examining differential developmental time periods to help
confirm/disconfirm a role for ovarian hormones in genetic risk for disordered eating
symptoms. One notable alternative design is examining changes in genetic risk for
disordered eating symptoms across the menstrual cycle. Like puberty, the menstrual cycle is
marked by hormonal activation and de-activation that provides a natural test of the effects of
hormones on genetic risk for disordered eating. If ovarian hormones impact genetic effects
on disordered eating, then changes in heritability should be observed across the menstrual
cycle, and these changes should track with the known changes in ovarian hormones that are
dictated by the female reproductive system.

A recent study from our group examined this possibility in a sample of female twins
assessed daily across one menstrual cycle (Klump et al., 2015). Results suggested rather
robust changes in genetic effects, as the heritability of emotional eating (i.e., overeating in
response to negative emotions) was 2—4x higher in the post-ovulatory phases (39-46% in the
luteal and premenstrual phases) as compared to the pre-ovulatory phases (12-17% in the
follicular and ovulatory phases; Klump et al., 2015) of the cycle. This pattern of genetic
activation mimicked phenotypic expression of emotional eating, as significantly higher rates
of emotional eating (and binge eating) have been consistently observed during post-
ovulation (Edler, Lipson, & Keel, 2007; Klump, Keel, Culbert, & Edler, 2008; Klump et al.,
2013; Klump et al., 2014; Lester, Keel, & Lipson, 2003). Higher levels of estradiol and
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progesterone during post-ovulation appear to contribute to these elevated rates (Klump et al.,
2013; Klump et al., 2014), raising the possibility that one or both of these hormones may be
responsible for the increased heritability of emotional eating symptoms during post-
ovulation.

Interestingly, there were also novel shifts in the type of environmental risk factors that were
important across the cycle (Klump et al., 2015). Although nonshared environmental risk
factors (i.e., those that are unique to twins growing up in the same family) were prominent
across all cycle phases, shared environmental factors (i.e., those that are common to twins
raised in the same family) were two times higher in pre- as opposed to post-ovulation —in
fact, all of the models showed essentially no shared environmental effects in post-ovulation,
but significant (32%) shared environmental influences in pre-ovulation. Notably, the pre-
ovulatory phases of the cycle are characterized by rising estradiol levels and essentially the
absence of progesterone. Estrogen is known to decrease food intake (Asarian & Geary,
2013) and appears to be protective against emotional eating and binge eating during pre-
ovulation (Edler et al., 2007; Klump et al., 2008; Klump et al., 2013). Taken together, results
suggest that higher levels of estradiol (in the absence of progesterone) during pre-ovulation
may increase shared environmental influences on emotional eating and somehow protect
against the development of these eating disorder symptoms. Such findings would be counter
to those observed during puberty in girls showing estrogen activation of genetic (but not
shared environmental) effects (Culbert et al., 2009; Klump et al., 2007; Klump et al., 2003)
and suggest differential mechanisms of action for estrogen in adulthood versus adolescence
— a theory that has been put forth in past work (Klump, 2013; Klump et al., 2015) but never
directly tested.

Unfortunately, past studies have been unable to examine whether changes in estradiol and
progesterone across the menstrual cycle drive changes in genetic and environmental risk.
Methodological constraints have prohibited direct examination of these theories/hypotheses,
as the twin models that can be used to test hormone effects on etiologic risk (Purcell, 2002;
van der Sluis, Posthuma, & Dolan, 2012) do not have repeated measures extensions that
could model a large number of daily hormone levels and binge eating/emotional eating
scores (see Klump et al., 2015 for a brief discussion of these methodological constraints).
However, we can begin to answer these questions by using single or aggregate (i.e., averages
over several days) measures to ask whether general hormone levels impact genetic and
environmental risk for general levels of emotional eating. Although these single/aggregate
assessments index risk at a between-subject level (i.e., do women with higher/lower levels of
hormones have differential genetic/environmental risk?) rather than a within-subject level
(i.e., when do women experience greater genetic/environmental risk across their cycle?),
they mirror between-subject analyses conducted during puberty (i.e., do girls with higher/
lower estradiol levels during puberty have differential genetic/environmental risk?) (Klump
et al., 2010) and provide an important and constructive test of overall hormone effects as
well as potential differences across development. For example, it may be that estrogen shows
disparate effects across puberty and the menstrual cycle because different levels of analysis
(e.g., between-subject effects for puberty, within-subject effects for the menstrual cycle)
produced different results. Focusing on between-subject effects of hormones in adulthood
allows us to clarify estrogen’s role and answer the important question of whether and how
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estrogen and progesterone impact between-subject, etiologic risk for emotional eating in
adulthood. Moreover, analyzing single, between-subject measures is quite straightforward
using traditional gene x “environment” (in this case, hormones) interaction models (Purcell,
2002; van der Sluis et al., 2012) that can examine whether genetic and environmental
influences on emotional eating differ across levels of estradiol and/or progesterone.

Given the above, the purpose of our study was to examine whether aggregate measures of
ovarian hormones impact genetic and environmental risk for emotional eating in a
population-based sample of adult female twins. We investigated this question in the same
sample of twins used in the Klump et al. (2015) menstrual cycle study, but this time, we
averaged daily levels of hormones and daily levels of emotional eating scores across the data
collection period to obtain single, aggregate measures of the phenotypes. We focused on
emotional eating in order to extend results from our past menstrual cycle study (Klump et
al., 2015) and increase understanding of this key dysregulated eating behavior that is present
across a range of eating disorders (e.g., bulimia nervosa, binge eating disorder, anorexia
nervosa binge/purge type; Deaver, Miltenberger, Symth, Meidinger, & Crosby, 2003; Ricca
et al., 2012; Ricca et al., 2009; Wardle, 1987) and health conditions (e.g., obesity;
Goldschmidt et al., 2014)

Methods

Participants

Participants were 571 same-sex female twins (334 (59%) monozygotic (MZ), 237 (41%)
dizygotic (DZ)) ages 16-25 years (M= 17.69, SD = 1.77) from 286 pairs (157 MZ, 129 DZ)
who participated in the Twin Study of Hormones and Behavior across the Menstrual Cycle
(HBMC) project (Klump et al., 2013) within the Michigan State University Twin Registry
(MSUTR,; for MSUTR details, see Burt & Klump, 2013; Klump & Burt, 2006). The primary
aim of the HBMC study was to examine phenotypic and genetic associations between
changes in ovarian hormones and changes in binge eating across the menstrual cycle. Study
inclusion/exclusion criteria were: 1) menarche before the age of 15; 2) regular menstrual
cycles every 22-32 days for the past 6 months; 3) no hormonal contraceptive use within the
past 3 months; 4) no psychotropic or steroid medications within the past 4 weeks; 5) no
pregnancy or lactation within the past 6 months; and 6) no history of genetic or medical
conditions known to influence hormone functioning or appetite/weight. Despite these
criteria, the HBMC twins are representative of the recruitment region (79.5% White, 14.3%
Black, 0.6% Asian, 0.3% Native American, 5.3% more than one race; 7.8% Hispanic) (see
Table S1 in the Supplemental Material available online for additional sample demographics),
and they do not differ from other MSUTR twins on measures of emotional eating, binge
eating or other symptoms (e.g., weight preoccupation) (average d= 0.12).

In order to maximize sample sizes for our twin models, we did not exclude HBMC twins
who were missing some of the daily emotional eating or hormone data across the 45-day
collection period. These twins were excluded from previous HBMC papers examining daily
changes in hormones/emotional eating (e.g., Klump et al., 2015), but given our focus on
aggregate/average measures of hormones and emotional eating, these twins were appropriate
for inclusion in the current study. Notably, all of our included twins had at least 6 days of

Clin Psychol Sci. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Klump et al.

Procedures

Measures

Page 5

available data, with the vast majority (over 90%) having 20 days or more. Inspection of the
mean number of missing days further suggests that our aggregate scores were based on
several days worth of data for each twin (mean number of missing days: emotional eating
scores M = 3.49 days, SD = 4.64 days; estradiol levels M = 10.99, SD = 5.90; progesterone
levels M = 10.63, SD = 5.65), although more twins were missing hormone values due to our
strategy for assaying hormone samples (see Ovarian Hormone section below).

Given that our 45-day collection period spans 1.5 menstrual cycles, we were concerned that
variability in the days with available data for each twin, and/or the inclusion of twins with
unexpected, anovulatory cycles, could have unduly influenced results. Thus, we conducted
all of our analyses including only those twins who ovulated during the study period and who
had data available for one full menstrual cycle (N = 460 twins). Ovulation was determined
by plotting daily estradiol and progesterone values (see more on hormone data collection
and assays below) across the cycle for each twin. Two independent raters then coded
menstrual cycle phase and ovulation status (i.e. ovulatory versus anovulatory) based on
changes in hormones across days (for more information on phase and ovulation coding, see
Klump et al. (2015)).

Notably, there were no significant differences in average emotional eating scores, estradiol
levels, or progesterone levels (all p’s > .05) between twins included versus excluded from
these subsample analyses (d’s = .01-.13). Moreover, the pattern of twin correlations and
model fitting results in the subsample of twins with complete data (see Tables S2 and S3,
and Figure S2, in the Supplemental Material available online) was very similar to that of the
full sample of twins reported below.

Participants collected data for 45 consecutive days. Ratings of emotional eating were made
each evening after 5:00 pm. Participants completed three in-person visits either in our
laboratory or in their homes: one at the start of data collection, one mid-way through (about
day 23) and one at the end (about day 45). Each visit included an assessment of height and
weight (see methods below), re-assessment of eligibility, and collection of samples. Staff
also contacted participants once per week to answer questions and confirm adherence.

Emotional eating—We used the emotional eating scale of the Dutch Eating Behavior
Questionnaire (DEBQ; Van Strien, Frijters, Bergers, & Defares, 1986) to assess eating in
response to negative emotions (e.g., “Did you have desire to eat when you were
depressed?”) on a 5-point scale (i.e., “not at all” to “very often”). Eating in response to
negative emaotions is thought to be a core feature of binge eating (McManus & Waller,
1995), and the emotional eating scale has demonstrated validity by differentiating between
individuals who binge eat versusthose who are overweight and/or those drawn from a
general community sample of women (e.qg., college students) (Deaver et al., 2003; Wardle,
1987). Emotional eating scores correlate with established measures of binge eating (7’s =.
55-.69) (Racine, Culbert, Larson, & Klump, 2009; Van Strien, 2000) as well as with
palatable food intake (i.e., ice cream; Van Strien, 2000) in adults as well as in adolescents
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(Laghi, Pompili, Baumgartner, & Baiocco, 2015; Lluch, Herbert, Mejean, & Siest, 2000;
Nguyen-Michel, Unger, & Spruijt-Metz, 2007; Snoek, Van Strien, Janssens, & Engels, 2007,
Van Strien, 2010). The instructions for the scale were modified with permission to ask about
emotional eating over the current day (45-day average a = .90) (Klump et al., 2008).

Ovarian hormones—Estradiol and progesterone were assayed from daily saliva samples.
Saliva samples are preferred over other methods (e.g., blood spots) because they represent a
less invasive collection method, particularly if repeated samples are needed. Previous
research has shown that saliva samples are associated with higher compliance and more
robust hormone-behavior associations than blood-spot sampling (Edler et al., 2007).

Saliva samples were processed by Salimetrics, LLC (State College, PA) using enzyme
immunoassay Kits designed specifically for analyzing saliva. These assays show excellent
intra- and interassay coefficients of variation (estradiol = 7.1% and 7.5%; progesterone =
6.2% and 7.6%), as well as assay sensitivity (measured by interpolating the mean optical
density minus 2 SDs of 10-20 replicates at the 0-pg/ml level; estradiol = 0.10 pg/ml;
progesterone = 5 pg/ml) and method accuracy (determined by spike recovery and linearity;
estradiol = 104.2% and 99.4%; progesterone = 99.6% and 91.8%). To conserve resources,
we assayed samples from every other day during menstrual bleeding and the early follicular
phase when hormones are expected to be low and stable. This process ensured that we
captured periods of significant hormonal change across the menstrual cycle (e.g., the mid-
follicular through premenstrual phase) while, in turn, maximizing the number of participant
samples assayed.

Body Mass Index (BMI)—BMI was calculated (weight in kg/height in m2) using height
and weight measurements taken during all three in-person study visits. These measurements
were made using a wall-mounted ruler and digital scale for in-lab assessments, and a
measuring tape and digital scale for home assessments.

Statistical Analyses

Data preparation—Daily emotional eating scores, daily estradiol levels, daily
progesterone levels, and the three BMI values were averaged to create overall measures of
each phenotype over the study period. Average emotional eating scores and average BMIs
were then log transformed prior to analysis to account for positive skew. The log
transformations brought skewness values for these measures to within acceptable limits
(1.68 and 1.09, respectively).

Although continuous data are typically preferred over categorical data for most statistical
analyses, the twin moderation models (see details on the models below) require several cases
per level of the moderator to obtain robust and interpretable estimates, particularly when
sample sizes are more modest. The range and variability of hormone values in our sample
was quite large (see Table S1 in the Supplemental Material available online), with only 1-4
twins having each hormone value. To account for this variability and our more modest
sample sizes, we followed the approach of previous work (e.g., Burt, Klahr, Neale, &
Klump, 2013; Culbert et al., 2009; Suisman et al., 2014) and “binned” our subjects into the
two, non-exclusive estrogen and progesterone groups in order to maximize statistical power
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and our ability to detect significant moderation effects for each hormone.l Using median
splits for the average hormone levels, we created a low/high estrogen group (cut-off value =
2.58 pg/ml; high estrogen N = 285; low estrogen N = 286) and a low/high progesterone
group (cut-off value = 105.80 pg/ml; high progesterone N = 285; low progesterone N = 286)
and examined each set of hormone groups separately in analyses. Although this meant that
our analyses of estrogen and progesterone were unable to account for possible redundancy
of effects across the two steroids, the comparisons provided a first pass at understanding the
extent to which high/low levels of estrogen and high/low levels of progesterone influence
genetic and environmental risk for emotional eating.

Twin Correlations—Twin intraclass correlations were used as initial indicators of genetic
and environmental effects on emotional eating across hormone groups. Because MZ twins
share approximately 100% of their segregating genes while DZ twins share, on average,
50%, significantly greater MZ relative to DZ twin correlations indicate the presence of
additive genetic effects (i.e., effects that add or sum across genes). By contrast, MZ and DZ
twin correlations that are similar in magnitude and are significantly greater than 0 signify a
lack of genetic effects, but significant shared environmental influences (i.e., environmental
factors that are common to siblings growing up in the same family and contribute to their
behavioral similarity). Finally, MZ twin correlations that are less than 1.00 indicate the
presence of nonshared environmental factors (i.e., factors that are unique to siblings growing
up in the same family and contribute to behavioral differences) and measurement error.

We present twin correlations for pairs who were concordant for estrogen group or
progesterone group (e.g., both co-twins were in the high estrogen group), as well as those
who were discordant for their hormone group (e.g., one twin was in the low estrogen group,
while the other was in the high estrogen group), as both types of pairs are included in the
twin moderation models (see below). Notably, twins from concordant and discordant pairs
did not differ significantly in their emotional eating scores (all ps > .45 for estrogen and
progesterone groups).

Twin Moderation Models—We used extended, univariate twin moderation models (see
Figure S1 in the Supplemental Material available online; van der Sluis et al., 2012) to
directly test the effects of estrogen and progesterone groups on additive genetic (A), shared
environmental (C), and nonshared environmental (E) influences on emotional eating. These
models use concordant and discordant twin pairs to estimate two sets of parameters that
index whether genetic and environmental influences on emotional eating differ across
estrogen group or progesterone group. The first set of parameters contains the “paths” or
intercepts (i.e., a, ¢, €) and estimate the degree of genetic and environmental influences on
emotional eating at the lowest level of the moderator (e.g., low estradiol or low progesterone
levels). The second set of parameters are the hormone moderators (i.e., Bxg, Bye, Bz for
estrogen and Bxp, Byp, Pzp for progesterone) which assess whether genetic and

1Notably, we also conducted all analyses using 3-groups for estradiol and progesterone levels (i.e., low, medium, and high). The
pattern of results remained unchanged from those presented herein, although not unexpectedly, some moderation estimates did not
reach significance, likely due to the much smaller sample sizes in each hormone group.
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environmental influences differ between levels of the moderator (i.e., low versus high
hormone levels).

Separate models were fit with estrogen and then progesterone as the moderator, and we
coded low values on both hormones as 0 and high values as 1. We tested the significance of
each moderator by fitting a series of nested models. We first fit the “full” ACE model, which
freely estimated additive genetic, shared environmental, and nonshared environmental
effects and moderators (e.g., for additive genetic effects, this model included: a + BxeMg).
In the remaining models, we tested the significance of each moderator by constraining the
moderator coefficient (e.g., Bxg) to 0 and comparing the fit of the reduced models to the full
model. Comparisons of model fit were made by taking the difference in minus twice the log-
likelihood (=2InL) between the “full” and reduced models, which is chi-squared distributed
under the null hypothesis implied by the reduced model. Large (statistically significant)
differences led to a rejection of the nested model in favor of the full model, as this suggests
that dropping the parameter resulted in a significantly worse fit. Akaike’s information
criterion (AIC; X2—2*Adf) (Akaike, 1987) was also used to select the best fitting model,
where models that minimize the AIC were preferred.

All models were fit to the raw data using the maximum likelihood option in Mx (Neale,
Boker, Xie, & Maes, 1999). This option treats missing data as missing-at-random and is
expected to produce less biased and more consistent estimates than other techniques (e.g.,
listwise deletion). Following previous recommendations (Purcell, 2002), we report
unstandardized (or absolute) parameter estimates. Unstandardized estimates are generally
preferred as they more accurately depict absolute differences in genetic and environmental
influences than standardized estimates, which represent differences as proportions of the
total variance. Nonetheless, we also report standardized estimates in the text (where
appropriate), as these estimates allow for a direct comparison of our findings to previous
twin studies that focused on standardized estimates of genetic/environmental effects.

Notably, all of the twin moderation models described above rest on one important
assumption — that the moderators (i.e., ovarian hormones) are genetically independent of the
dependent variable (i.e., emotional eating). If there is not independence, then genetic
mediation (i.e., termed gene-environment correlations or rGE) may be present for hormone
levels and emational eating, such that the same genes influence hormone levels and
emotional eating. These types of rGE are troublesome in the context of twin moderation
models, as rGE could conceivably “masquerade” as hormone moderation effects. For
example, if emotional eating stems, in part, from genes common to hormone levels, then
increases in genetic influences at high levels of hormones could be a reflection of shared
genes and/or environments, rather than an independent effect of the hormone levels on
genetic influences on emotional eating. To avoid this interpretive difficulty, twin researchers
are advised to use the “gene x environment (GxXE) in the presence of rGE” model (Purcell,
2002) that tests the significance of genetic and/or environmental mediation by comparing the
fit of models that allow for genetic/environmental covariance between the moderator and the
dependent variable to models that constrain the covariance to be zero.
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Consequently, before fitting the models described above, we fit a series of “GxE in the
presence of rGE” models separately for estrogen and progesterone and in both cases, the
moderation of the covariance between hormones and emotional eating scores was non-
significant (i.e., the parameter could be constrained to 0 without a worsening of model fit for
both estrogen (comparison with full model: XZA (3) =.72, p=.69) and progesterone
(comparison with full model: XZA (3) = .38, p=94)). Moreover, the best fitting models
retained the parameter that tests for the unique/independent moderating effects of the
hormones on emotional eating, outside of any rGE processes. These findings provide the
first indication that our extended, univariate twin models would show significant effects of
the hormones on genetic and/or environmental risk for emotional eating scores that reflect
independent hormone effects rather than rGE.

Descriptive Statistics

There were minimal differences between the low/high estrogen or progesterone groups in
terms of race or ethnicity (see Table S1 in the Supplemental Material available online).
However, twins with high hormone levels tended to be older in both the estrogen and
progesterone groups, and BMI differed across the low/high estrogen groups. Nonetheless,
group differences on these variables tended to be modest and of small effect (Cohen’s d=.
18-.35).2

A somewhat unexpected finding was that twins in the high estrogen and high progesterone
groups had significantly higher levels of both hormones (see Table S1 in the Supplemental
Material available online), rather than just the hormone that was used to define the group.
These findings suggest that hormone levels tend to track together, and that there may be
general mechanisms that contribute to twins being generally high or generally low on both
hormones. Nonetheless, low/high group differences were largest within groups defined by
that hormone (e.qg., differences in estradiol were larger between the low/high estrogen groups
than between the low/high progesterone groups), and roughly 30% of our sample was
categorized in the high group for one hormone and the low group for the other.

Finally, there were no significant low/high group differences in mean emotional eating
scores (or variances — all ps > .45) for either estrogen or progesterone (see Table S1 in the
Supplemental Material available online). Importantly, the lack of differences in emotional
eating by low/high estradiol and progesterone levels does not negate a moderating effect of
the hormones on genetic/environmental risk, as the presence of etiologic moderation would
be expected to attenuate phenotypic associations. This pattern of results has been observed
previously, where estradiol (Klump et al., 2010) and puberty (Culbert et al., 2009; Klump et
al., 2003) were found to be significant moderators of genetic effects despite negligible
phenotypic associations with disordered eating.

2To ensure that our results were not unduly influenced by these modest group differences in age and BMI, we ran a second set of twin
models in which we regressed age and BMI out of each twins’ score prior to analysis. Results for both estrogen and progesterone were
nearly identical to those presented herein (data not shown).
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Twin Correlations

Twin correlations for emotional eating scores in each of the hormone groups are presented in
Table 1. An interesting divergence of results was observed between the estrogen and
progesterone groups, with differences in shared environmental effects between estrogen
groups, and differences in genetic effects between progesterone groups. Specifically, in the
low estrogen and discordant estrogen groups, the MZ twin correlations for emotional eating
were significantly greater than the DZ twin correlations, suggesting the presence of genetic
effects. By contrast, in the high estrogen group, the MZ and DZ twin correlations for
emotional eating were relatively similar and were not significantly different from each other
— a situation that strongly implicates shared environmental, but no genetic, influences.
Interestingly, in all of the progesterone groups, the MZ twin correlations were at least double
the DZ twin correlations, suggesting genetic effects. However, the MZ/DZ twin difference
was much greater in the high progesterone group - in this group, the MZ twin correlation
was almost triple the DZ twin correlation, suggesting the possible presence of much stronger
genetic effects3 on emotional eating scores in twins with higher progesterone levels. Overall,
these findings suggest that high estradiol levels and high progesterone levels may have
specific etiologic effects on emotional eating scores that are not present in pairs with lower
levels of these hormones or pairs that are discordant for hormone levels.

Twin Models

Biometric twin models confirmed the presence of differential effects across estrogen and
progesterone groups. Model fit statistics and unstandardized parameter estimates are
presented in Table 2, while unstandardized estimates from the full and best fitting models are
shown in Figure 1.

For the estrogen groups, the full model suggested the presence of shared and nonshared
environmental moderation, as shared environmental influences appeared to increase across
low to high estradiol groups, whereas nonshared environmental effects decreased (see Figure
1). Differences in genetic effects were very minimal across groups. Not surprisingly, the
best-fitting model for estrogen was the model that constrained the additive genetic
moderator to 0. This model evidenced a non-significant change in —2InL value as compared
to the full model, and it had the lowest AIC value (see Table 2). Unstandardized estimates
from this model (see Figure 1) showed rather dramatic increases in shared environmental
influences across estrogen groups, and more modest decreases in nonshared environment.
Standardized estimates indicated that genetic effects accounted for 39% of the variance in
both estrogen groups, whereas shared environmental factors increased from 0 to 25% of the
variance from low-to-high estrogen groups, and nonshared environment decreased from 60%
to 36% across the same groups.

3This pattern of effects also could indicate the presence of dominant genetic effects, as these types of genetic effects make MZ twins
more than twice as similar as DZ twins. We tested this possibility by including dominant genetic effects in the models for
progesterone. The best-fitting model dropped the dominant genetic parameter, and the pattern of results for the remaining parameters
and moderators in the model were identical to those presented herein. Thus, for simplicity and consistency of models across estrogen
and progesterone groups, we only report findings for the models containing additive genetic, shared environmental, and nonshared
environmental factors (although results from the dominant genetic effects models are available upon request).
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Progesterone showed a very different pattern of results. Findings from the full model
indicated the possible presence of genetic and nonshared environmental moderation, as
genetic effects appeared to be much higher in the high than the low progesterone group,
whereas nonshared environmental factors seemed to decrease across the groups (see Figure
1). Shared environmental influences were minimal in both groups. Again, not surprisingly,
the best fitting model (i.e., non-significant change in —2InL values and lowest AIC value)
was the model that constrained shared environmental moderation to 0. Unstandardized (see
Table 2 and Figure 1) estimates suggested differences in both additive genetic and nonshared
environmental factors across the progesterone groups, although group differences were more
modest than those for estrogen. For example, genetic effects increased across progesterone
groups (from accounting for 37% of the variance in the low group to 61% in the high group),
but the additive genetic moderator just missed reaching statistical significance (see 95%
confidence intervals in Table 2). The nonshared environmental moderator did reach
significance, with decreasing nonshared environmental effects across groups (63% in the
low group to 39% in the high group).

Discussion

Our study was the first to examine hormone moderation of genetic and environmental
influences on a behavioral or psychiatric phenotype in adulthood. Results showed significant
and differential effects of estrogen and progesterone on etiologic risk for emotional eating.
Estrogen appeared to primarily impact environmental influences, with much larger shared
environmental effects on emotional eating scores at higher estradiol levels. By contrast,
progesterone impacted genetic influences, with more substantial genetic effects on
emotional eating scores at higher progesterone levels. Overall, these results confirm and
extend previous twin studies in adolescence (Klump et al., 2007; Klump et al., 2010) and
across the menstrual cycle (Klump et al., 2015) by showing direct and substantial effects of
ovarian hormones on etiologic influences for a key and transdiagnostic disordered eating
symptom in adulthood.

Our findings preliminarily confirm hypotheses put forth in our previous paper (Klump et al.,
2015) about the potential effects of ovarian hormones on etiologic risk. That study examined
changes in heritability across the menstrual cycle and showed substantial shared
environmental (and minimal genetic) influences on emotional eating during pre-ovulation,
and significant genetic (and minimal shared environmental) influences in post-ovulation. We
had proposed that estrogen likely contributed to the pre-ovulatory, shared environmental
effects (Klump et al., 2015), given the predominance of estrogen during the first half of the
menstrual cycle. Although the current study examined between-subject differences in overall
levels of hormones, rather than changes per se, our results provide preliminary support for
these predictions by showing that estrogen primarily impacts shared environmental
influences on emotional eating. Likewise, we had proposed that progesterone contributed to
increased genetic effects in post-ovulation (Klump et al., 2015). In the current study, we
observed substantial increases in genetic influences across progesterone groups, where
unstandardized and standardized genetic estimates were 2x higher in twins with high versus
low progesterone levels. Nonshared environmental effects were found to be important in low
and high groups for both hormones, with decreasing effects when moving from low to high
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hormone groups. These results mimic what we observed in our menstrual cycle study where
nonshared environmental factors were present across all phases of the cycle, yet they
decreased somewhat when moving from pre- to post-ovulation (Klump et al., 2015).

Overall, the similar pattern of results across our past menstrual cycle study (Klump et al.,
2015) and current analyses of general hormone/emotional eating levels is striking. These
data lend credence to the idea that ovarian hormones, regardless of the measurement time
frame or level of analysis (i.e., between- versus within-subjects), have specific and
differential etiologic effects on emotional eating in adulthood. These effects may change
over the course of a menstrual cycle, but they are also present at a more general level across
time.

Nonetheless, there was one effect that did not replicate across the menstrual cycle studies
and the current analysis - the phenotypic effects of hormones on emotional eating scores.
Whereas previous studies found significant, within-subject effects of estrogen and
progesterone on changes in emotional eating scores across the menstrual cycle (Klump et al.,
2013; Klump et al., 2014) we did not find significant, between-group differences in
emotional eating scores in low versus high hormone groups. Thus, despite similar etiologic
influences of hormones on within- versus between-subject risk, the translation of these
etiologic effects into the phenotypic expression of emotional eating may differ across levels
of analysis.

There at least two possible reasons for discrepant results. The first is that our computational/
analytic approach obscured significant between-group and between-subject phenotypic
differences. Namely, that by taking the mathematical average of emotional eating scores
across very low risk (i.e., pre-ovulation) and high-risk (i.e., post-ovulation) phases, we may
have cancelled out the nuanced, between-subject effects of the hormones on emotional
eating scores. One way to partially rule out measurement issues is to conduct more extensive
between-subject analyses of phenotypic effects, such that average levels of hormones in each
phase are examined in relation to the average emotional eating scores in that phase. These
analyses would avoid the pitfalls of averaging emotional eating scores from low versus high-
risk phases and could possibly reveal significant phenotypic effects of overall hormone
levels on emotional eating scores within menstrual cycle phases. Although these more
nuanced follow-up studies of phenotypic effects are beyond the scope of the present study,
they are analyses that we will pursue in future work.

The second possibility is more substantive — namely, that ovarian hormones have different
phenotypic effects on emotional eating when examining effects within- versus between-
subjects. It may be that within-person changes in ovarian hormones significantly influence a
woman’s level of emotional eating relative to her own baseline levels (as observed in
Hildebrandt et al., 2015; Klump et al., 2013; Klump et al., 2014), but that these hormone
changes do not alter her between-subject, rank ordering in emotional eating scores relative to
other women. In other words, regardless of peaks and valleys in daily rates of emotional
eating, a woman is still relatively high or low on emotional eating, relative to other women.
Interestingly, there are animal data suggesting that this could be the case, as the removal of
ovarian hormones in adulthood in female rats does result in predictable changes in binge
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eating in all rats, but it does n0f change the rank ordering of rats in terms of their
categorization as binge eating resistant (rats with very low levels of binge eating) or binge
eating prone (rats with consistently high rates of binge eating) (Klump et al., 2011). Rats
that were categorized as binge eating prone remained higher in their binge eating levels than
binge eating resistant rats, even though rates of binge eating changed with ovariectomy in
both groups.

Importantly, the categorization of binge eating resistant versus binge prone rats appears to
become stable during puberty; despite malleable rates of binge eating in adulthood (i.e.,
increasing and decreasing with changing levels of hormones), the binge eating resistant/
prone phenotype itself is relatively stable from mid-puberty on. This finding raises an
additional point for consideration in our paper - developmental and pubertal differences in
the effects of ovarian hormones on binge eating. Early data suggested that estrogen may
activate genetic (but not shared environmental) risk for disordered eating symptoms during
puberty, and that progesterone has little-to-no effect on genetic or environmental influences
(Klump, 2013; Klump et al., 2010). These earlier results contradict our current findings in
adulthood and provide preliminary evidence in support of novel shifts in the role of ovarian
hormones in disordered eating across development. Indeed, our use of similar assessments in
the current study (i.e., between-subject effects in women with low/high estradiol levels) and
past studies of puberty (i.e., between-subject effects in girls with low/high estradiol levels)
provides additional support for etiologic shifts that are indicative of differential mechanisms
rather than differential measurement/levels of analysis.

We propose that the shifting roles of estrogen across development likely reflect the
organizational versus activational effects of gonadal hormones on brain and behavior.
Gonadal hormone organizational effects are those that cause permanent changes in brain
structure/function that set the stage for the brain to respond to the activational effects of
hormones in adulthood (Sisk & Zehr, 2005). These organizational effects were originally
proposed to occur during the prenatal period only, but it is now well-recognized that puberty
is a second period of hormone-mediated re-organization as well (Sisk & Zehr, 2005). By
contrast, activational effects are transient hormone effects that activate behavior in adulthood
via circulating levels of both estrogen and progesterone (Sisk & Zehr, 2005). Pulling
together data from puberty and adulthood, we have proposed (see Klump et al., 2015) that
estrogen has organizational effects on eating disorder risk during puberty, such that increases
in estrogen lead to genetically mediated, organizational changes in risk that are then
differentially activated in adulthood by changes in both estrogen and progesterone — changes
that are environmentally and genetically mediated. Interestingly, this theory of shifting
etiologic effects of hormones across development fits well with data for phenotypic effects
described above. It may be that increases in estrogen during puberty organize between-
subject differences in binge eating phenotypes, and that changes in estrogen and
progesterone in adulthood result in within-subject shifts in the degree of emotional eating
across time. Clearly, additional data are needed to confirm these hypotheses, but they
provide one framework for conceptualizing the differential effects of ovarian hormones on
phenotypic and etiologic risk across development.
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In addition to further clarifying between-subject effects of hormones in adulthood, an
important next step will be to identify the specific genetic and shared environmental
mechanisms underlying hormone effects across development. We continue to believe that
estrogen’s genetic effects during puberty are likely due to its traditional, genomic effects
within the central nervous system. Extant data indicate that estrogen regulates gene
transcription (i.e., estrogen turns genes on and off) within several neural systems (e.g.,
serotonin, dopamine, opioids; Becker, 2009; Craft, 2008; Culbert et al., 2009; Hildebrandt et
al., 2010; Klump et al., 2003; Ostlund et al., 2003) that are disrupted in binge related
phenotypes and eating disorders. Estrogen activation at puberty could lead to differential
production of these important neurotransmitters, their receptors, or their signal transduction
mechanisms. Moreover, variants of estrogen receptor genes (e.g., estrogen receptor beta;
Nilsson et al., 2004) may increase risk for emotional eating by causing different patterns of
gene regulation by estrogen, leading to distinct cellular and behavioral responses. In these
scenarios, individual differences in the production of estrogen at puberty are not of
consequence — the key individual difference variable is the presence or absence of
susceptibility alleles that are regulated by estrogen. These individual differences would
become evident after estrogen activation during puberty and would lead to between-subject
differences in risk for binge eating in women. Phenotypic expression of binge eating would
then be most evident in post-puberty when circulating hormones differentially trigger
genetic and environmental influences and within-subject differences in binge eating
behavior.

Originally, we proposed that estrogen would continue to be the primary driver of genetic
effects in adulthood (Klump et al., 2013; Klump et al., 2014), but data from the current study
have led us to revise this hypothesis. In adulthood, progesterone appears to play a stronger
role in genetic effects and is likely the primary contributor to increased genetic effects for
emotional eating during the second half of the menstrual cycle (see Klump et al., 2015).
Unlike estrogen, there are not extensive data documenting the specific neural systems
regulated by progesterone, so it is difficult to propose neurobiological pathways. However,
promising data suggest that progesterone may play an important regulatory role in gene
expression within several systems (e.g., serotonin, Gamma-Amino Butyric acid) that are
thought to be important in anxiety and/or depression (Arbo, Andrade, Osterkamp, Gomez, &
Ribeiro, 2014; Bethea & Centeno, 2008; Bethea & Reddy, 2015; Lu, Eshleman, Janowsky,
& Bethea, 2003; Quast et al., 2014; Schiile, Nothdurfterb, & Rupprecht, 2014). It is likely
that progesterone activates genetic effects via the same mechanisms as those proposed for
estrogen during puberty (e.g., differential production of neurotransmitters and/or their
receptors), although this possibility awaits investigation.

Estrogen’s effects on environmental influences in adulthood are an important area for future
research as well. The shared environmental effects of estrogen in adulthood may reflect a
shift toward non-genomic, membrane estrogen receptor activation that would impact
emotional eating in all women, regardless of the level of genetic risk (Klump et al., 2015).
Membrane receptor activation produces molecular signals that change the excitability of
neurons via processes that do not require changes in gene expression (Santollo, Marshall, &
Daniels, 2012). Thus, membrane receptor activation would result in increased shared
environmental, but not genetic effects, since the simple presence of high levels of estradiol
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(during pre-ovulation or in women with higher estradiol levels) would result in receptor
activation and downstream behavioral effects. Within-subjects, the downstream behavioral
effects are likely to decrease emotional eating, as higher within-subject levels of estradiol (in
the absence of progesterone) are associated with decreased emotional eating. Between-
subjects, the effects are more difficult to specify, given the need for more detailed analyses
of hormone effects on between-subject risk (see above). Nonetheless, regardless of the
direction of phenotypic effects, more research is needed to understand the role of nuclear
and membrane hormone receptors on emotional eating and binge-related phenotypes across
levels of analysis (i.e., within- versus between-subjects) and development.

Before ending, we should note a few key study limitations. First, sample sizes were
somewhat modest for a study of gene x hormone effects (see Purcell, 2002). Our use of
aggregated measures of both hormones and emotional eating likely decreased measurement
error and contributed to more robust effects in the models. Nonetheless, our smaller sample
sizes resulted in parameter estimates that just missed reaching significance (e.g.,
progesterone moderation of genetic effects). Likewise, our smaller sample sizes prohibited
examination of more complex, two-moderator models that could examine whether estrogen
X progesterone interactions significantly influence etiologic risk. These twin models require
even larger samples for detection of significant interactive effects, as they require the
inclusion of three additional moderators in the model (i.e., estrogen x progesterone
moderation of additive genetic effects (Bxexp), Shared environmental effects (Bygxp) and
nonshared environmental effects (Bzgxp)) and four hormone groups (i.e., low levels of both
hormones; high estrogen but low progesterone; low estrogen but high progesterone; high
levels of both hormones). Given prior data showing significant phenotypic effects of
estrogen x progesterone interactions on within-subject risk for emotional eating, larger twin
studies are needed to examine the etiologic effects of estrogen x progesterone interactions on
genetic and environmental risk for emotional eating.

Second, like most psychopathological constructs, our emotional eating scores were
positively skewed. Skewed distributions for the dependent variable can sometimes lead to
spurious moderator effects within gene x hormone models (Purcell, 2002). We believe this
issue was unlikely to have unduly influenced our results, given that log transformations
resulted in skewness values within acceptable limits (i.e., between -2 and 2), and our pattern
of moderating effects (i.e., differentially significant moderators that were often in opposing
directions) is not in line with what would be expected if skewed data were driving our results
(i.e., similar moderation effects in the same direction across genetic, shared environmental,
and nonshared environmental factors) (Purcell, 2002). Nonetheless, some caution is
warranted, and replication studies are needed to confirm that non-normality of data did not
unduly influence our results.

Finally, our sample was community-based, and we focused on a continuous measure of
emotional eating rather than clinically defined binge eating episodes. Confirmation of
hormone effects on genetic and environmental risk for binge eating in clinical samples
awaits additional research. However, it is important to note that past data strongly suggest
that phenotypic effects of ovarian hormones are similar across community and clinical
samples, and results are nearly identical for emotional eating and clinically-diagnosed binge
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episodes (Edler et al., 2007; Klump et al., 2008; Klump et al., 2013; Klump et al., 2014).
This similarity in findings is perhaps not surprising, given extensive data in the broader
psychopathology field showing the superiority of dimensional models over categorical
frameworks for understanding the underlying structure of psychiatric disorders (e.g., see
Wright et al., 2013). Although eating disorders are rarely included in these studies of
psychopathology, emerging data suggest that eating disorders may be dimensional in nature
(Holm-Denoma, Richey, & Joiner, 2010; Keel, Brown, Holland, & Bodell, 2012; Luo,
Donnellan, Burt, & Klump, submitted; Olatunji et al., 2012; Tylka & Subich, 2003).
Consequently, although additional research is needed, findings thus far suggest that our
studies of emotional eating will advance our understanding of more basic behaviors/
phenotypes that have underlying genetic and biological dimensions that likely contribute to
risk for clinical eating pathology as well.
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Figure 1.

Unstandardized Parameter Estimates for Additive Genetic (a), Shared Environmental (c),
and Nonshared Environmental (e) Effects across the Levels of the Moderator (i.e., Low/High
Estradiol and Progesterone Levels). Findings from the Full Moderation Models (i.e., with a,

¢, and e moderators estimated) and the Best-Fitting Models (i.e., the “Constrain A

Moderation Model” for estradiol, and the “Constrain C Moderation Model” for

progesterone) are depicted.
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Table 1

Twin Correlations for Emotional Eating Scores by Estrogen and Progesterone Groups.

Scales MZ Pairs DZ Pairs Z Test of Independence p
Estrogen Groups:

Low Estradiol (MZ n = 65 pairs; DZ n = 35 pairs) 49%* -.13 3.04 .001
High Estradiol (MZ n = 47 pairs; DZ n = 44 pairs) 63 567 0.52 .30
Discordant Pairs (MZ n = 45 pairs; DZ n = 39 pairs) 29% .05 1.09 14
Progesterone Groups:

Low Progesterone (MZ n = 60 pairs; DZ n = 33 pairs) 447 .22 1.36 13
High Progesterone (MZ n = 56 pairs; DZ n = 38 pairs) 627" .24 2.20 .01
Discordant Pairs (MZ n = 51 pairs; DZ n = 47 pairs) 47 21 1.42 .08

Page 21

Note. MZ = monozygotic; DZ = dizygotic; Z Test of Independence = a z test of significant differences between the MZ and DZ twin correlations;
Discordant Pairs = pairs in which one twin had high levels of the hormone while the co-twin had low levels. Emotional eating scores were log

transformed prior to analysis. All pvalues are one-sided, as MZ twin correlations would be expected to be larger than DZ twin correlations.

*
p<.05,

HokA

p<.001.

The twin correlation is significantly different from zero.
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